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Introduction

Magnetism is a fascinating physical phenomenost fieported by Wang Xu in the
fourth century B.C. in the Chinese culture and iBimthe Old in 77 A.D. in the occidental
culture. They both describe the ability of lodestdn attract iron. Its first “technological”
application dates of around 3000 years ago in Chiatere a geomagnetic lodestone was
used for divination. The use for navigation purgosga magnetite needle floating in a bowl
of water as a compass, pointing to the magnetith gaoles, dates between the IX and Xl
century, always in China, and it is first reporbedEurope in 1187 by Alexander Neckam.

First descriptions of magnetic properties of attoac and repulsion were more
metaphysical than physical, both in the Chinesethadsreek cultures. With the widespread
use of magnetic compasses in commercial and myilibarats, the study of the physical
properties of magnetic needles became vital to ovgithe quality of the naval routes. The
first scientific report on magnetic properties wagtten by Peter the Peregrinus de Maricourt
in 1269 in theEpistola de magnetand marks a break between the superstitious-mytagath
descriptions of magnetic properties and a morensitieapproach. Since the XIX century, all
descriptions of magnetic properties were only basedhe observation of the behaviour of
the lodestone needle with respect to the magnettb @oles.

Despite the widespread use, the principles of m&me as we know them today,
remained unknown since the description of electgmetism given by Maxwell’'s equations.
The atomic description of nature led to the modesion of magnetic effects. During the last
century, the study of magnetic properties alwaysl ladeep interconnection between
theoretical study and technological applicatiororfithe fundamental studies of Louis Néel
on magnetic properties of solids, particularly oifarromagnetic materials, to the discovery
of magnetoresistive effect and its application data storage and recording, the study of
magnetic properties had a deep evolution in theckstury.

Spintec laboratory and Crocus Technology represe@renoble an excellent example of the
coexistence of fundamental study and technologipglication based on magnetic materials.
Founded in 2006 from Spintec, Crocus Technologw istart-up that develops Thermally

Assisted Magnetic Random Access Memory (TA-MRAM), evolution of first generation
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Introduction

MRAM which entered the market in 2006 with Freesc&emiconductor. The connection
with the original laboratory is kept alive throughjoint Research and Development program
which finances among other research activitiessthvealled “these CIFRE”, a PhD with an
applicative approach, closely connected with artetdyical application.

It is with this spirit that the study of the presemanuscript was carried along the three
years of thesis. The functioning principle of TA-MR is based on the use of exchange bias
properties on both reference and storage layemahge bias is a phenomenon discovered in
1956 by Meiklejohn and Bean describing the shifthef hysteresis loop along one axis due to
an interface coupling between a ferromagnetic amdaraiferromagnetic layer. As for the
lodestone needle in the Middle Ages (without thadlaof superstition of course), it is
intensively exploited in a wide range of technobtadjiapplications but not yet completely
understood.

The objective of the thesis is thus double: impngvihe performances of exchange
biased systems and understanding the fundamentdlamsms that rule this phenomenon. In
particular, key parameters for TA-MRAM performariogrovements are the control of the
dispersion of exchange bias from one bit to anottiner tuning of blocking temperature and

operating temperature range, as the optimizatiexofiange bias coupling itself.

Chapter 1 will describe the struggle of the scientommunity in the understanding
of this fascinating phenomenon, from the first ithe model of Meiklejohn and Bean to the
last models including the influence of grain sizeéhe antiferromagnetic layer and the effects
in temperature. The chapter will also show the gi@nmodel developed during the thesis.
Finally, it will present the state of the art ofetlexperimental studies on exchange bias
structures, particularly on patterned systems.

In Chapter 2 the reader will find a descriptiontb&é most important technological
applications of exchange bias, from the milestdngpm valves to the TA-MRAM developed
by Crocus Technology.

Chapter 3 will give an exhaustive description dftae steps performed in Spintec
laboratory to fabricate and characterize the exgbdniased systems, from the sputtering
deposition to the patterning of the dots by electbeam lithography. The chapter will also
present the different techniqgues used to charaetetihe samples, both physically and
magnetically. The chapter will finally describe tmeodel of the atomistic simulations

developed in collaboration with L_Sim laboratorged in Chapter 4.
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Introduction

Chapter 4 is devoted to the study of exchange fadierned systems with IrMn/Co
bilayers. Three main parameters were considerd¢derstudy: the thickness of the Co layer,
the thickness of the IrMn layer and the influentehe buffer layer. The study on patterned
system was performed with a focussed Kerr systesh alowed analysing the magnetic
behaviour of few dots per measurements, thus giandirect qualitative evaluation of
exchange bias variability, a very important paranér MRAM reliability. Together with
the description of the results on patterned systéimeschapter will present the analysis of the
physical properties of full sheet samples, in patér crystallography and grain size
distribution as a function of the different paraerst The chapter will also show the results
obtained through the atomistic simulations, inipatar the study on the reversal mechanisms
and magnetic configuration as a function of Cokhess and the stability of IrMn grains.

Chapter 5 describes an improvement of the starfukygler exchange biased structure,
with the introduction of a second ferromagneticelayith strong out-of-plane anisotropy.
This trilayer structure resulted in a reduced caitthickness of the IrMn layer and an increase
of blocking temperature compared to equivalentyeilastructures. These characteristics are
an improvement of the performance of exchange Oiasgstems, with possible direct
application on TA-MRAM storage layer. The two etfeare explained through the granular
model of exchange bias exposed in Chapter 1.

In the last Chapter 6, a second way to improve &xgh bias performances is
presented, with the introduction of a non-magn€ucdusting layer at the IrMn/Co interface.
The behaviour in temperature is also analysed.nbmemagnetic layer is finally implemented
in the trilayer structure. The combination of tyga structure and Cu dusting layer led to an
exchange bias field three times larger than thgimal bilayer structure, with improved

thermal properties.
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Chapter 1

Exchange bias: physical principles
and state of the art

In 1922 Stern and Gerlash experimentally found thatelectron is defined not only
by its changes but also by two possible magnetic states. The bafasiiver atoms, deflected
by a gradient applied magnetic field, split intatdistinct populations [1], proving the space
guantization of the magnetic moments [2]. In 192Blenbeck and Goudsmit postulated that
the electron possesses an intrinsic angular momemntamed spin [3], with two possible
statest and|, which gives rise to a magnetic moment in theted@cwhen interacting with a
magnetic field, giving a theoretical explanatiorthe experiment of Stern and Gerlash.

From these starting points we can define the spanelectron as:

Mg =*/,2 (1.1)
with z being the axis of the moment gmglbeing the Bohr magnetron. The sum of the spins
of the electrons in an atom gives the total spigmedic momens. Its value depends on the
number of energy shells and subshells are filledo@ing to Hund’s rule and Pauli’s
exclusion principle. Filled subshells do not cdmite to magnetism, having all the magnetic

moments compensated; only unfilled subshells doumtiei to magnetism.

NS =

/V
Paramagnet Ferromagnet Antiferromagnet Ferrimagnet

YyVYyYVYY
vyVvVvyyYY
vyVvYyyYY
vyVYyYyvyYY

Fig. 1.1- Schematic of the spin configurations for paramedig, ferromagnetic, antiferromagnetic and fergmetic
materials.

On the periodic table, 79 out of 103 elements camgn-zero magnetic moment at the

fundamental atomic state. On a macroscopic sdaecaupling between magnetic moments
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Chapter 1 Exchange bias: physical principkeand state of the art

determines the type of magnetic order presentarctmsidered material. The coupling energy
Is defined as:

E, =-J,mm, 1.2
with J; the coupling constant aridandj are the indexes of first neighbours spins. If the
coupling constant is positive, the magnetic momeiitgn in the same direction and the
material is defined as ferromagnetic (F)Jjif< O, the spins align in opposite directions. ¥ th
net moment is equal to zero, the material is naamderromagnetic (AF), otherwise, in case
of unbalance, it is named ferromagnetic. The coigpénergy is an ordering energy: when
thermal energy overpasses it, the magnetic ordetoss and the material becomes
paramagnetic (Fig.1.1). The temperature at whidh material passes to the paramagnetic
state is named Curie temperatufe)( for the AF case, it is named Néel temperatiixg [4].
Examples of strongly F materials are iron (Fe),atbfCo) and nickel (Ni); ferromagnetism
may also present in form of alloys, like CoFe oF&li Antiferromagnetic materials can be

single elements like manganese (Mn) or chromiun), (&ides (NiO, FeO, CoO, MnO) or
alloys (IrMn, PtMn, FeMn, CrMn).

(a) (b)

Compensated Uncompensated 3Q structure

Fig. 1.2— Schematics of AF spin configurations: compertsédg, uncompensated (b) and 3Q structure [6] (c).

In the case of AF materials, the spin configuragpoesent in order to have a zero net
moment may be present in many different forms. Qwadimension level, the AF can be
modelled as compensated or uncompensated. Inrghedise each atomic plane presents spins
with opposite directions, giving a net moment eqtml zero. For the uncompensated
configuration, each plane has a zero net moment aliernating spin directions (Fig.1.2a,b).
Considering a three dimensional case, things geatntomplex, namely because of the
crystallographic structure of the material whicls @ be taken into account [5]. In the case of
(111) fcc systems, as it is the case for IrMn [&@dl FeMn [5,8,9], the minimum of energy is
obtained with the spins pointing in a so-called ratlinear 3Q spin structure, shown in

Fig.1.2c, with the AF structure on the left and ¢h&1) surface spin structure on the right [6].
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Chapter 1 Exchange bias: physical principkeand state of the art

1.1 Magnetism in a ferromagnetic layer

1.1.1 Magnetic energies
Considering a single domain F layer, its equilibritstatus is determined by a

compromise between four competing energies. Tlad &vtergy of a homogeneous F energy

Is given by:

+E

Eor =E, +E +E, (1.3)

dip anis
being respectively the exchange energy, the aoisptenergy, the dipolar energy and the

Zeeman energy (see Fig.1.3).

Exchange energy Anisotropy energy

Fig. 1.3— Schematic of the effects of the exchange, digédam [10]) and anisotropy energy.

Exchange energy:it is a short range electrostatic coupling, inwady first neighbouring
spins. For a F material, the coupling is positind gends to align all the spins along the same
direction (Eqg.1.2).

Dipolar energy:it is a long term interaction, describing the ieihce on each spin of the
magnetic field generated by all the other spinth@material. This coupling energy decreases
as the cube of the distance and depends on theetneggion of the material; its value is small
compared to the exchange coupling at atomic distabat becomes dominating at long
distance. The effect of dipolar energy is to redingeenergy due to the presence of poles in
the material. It tends to “close” the magnetic flines, with the creation of a demagnetizing
field antiparallel to the direction of the magnatinn. The magnetic field due to the flux lines
outside the material is named dipolar field. Exdemnergy and dipolar energy play two
opposite functions, and the resulting magnetic igoinétion is a compromise between the
two. This aspect becomes particularly importarthatnanoscale, both for the micromagnetic
configuration of a dot and for the interdot cougliisee Paragraph 1.3).

Anisotropy energy:it is an energy acting individually on each spinyedto the
crystallographic characteristics of the materia@c8use of the symmetry of the crystal, a F (or
AF) material tends to align along one favouritesaxiefined as the easy axis. If only the first

order term is considered, the anisotropy energybeanritten as:
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Chapter 1 Exchange bias: physical principkeand state of the art

E. .. =-K_\Vcos’d (1.4)

with Kanis being the anisotropy constaid,the volume of the F material afdthe angle
between the magnetization direction and the axissotmopy, dependent on the
crystallographic structure of the material. Theendity of Kanis Strongly depends on the
material, and according to the crystalline struetidg.1.4 may take more complex forms. The
anisotropy constant contains two contributionspluwetric one and a surface one. The latter
can become dominant on ultrathin magnetic layéssvalue is temperature dependent, and
goes to zero akc.
Zeeman energyit is the energy spent by the system to align fhiessalong the direction of
the applied magnetic field. It is defined as:

E, =-VMgMH (1.5)

with Msthe saturation magnetization of the material Hrttie applied field vectors.

1.1.2 The hysteresis loop: Stoner-Wohlfarth model

The behaviour of a F material under an appliedlfegln be described with the Stoner-
Wohlfarth model [11]. The authors of this model siolered the case of an ellipsoid F
material (shape chosen to have a uniformly mage@tmaterial [12]) with a dimension small
enough to be modelled as a macrospin. Under amedpplagnetic field, it reverses coherently
on the field plane. By considering a total energy:

E=-K,.Vsin?6-VM .H cos(d - ¢) (1.6)
with # the magnetization angle agdthe field angle, the system presents two equuliori
states at) = 0° andéd = 180°, being) along the easy axis (see Fig.1.4a). The two states
separated by an energy barrier:

2
AE, = KaniSV(li QAKSH J (1.7)

anis
as represented in Fig.1.4b. For Ha large enough the barrier is overpassed and the
magnetization is reversed, switching from one déguiim state to the other. The field at
which the switching takes place is called coeréiglel and it is defined as:

2K

He = Soans 1.8
Ve (1.8)

Page8



Chapter 1 Exchange bias: physical principkeand state of the art

Fig. 1.4— (a) Scheme of the F ellipsoid with magnetizatityunder a fieldH, with z the easy axis [13]. (b) Energy diagram
of the under a positive (black line) and negatiyey line) field [14]. (c) Example of hysteresi®fpalong the easy axis.

When a field larger thaHc is applied back and forth along the axis, a fotid is performed.
The magnetization curve as a function of the appiield takes the name of hysteresis loop
(Fig.1.4c).

If the field is applied with an anglg with respect to the easy axis of magnetization,
the field necessary to reverse the magnetization igiven by

HZ=H2*+H2* =(2K, . /M¢)*®, with H, and H_being the two components of the
applied field with respect to the easy axis [15hrt the combination of the two it results that
the minimum field necessary to reverse the magasbiz is forg = 45°. This principle was
used in the first generation MRAM, as it will beogim in Paragraph 2.2.2.

If temperature is taken into account, thermal fiations help in overcoming the
energy barrier. Néel's model [16], later refinedBrpwn [17], defined a switching rate:

AE
r, = f,ex 2 1.9
- 19

with f, being the thermal attempt frequency@@) andks the Boltzmann constant.
If at a temperaturd the switching rate. is shorter than the measuring time, the F layer
continuously passes the energy barrier and is elgfias superparamagnetic. The same

definition applies to antiferromagnetic materidl8]|

The following paragraph will show what happens wlaen AF layer is added in
contact with the F one, which are the effects am higsteresis loop and which additional
energies have to be taken into account. This phenom is known as exchange bias

coupling.
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Chapter 1 Exchange bias: physical principkeand state of the art

1.2 Exchange bias phenomenon

Exchange bias is a physical phenomenon first expgrally observed in 1956 by
Meiklejohn and Bean, who described the presen@“abw magnetic anisotropy” due to the
interaction between a F and an AF layer. In thiest forief letter [19] they described the
experimental procedure that is still nowadays usefix the exchange bias coupling. The
material was composed of a Co body (F layer) sarfaddized to form a CoO shell (AF
layer). When the system was over the Néel temperaifiCoO (i.e. at room temperature,
being Ty = 293K), the AF layer behaved as a paramagneter land the magnetic properties
of the bilayer were the same that for a simple &ei. When the material was cooled down
to 77K under a saturating field, the AF layer pdsem paramagnetic to antiferromagnetic
state, coupling with the F layer. It resulted ishét of the hysteresis loop along the axis of the
applied magnetic field, defined as easy axis. $hift was later named exchange bias field.
The setting of exchange bias coupling and its effeache hysteresis loop can be schematized
as shown in Fig.1.5, which gives an intuitive dgg@n of exchange bias coupling for a

generic F/AF bilayer.
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Fig. 1.5— Schematic of exchange bias coupling.

First, the system is heated up to a temperaklegge enough to unblock the spins in
the AF layer. The critical temperature at which #hE spins start unblocking is named
blocking temperaturdg and is usually lower than the bulk Néel tempertirthe AF for
polycrystalline structures [20]. The system is tieenled down under a saturating fiéldo a
measuring temperatuiig,cas< Tg. When the AF orders antiferromagnetically, it despat the
interface with the F layer (a coupling that is centionally considered ferromagnetic) along

the direction of the applied setting field, theyeagis (phase 1 of Fig.1.5). This is valid if the
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Chapter 1 Exchange bias: physical principkeand state of the art

blocking temperature is lower than the Curie terapge of the FTg < T¢), because the F
layer has to maintain its ferromagnetic order dyime cooling down procedure. Whereas a
hysteresis loop is measured along the easy a¥ig.g} the interface coupling pins the F layer
along the direction of the cooling field. The fiah¢cessary to reverse the F magnetization
becomes larger than for a single F layer (phas€dt)large enough applied field, the F layer
Is saturated (phase 3). When the field is redutedcoupling of the AF spins, which did not
move during the loop, forces the F spins to reveasdier (phase 4), giving a shift of the
hysteresis loop. Together with the shift of the tagesis loops, exchange biased systems

usually present an increase of the coercivity.

(a) /\ /\ (b) /\
v ) ) s

180 360 .
8 0 180 8 360

TORQUE
TORQUE

ENERGY

ENERGY

Fig. 1.6— Torque and energy curves for single Co layeaifa) Co/CoO bilayer beloi, [16].

Meiklejohn and Bean analysed this effect by tormeasurements, with torque being
the derivative of the energy as a function of thgl@d (T = dE/d8&) on the anisotropy plane.
Whereas the uncoupled Co layer with uniaxial antgt showed a torque curve proportional
to sin), Co/CoO system presented along the easy axisfadsipendence. This means that,
while uniaxial systems are stable (i.e. has enengyma) at bothd = 0° andd = 180°, the
unidirectional anisotropy at the F/AF interfaceagwise to a single energy minimumfat 0°
(See Fig.1.6). A direct consequence is the shifthef hysteresis loop along thé-axis,
compared to the usual symmetrical hysteresis ldgngle F layers.

Now, how to quantitatively describe the loop shifid which parameters play a role in
the quality of the coupling? In the following paraghs a series of models, grouped by
theoretical approach, will be described, givingpaerview on the possible explanations of the

exchange bias phenomenon.
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Chapter 1 Exchange bias: physical principkeand state of the art

1.2.1 First model: order of magnitude issue

In their following articles [21,22] Meiklejohn arBkan gave a first model of exchange
bias exclusively based on the presence of theiaddltunidirectional anisotropy, like in the
scheme of Fig.1.5, based on the Stoner-Wohlfarsierg@ion of magnetization reversal.
First, they considered a single domain sphericaligia at 0 K with uniaxial anisotropy.
Defining # as the angle between the easy axis of magnetizatid the applied field, the free
energy is equal to:

F=HM cosf+K_, sin*8 (1.10)

Taking the derivativedF /06 and searching for maxima and minima, the coeraeef of the

resulting hysteresis loop is defined lds :%.
S

If to Eq.1.10 a unidirectional anisotropy (as olsérfrom torque measurements) of the form

- K, cosé is introduced, withK ; the unidirectional anisotropy, the resulting free®y:

F =HM cosf+K_,  sin?8-K, cosd (1.11)

gives a solution t@F /06 similar to the previous one, with an additionalféetive field” [21]
which shifts the hysteresis loop:

H'=H-K, /Mg (1.12)
The additional term can be rewritten with an expliefinition of the thickness of the F layer
te [20], so that the exchange bias field is defined as

= e (1.13)
M,

where J_, is the interface exchange coupling. This givesnaalr dependence between the

loop shift and the inverse of the thickness offHayer, sign that the exchange bias is, in first
approximation, an interfacial phenomenon. Experitaén the tendencyd _ 0t *has always
been observed, holding for F thicknesses smaltar the F domain wall size.

Meiklejohn later redefined the equation [22], calesing independently the angles of
the different vectors (see Fig.1.7b) and ascriktimg uniaxial anisotropy of an exchange
biased system to the only AF layea¢ (. C K, ):

F =HM .cos(@-B)+K, sin?a - K, cos(B-a) (1.14)
which can be rewritten as an energy per unit area:

E=HMt.cos(@- B)+K -t sina-J,cosB-a) (1.15)
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(a) (b)

(BH)MAX

AF

Fig. 1.7— (a) Schematic of an exchange biased hystesis[21]. (b) Vector diagram of Eq.1.14 [22].

Minimizing Eqg.1.15 as a function of andg, the equilibrium positions of the F and the AF

spins are obtained for:

;’E =0=sin2a = Je sin(8-a)

;E}' AFLA':/I (1.16)
i 0=sin(B-a)= 5. sin(9-5)

From the first term of Eq.1.16 it results that tiezessary condition in order to have exchange
bias is thaKar tar >> Jey, i.€. the anisotropy energy of the antiferromagmetuch larger than
the exchange coupling. If this is true, it meanat th remains small independently gf

If Kar tar << Jex then it is energetically more convenient to kéep «) small, i.e. F and AF
spins rotate together. A numerical simulation & tivo regimes can be found in Ernult's
thesis [23].

This first model has the great quality of givindirat simple picture of the effects of
the F/AF coupling. Unfortunately, Jex is taken with values close to the F coupling, the
resulting exchange bias shift has values two ordersagnitude larger than the experimental
one. For this reason, more parameters have tokea iato account to model the exchange

bias phenomenon [24].

1.2.2 Domain wall model

Chronologically, the second model of exchange hias proposed by Louis Néel in
1967 [25]. He considered an uncompensated AF layerface coupled with a F layer.
In his article, together with a first explanatiom the training effect, i.e. the tendency of
exchange bias to reduce its value after the fiystdresis loop, discovered the previous year
by Paccard [26], he proposed a domain wall modedxachange bias coupling. The domain

wall is formed in the F or AF materials, accorditgg which is the most energetically
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favourable solution, parallel to the F/AF interfatet’'s take the case of domain wall in the
AF layer. Néel considered the interface no more pmused by fixed spins; when a magnetic
field is applied in the direction opposite to theecof the cooling field, the spin structure of
the AF is deformed, following the reversal of th&ajrer. The resulting exchange figiid, and
coercivityHc are thus the result of the changes occurring albaghickness of the AF layer
during reversal. If the domain wall remains stallee loop shows a shift due to the
maintained interface coupling. If the domain wadverses, the irreversible changes of
magnetization in the AF layer give a contributiorthie coercivity of the loop, which sums up
to the intrinsic coercivity component of the F laye

The domain wall model was later proposed by Maairial. [27] in 1987. In the
following, the formalism of their paper is used.

AF
Vs , x

/ﬂ;

N
ﬂ

Bulk AF -t t

Fig. 1.8 —-Magnetic configuration at the F/AF interface [2@hly one AF spin direction is represented for tyameasons. Unidirectional
anisotropy along theaxis, applied field along the opposite direction.

The paper considers a F/AF system composed by @mpensated infinitely thick AF layer
and a F layer of thicknesswith t much smaller than a F domain wall width. In thisywthe
creation of the domain wall takes place only in &felayer. The interface is taken without
any roughness effect, i.e. the AF spins are totatigompensated also at the F/AF interface.
During the reversal of the F layer, because ofinkerfacial coupling, the AF spins begin to
rotate as well, leading to a planar domain walthe AF layer, as shown in Fig.1.8. The
energy cost per unit areeof the domain wall is:

O =2\JA K (1.17)
with Aar and Kae being the AF exchange stiffness and the AF crysa&llanisotropy
respectively.

This energy term has to be added to the total gr@rmpterfaces, which results equal to:
J=HM t, (1-cosB)+ K.t. cos? B+ A, /E[L-cosla - B)]+2\/A K (L-cosa) (1.18)

which has a similar structure compared to Eq.1hBHyjng the Zeeman term, the anisotropy

and the exchange terms plus the domain wall tertheabottom. The equation contains the

anisotropy of the F layeKg, the exchange energdex and the interface distancé By
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normalizing EQ.1.18 in units of,/A,.K,- , and substitutingA,, O J.,/a, with a the AF

lattice parameter [20], the interface term becomes:

J
ex (1.19)

) ZaV AAFKAF

which is a ratio between the interface coupling #mel stiffness of the AF layer, i.e. the

A

“torque” done by the F layer on the interface Almspluring magnetization reversal and the
resistance of the AF spin structure to it.

Two extreme cases can be taken into account: stramumngjing and weak coupling.
For strong coupling A >>1) the reversal of the F layer is accompanied byctieation of a
180° domain wall in the thickness of the AF laygecause of the infinite thickness of the AF
layer, no irreversible process takes place in tRelayer, and the resulting exchange bias is

equal to:

N AAFKAF (1 20)

ex M.,
The domain wall term in the nominator of Eq.1.20uees the value dfle, compared to
Eq.1.13, to values close to the experimental one.

For weak coupling 4 <<1), the interface coupling is so weak that no donveafi is created.

The resulting exchange bias in this case is:

Je (1.21)

H,, .
Mt

with Jex small enough to give values ldf, close to the experimental one.

Mauri’s model describes the limit for the formatioha domain wall in the AF layer
as the ratio between interface couplihgand AF anisotropiar. Nonetheless, because of the
infinitely thick AF layer, it does not give any da&pation on the contribution of the AF to the
coercivity of the loop and it considers the inteaompletely flat.

Other models have described exchange bias coupiimogigh domain wall models.
Kiwi et al.[28] proposed a model for a fully compensated AEcttre, with the formation of
a domain wall due to the interface canting of tliesfins coupled with the F spins. Kehal.
[29] proposed, on the basis of Mauri’s model, acdpton of the enhancement of coercivity

due to the magnetic defects at the interface, wtaelses the pinning of AF domains.
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1.2.3 Random field theory

Contemporaneously to Mauri’'s model, Malozemoff [3@sented a random field
model based on the effects of interface roughridss.description of exchange bias is based
on the Random Field Ising Model first proposed byy and Ma [31]. In their paper they
described the influence of random impurities arsbdler in the phase transition of systems,
adding a random field term to the Hamiltonian & fystem. Malozemoff applied their model
for a F/AF interface. The AF layer is consideredadsilly compensated single crystal. In an
ideal, flat surface, no net moment would be presg¢nie interface, thus no loop shift would
appear. The AF moment imbalances at the interfia@sgonsible of the exchange coupling,

are given by atomic steps of interfacial roughreess$ defects.

Fig. 1.9 —Examples of spin configuration for an AF atomiqosie0].

A monoatomic step at the interface causes a changfge sign of the interactions,
deviating from the perfect compensated configuratichis deviation depends on the location
of the irregularity (see Fig.1.9). Considering adam distribution of atomic bumps, the
random field model argues that the average intefaoergy is different from zero. With this
spin configuration in the AF layer, and a singlendan F layer, it is energetically convenient
for the system to divide the AF film into domaikdi regions to minimize the net random
unidirectional anisotropy. Contrary to the domaiallwmodels, these domains would have
their domain walls perpendicular to the interfaas,firstly proposed by Kouvel [32], with
semispherical shape (Fig.1.10).

The dimension of the domains is given by the badetween the AF uniaxial anisotropy and

exchange anisotropy, with a size of the orderrgfA,. /K ,- .

The exchange bias field is then determined as #ti@ between the interfacial energy
difference due to the AF domaiko and the applied field pressure:

_ Ao
5 2M.t.

(1.22)

Quantitatively, this equation approaches to theeerpental values as Mauri’s one, despite

the different hypothesis taken into account.
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Fig. 1.10 -Examples of spin configuration for an AF atomiqoste0].

After Malozemoff's paper, other models have implated the random model
approach, like Morosoét al. [33] and Zanget al. [34], which examined the role of random

field interaction on coercivity.

1.2.4 Polycrystalline structures: structural model

The previously presented models consider the AFRalayers in their limit of single
crystal structure. For technological applicationsyst of the exchange biased systems are
however deposited by sputtering deposition (seadPaph 3.1.1). This deposition technique
gives polycrystalline structure instead of monotafse one. For this reason, it is important
to take into account the role of the crystallogiapstructure in exchange biased systems,

particularly for the AF layer.

(a)

(b) o,
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110
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Fig. 1.11 «(a) Polycrystalline structure of AF grains. Aftéld cooling, the AF spins of each grain align @dheir uniaxial
direction with the interfacial spins following tlgeoling field direction [36]. (b) Interface configation for compensated AF
spin with rough interface [35].

This approach was first theoretically developed Takano et al. [35,36]. They
considered a compensated AF structure. Becaudee afrystalline structure of the AF layer,
the interfacial layer of spin will consist on a gbusurface with alternate spin directions; at
each atomic step, the spin orientation in the Affedachanges of 180°. In this way,
considering a polycrystalline structure with graiog different dimensions, each grain
contributes to the exchange bias with a total neno-moment at the F/AF interface. Through
a series of Monte Carlo simulation for differentdeof grain superpositions and roughnesses,
they evaluated that on such a compensated strucole ~ 1% of the interfacial spins, i.e.
the uncompensated ones, contributes to the exchdimgelow percentage of involved AF
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spins in the coupling would justify the low valugisexchange bias experimentally observed.
Moreover, the simulation proved a correlation betexchange and grain size (for a stable

grain) on the formH . O L™, with L the lateral size of the grain, experimentally nueed on

polycrystalline exchange biased systems.

1.2.5 Polycrystalline structures: behaviour in temprature

Most of the models on polycrystalline structuregetanto account the role of
temperature and its impact on the stability of Afe grains. Studies of the evolution of
exchange bias in temperature go back to the vesy dxperiments of Meiklejohn and Bean
[16], who observed a quasi-linear decreasklQfwith temperature. When the exchange bias
approaches to zero, i.e. the blocking temperatareeached, a corresponding peak in
coercivity was soon observed [37].

The first model in temperature for polycrystallisguctures the one proposed by
Fulcomer and Charap in 1972 [38]. In their fundatakework, they considered a distribution
of non-interacting AF grain size volumes coupledhwthe F layer. The model takes into
account the thermal fluctuation effects on thergralumes, on a Stoner-Wohlfarth model,
with an energy barrieAE = KagV, beingV the volume of the AF grain. According to its
volume, the contribution of each grain to the hsests loop changes.

Considering a wide distribution of grain size amdses, at a fixed temperature they
defined three contributions from the AF grains. @oeulation is composed by grains which,
because of thermal fluctuations, are superparantiagarel reverse continuously, contributing
partially to the coercivity. The second is compobgdjrains with weak anisotropy and strong
coupling; they are trained during the hysteresipland contribute to the coercivity. The last
one is composed by “frozen” grains, which maintaier coupling with the F layer during the
loop and contribute to the exchange bias. Accorthrtpe model, ideally at O K all grains are
blocked and frozen, so no coercivity contributioouwd come from the AF grains (actually,
things get more complicated at very low temperai8684). When temperature is increased,
the thermal fluctuations become more important #redfraction of frozen grains reduces,
with an increase of the superparamagnetic andealaones. At blocking temperature, all
grains contribute to the coercivity. For higher paratures, the AF grains totally uncouple
from the F layer and the resulting loop is the ohthe single F layer.

This first model describes with good accuracy tedadviour in temperature of exchange

biased polycrystalline structures and it is gemgi@nsidered correct.
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Fig. 1.12 «(a) Partial wall domain in the AF during F reverddie left structure represents a stable domaih whkreas the
right one a switched domain wall [42]. (b) Stapilifraph as a function of angular applied field eattéb between thermal
energy and AF domain wall energy.

Stiles and McMichael later developed this model42). They considered a system
with AF grains with no intergrain coupling, coupledth the F layer through direct coupling
and partial domain wall in the AF, like in Néel'sodel. Each grain contributes to the
exchange bias shift if it remains stable during tbetion of the F layer; if the AF grain
becomes thermally unstable, it undergoes an irsésler transition, contributing to the
coercivity (Fig.1.12a). An additional parametettlie stability of the AF grain is the angle of
its uniaxial anisotropy with respect to the fielobting direction. For small angles, the partial
domain wall does not easily reverse, contributmgldy;, above a critical angle, the AF partial
wall becomes unstable and switches together wighRHayer, contributing tédc [40]. In
temperature, each grain may pass through threeesstatable, contributing to the
unidirectional anisotropy; partially stable, followy the F reversal, thus dissipating energy;
unstable, i.e. switching from one state to the othging the measurement time (Fig.1.12b)
[41]. Together with the irreversible transitionstie AF layer, a contribution to the coercivity
comes from the inhomogeneous reversal of the K dye to the interfacial irregular coupling
with the AF layer [42].
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Fig. 1.13 -AF grain size distribution after field cooling [44]

Recently, O’Grady proposed an experimentally bgselgcrystalline model on AF
grain size distributions [43]. By considering arogmal distribution of AF grain volumes
(Fig.1.13), the stability of the grains and thentribution to the hysteresis loop is defined by
their volume and by the setting temperature. The of grains that take part in the hysteresis
loop shift, for a given volume distributidn(V), is given by the integral ovéf in the range

between two critical volumegsgrandVc:

H DVTTf (V)dv (1.23)

Ve
with V¢ being the critical volume under which grains drermally unstable at the measuring
temperature an¥set is the setting volume over which grains were rmipded during the
annealing process. A series of measurements féerelift grain volume distributions for
different setting and measuring temperatures vidtlahe polycrystalline approach for
sputtering exchange biased systems. More detaith@memperature measurement protocol

used during the thesis will be given in Chapter 5.
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1.2.6 Granular model of exchange biased polycrystale systems
During the thesis, the following granular modeledfchange biased polycrystalline
systems has been developed, based on the modsentae in the previous paragraphs. A

schematic of the considered grain populationsesegmted in Fig.1.14.

f(V)t -~
H. contribution
Thermally H,, contribution
unstable/‘\
| Unset grains
IR B
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M) «— —
27— —
Jf \\ «—| ———
Vi Ve Vs v

Fig. 1.14 —Schematic representation of the AF grain distrdoutn a polycrystalline system.

The volume distribution of non-interacting AF grairgives rise to four grain
populations whose distribution depends on temperafDuring the hysteresis loop, the AF
grains can be either: i) thermally unstable and caipled to F; ii) coupled to F but
switchable, thus contributing to the coercivity [40]; iii) stable, thus contributing to the loop
shift; iv) finally, a part of the AF grain populat can remain unset after field cooling
depending on the annealing temperaflyg. It has been experimentally shown [43] that, by
controlling Tann and annealing time, the proportion of set gra@s loe adjusted for a given
AF grain size distribution.

Considering the volume distribution due to grai@esiariations, a temperature-

dependent critical volum&/. Ot dZ, with dc being the critical grain diameter, can be

defined by considering that a AF grain can contelio the exchange bias field only if, in a
Meiklejohn model, the pinning torque due to the ARisotropy on the grain spin lattice
(K t,ed?2) is larger than the dragging torque,d: exerted by the F magnetization during

reversal:

KAFtAF >> ‘]ex

(1.24)

This yields an effective barrier for AF grain matgoswitching given by:
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2
J
AE:déKAFtAF{l— o J (1.25)

2KAFtAF

This barrier has to be compared with the thermévaion factor Log{ m;aS”'eJk T where
0

is the characteristic measurement time and 10~°s the attempt time. This yields:

Log( measurejk T
TO
V, = (1.26)

2
KAF El_ Jox j
2K petar

The critical volume under which grains become thalynunstable is defined by the

measure

activation energy barrieAE = K ..V, , with AE being the thermal activation factor, thus:

Log{ measure]kBT
Z—O
V. = (1.27)

T
KAF

As a result, grains withf <Vt are thermally unstable, whereas those in the rafgeV < V¢
contribute to coercivity. OveYc, AF grains are stable and contribute to the lolift,sfor
volumes up to a critical setting valig, over which the annealing procedure was not able t
couple the AF grains with the F layer.

When an exchange biased system is heateddlpecreases because of the increasing
proportion of unstable grains. When the loop shdhishes Klex = 0 Oe), the blocking
temperatureTg is reached. At this temperature, a correspondingk pa Hc is usually
observed, and it is attributed to instabilitieshe AF grains [42]. For higher temperaturds,
decreases since F and AF layers become more and demoupled and the anisotropy

decreases both in the AF and F layers [45].

1.3 Exchange bias in patterned nanodots

During the last decades the improvement in pattgristructures at the micro and
nanoscale, plus the use of patterned thin magfesters for technological applications (see
Chapter 2) led to an increasing interest of magr@iperties on the nanostructures. In fact,
the behaviour of the magnetic layers substantigtignges from a macroscopic, continuous
layer to a system with two or three dimensions afranor nanometric size [46]. In particular,
whereas the reversal takes place through domaileatian close to defects and singularities

and its propagation under increasing field, the me#igation reversal mechanism on
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nanometric structures is completely different. He tlateral size is too small to allow the
formation of a domain wall, the reversal may takace though coherent rotation, curling or
bucking. The micromagnetic configuration itself sgas according to the lateral size and the
thickness of the magnetic layer [47]. The equilibtibetween dipolar and exchange energies
determines the magnetic state at remanence, wilichbe single domain or complex flux
closure configurations. Moreover, shape effects hwse a crucial role in the anisotropy term
for determining the magnetic state (see Fig.1l.B)ects like interdot coupling through
dipolar field, structural changes due to fabricatébeps or dot shape variability may affect the

magnetic behaviour of the dots [48].

ASPECT RATIO EFFECTS
SIZE EFFECTS

-
Closure-domain ;‘_1 * T T
— —>

Closure-domain  Single-domain
SHAPE EFFECTS

vt

Closure-domain  Single-domain

Single-domain

Superparamagnetic [

Fig. 1.15 —Typical effects present on nanopatterned magtestars [47].

The variety of possible geometries (dots, antidatsgs, rings), shapes and other parameters
(lateral size, interdot distance, patterning precesleposition technique...) make
nanomagnetism a wide field of research, with numechallenges from both the fabrication
and the characterization points of view [49].

In this field, an important branch is taken by exuie bias properties. Being an
interfacial phenomenon, its characteristics mayniygortantly changed by the dimension of
the system, together with the different behaviotith® F layer itself. Together with the
fundamental aspect, the study of exchange biasepiep on the nanoscale is particularly
important for technological applications. As it Wwhbe shown in the following chapter,
exchange bias is nowadays used in Magnetic Randoresd Memories and hard disk read
head.

H ?
| |

Fig. 1.16 —Sketches of possible nanopatterned configurafamexchange biased dots.

On exchange biased nanosystems, the interfacigot@opy adds to the energy

equilibrium of the system. Together with the shapd geometry ranges of choice, additional
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parameters like F and AF materials, layer thickegssubstrate and buffer layer, deposition
ordering and etching (see Fig.1.16), annealinggs®cfield cooling direction with respect to
the dot geometry and others make the possibildfestudy theoretically endless. To make
things easier, as for exchange biased continugesdaresults of different publications are
often contradictory and it is difficult to obsenatear tendencies, because very different
results can be obtained by varying just one opmrameters listed above [50].
Among the wide variety of studies on the subjebe following table gives few

experimental results on the behaviour variabilitgxchange bias patterned dots. In particular
the case with a F/AF bilayer, with the F layer ba top (as in Fig.1.16 on the left), is taken

into account. More punctual references will be giaéong Chapter 4.

Ref. | materials | geometry dimensions effects
[51] | NiFe/IrMn square dots 1xim? Reduction of exchange bias compared to full sheet
[52] | FelFeF2 circular dots 300; 600 nm diameter eceht reversal
[53] | NiFe/Hf circular dots 2uim diameter closure domain structure
closure domain structure; higher coercivity thaxawdar
[53] | NiFe/Hf circular annular dots  [2m diameter dots
[53] | NiFe/Hf square dots 2xam’ closure domain structure
[53] | NiFe/Hf square annular dotg 2P’ Coexistance of domain walls; higher coercivity
[53] | NiFe/Hf triangular dots 2m lateral size Central domain wall
triangular annular Presence of a hard axis along one side and easgiaxi
[53] | NiFe/Hf dots 2um lateral size opposite vertex
3x1.8um 400 nm and Shifted hysteresis loops. Passage from vortex &iate
[54] | NiFe/FeMn | elliptical ring arrays| 750nm widths onion state
NiO/NiFe circular and 2,5, 10um (diameter); 2x10,| Larger dependence of exchange bias on aspecthatio
[55] | on Si rectangular shapes | 5x10um?(rectangle) on lateral size
NiO/NiFe circular and 2,5, 1Qum (diameter); 2x10,
[56] | on MgO rectangular shapes | 5x10um? (rectangle) Larger dependence of exchange bitsteral size
Increase of exchange bias compared to continuges, la
[57] | NiFe/IrMn circular dots 130nm diameter smoother magnetization reversal
Magnetization reversal mechanism dependent on field
[58] | NiFe/IrMn elliptical dots 0.5x0.75; 0.5x1; 0.5x1.5 fm| cooling direction compared to ellipse
Exchange bias reduced or increased compared to full
[59] | NiFe/IrMn square dots 90x90 nn? sheet depending on IrMn thickness
Vortex state when zero field cooled. Shifted mualtighin
[60] | NiFe/IrMn circular disk 1 pm diameter behaviour when field cooled ; fixed chirality
Finite coercivity; magnetization reversal througimain
[60] | CoFe/lrMn circular disk 1 pm diameter walls
Reduction of lateral size lowers exchange biasl field
[61] | NiFe/FeMn | square dots 520 and 220 nm lateral size | blocking temperature

Table 1.1 —List of experimental results on patterned exchdrigsed dots.
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Chapter 2

Exchange bias: technological
applications

We are nowadays living in the information era, @&tdmical period in which everyday
life is regulated by high-technological devicesnc®i the spread of the internet, and the
diffusion of high speed connections, with portabievices like tablets and smartphones
always connected, the quantity of digital inforroatithat everyday is exchanged around the

world is exponentially increasing.

Exabytes per Month 66% CAGR 2012-2017

12
11.2EB

74 EB
6
4.7 EB
28EB
1.6 EB
0.9EB

0
2012 2013 2014 2015 2016 2017

Fig. 2.1- Cisco Forecasts 11.2 Exabytes per Month of Mdbiéa Traffic by 2017 [1].
As shown in Fig.2.1, mobile data traffic is foretemsto increase from 0.9 Exabytes in
2012 to 11 in 2017, mainly due to the explosiontted Asian market and a widespread
diffusion of smartphones. How to face this increafstne information demand?
The technology roadmap of semiconductors proposedntel cofounder George
Moore in 1965 [2] announced a doubling of chip perfances every 18 months. This bold
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prediction, given at the first steps of transistomputers, was like a sword of Damocles
hanging over the head of R&D engineers. Indeed kfsofaw requires a continuous

improvement of chip performances, including processpeed, memory capacity, energy
consumption and cost. Moore’s law is nowadays, golf most of these parameters, valid.
This has been made possible by reducing the sigericonductor transistor, from the 10 um
node of 1971 to the 22 nm one in 2012. This alloaddbughly) exponential growth of chip

performances. The predictions of the Internatidreathnology Roadmap for Semiconductors
to further decrease the transistor size to dowkbtam in 2015 [3] are inducing researchers to

shift from transitional transistors to more exdainictures like nanowires.

More than Moore: Diversification

COCOCDRICDORCD

Non-digital content
System-in-package

Information
Processing

Digital content

More Moore: Miniaturization

System-on-chip
(SoC)

Baseline CMOS: CPU, Memory, Logic

Fig. 2.2— Tendency of Moore’s and More than Moore’s lawsletion [3].

However, Moore’s law will eventually face its ultate physical limitations. Together
with this, the cost to build a manufacturing fagilkeeps increasing from node to node.
Therefore, parallel to the semiconductor develogmanseries of diversified technologies
were started to be developed in order to obtainlaimperformances without the scaling node
issue, approach known as “More than Moore” (FiQ.P42 In this big family a large number
of technologies are included, from Micro Electrodlanical Systems (MEMS) to biosensors.
Spintronic is part of this large family.

Classical electronic devices are based on the pgrepef the electrical charge of the
electron in conductors and semiconductors. In spnt devices, the magnetic momentum of
the electron, the spin, is exploited as a secogdegeof freedom to manipulate the properties
of electrical current. Magnetic Random Access Mem@IRAM) is one of the main

applications of the spintronic group. Contrary trchdisk sequential memory, RAM devices
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allow the data reading and storage in any randatarokVhereas transistor-based RAMs like
Static-cRAM (SRAM) or Dynamic-RAM (DRAM) are volaél| i.e. the information is lost
when the power is switched off, MRAM is intrinsiljahon-volatile and can guarantee a long
data retention (typically of 10 years). It is thesult of a long process of research in the field
of magnetic thin films, starting from the discoveny the magnetoresistive effect to its
implementation into spin valves. One fundamentaispdal property necessary for the correct
working of MRAM is exchange bias. In the followingaragraphs, it will be shown how
exchange bias coupling is implemented in data geodevices, starting from spin valve and
its application in hard disk head drives down to-MIRAM (Thermally Assisted — MRAM),
Crocus Technology improved implementation of statddRAM.

2.1 Spin Valve

Spin valve was the first technological applicatioh exchange bias [5]. In the
following paragraph, the concept of Magnetoresisterthe other fundamental physical
phenomenon present in spin valves, is describedstirsy from the anisotropic
magnetoresistance first and going to the giant miagasistence later. After the presentation
of the spin valve structure, its application ondhdisk read heads will be described.

2.1.1 From Anisotropic Magnetoresistance to Giant Mgnetoresistance

Magnetoresistance defines the property of a conuwcinaterial to change its
electrical resistance under an applied magnetld.fiehe effect was first discovered by W.
Thompson (Lord Kelvin) on iron and nickel [6]. Hetited how the resistance of the material
changed according to the direction of the appliedymetic field with respect to the current:
resistivity increased if they were parallel/) it decreased if they were crossed)( The
differenceAp =py - p. is called Anisotropic Magnetoresistence (AMR)oiiiginates from the
electron spin-orbit coupling: the electron clouduatbthe nucleus is slightly deformed as the
direction of magnetization rotates. This changesrbmber of scattering undergone by the
conduction electrons when an electric potential ajgplied. If the magnetic field is
perpendicular to the current, the scattering ceesgion is reduced and reciprocally. Since the
discovery of Lord Kelvin few improvements in therfoemances of AMR have been reported,
remaining in the order of few per cents [7]. Thiasadl resistance variation was nevertheless
large enough for technological applications in negnsensors and readout head.

The discovery of Giant Magnetoresistance (GMR) 988L has signed an important

improvement in a field of research that seemed @stied. Baibichet al. (Fert's group) [8]
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and Binashet al. (Grinberg’'s group) [9] reported independently agdarncrease of
magnetoresistance in magnetic multilayers, i.eerayf ferromagnetic (F) metals separated
by non-ferromagnetic (NF) metals of nanometric khiess. According the non-magnetic
spacer thickness, the F layers are coupled in erfagnetic or antiferromagnetic

configuration at zero external field.

(b) ©)

Fe 250A
ord
CYANCIN e SWNONANE)
e e “600 000 500 0 S0 1000 1500
B, (10" T)
Fig. 2.3— GMR measurement of (a) Fert’s [8] and (b) Griiglseg[9] groups.

Fig.2.3 reports the magnetic measurements of tbepapers. When the magnetic field
Is increased, the resistance decreases until tigaetiaations of the Fe layers are parallel to
the applied field, giving rise to a MR of a factir2.

This phenomenon can be modelled by consideringpéimel structure of a F material
[10]. 3d transition F metals (i.e. Fe, Co, Ni and)Mhe density of states at the Fermi level is
different for spint and spin| populations. When an electric field is appliedhe material,
the conduction electrons will undergo diffusiorexger is the density of state at the Fermi
level, larger are the number of diffusion eventsn§equently, the majority-spin electrons will
scatter less than the minority one [11]. It is imtpot to notice that in this scheme the spin of
the electron is conserved after a scattering ewermtddition, the resistance contribution of the
NF layer is small and spin-compensated and it eandglected.

Let's now take into account the trilayer structofeBinash’s paper. At zero applied
field the two F layers are antiferromagneticallyplted; i.e. if the first F layer has spin-down
as majority-spin population, the one of the sederayer will be spin-up (see Fig.2.4). When
the current is sent through the trilayer, the sfomn electrons of the current will have a weak
scattering with the first F and a strong one wite second one; the opposite for the spin-up
population. When a large magnetic field is appliedth F layers are aligned along the
direction of the applied field. In this case, orfetlee two spin current population is weakly

scattered and the other one highly scattered.
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Fig. 2.4— Schematic illustration of the electron transpof/NF/F structures, with the ferromagnetic lagegnetization
with and without applied field, with equivalent istsr network.

This can be modelled with an equivalent resistbeste, withR for strong scattering

andr for weak scattering. In the two cases the fingistances are:

R = R+r _ 2R
H =0 2 H #0 R+r (2.1)
GMR is then defined as the relative differencehef two resistances:
GMR: RH=O_RH¢O :(Iq_r)2
Riizo 4R (2.2)

The higher the resistance difference, the higheiGNMR.

In contrast with AMR, GMR does not depend on theation of the current but on the
relative orientation of the magnetization of theotw layers. Nonetheless, it requires high
magnetic fields to align the magnetizations of thigerent F layers, making it difficult to
implement onto magnetic recording devices. The dtether that could overcome this

limitation was the proposed of the spin valve e

2.1.2 The role of exchange bias coupling in spin & structures

Spin valve structure was first proposed by Diestyal. [5] in 1991. The relative
orientation of the magnetization of two F layersbeaded between a non-magnetic one is
still field dependent, but the saturation field asnsiderably reduced by the using of the
exchange bias coupling. They consist in a stack pfnned electrode (an AF/F bilayer as
depicted in Fig.2.5b), a non-magnetic metal andaofree electrode made of a soft

ferromagnet. The NM layer magnetically decouplesttho F magnetizations and maximizes
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the transmission of polarized electrons [12]. TH&knt switching fields of the two F layer
are due to the presence of exchange bias couflimg.can be noticed from the magnetization
curve of Fig.2.5a.

@[ "~ = (b)
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Fig. 2.5— (a) Magnetization curve and relative changeegistance of a spin valve [10]. (b) Schematic viéthe layer
composition of a spin valve.

In Fig.2.5a, the uncoupled (free) NiFe layer, beangpft ferromagnet, reverses at very
low applied fields. On the other hand, the intezfaoupling at the AF-F interface creates a
unidirectional anisotropy in the bilayer that stialeis the magnetization along the easy axis
direction. This results in a shift of the hystesdsiop of the bilayer as shown in Fig.2.5a. The
magnetoresistive effect can be better understomt fFig.2.5b. Under a negative field, the
two layers have parallel magnetizations (i.e. simafjnetoresistance). When a small positive
field is applied, the magnetization of the NiFedays reversed: the two F layers are now
antiparallel and the magnetoresistance is maxiivdden the field is further increased, the
pinned F layer gets its magnetization aligned it applied field too and the resistance
becomes minimal. The difference in the resistarataes is due to the relative angle between
the free and the pinned layers. ThIe response is linear with the cosine of the diffesenf
the magnetization angle of the two layers. For alkapplied field, the pinned layer stay
aligned with the easy axis, so that the resistaacetion is linearly dependent on the free
layer.

The fundamental improvement from GMR multilayeths possibility to observe the
resistance difference at low fields, compared ® ligh fields otherwise required. In the
paper, the spin valve structure presented a magsgttance of maximum 5% at room
temperature (RT). Further improvements of the sglve stack allowed more recently
reaching 24% GMR at RT [13]. Its main technologiapplication, still present in nowadays
devices, is for MR read heads for hard disks.
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2.1.3 Technological application: hard disk read hed

The time necessary to pass from the physical desgovwo the technological
application was of around 5 years for the spin @afor hard disk read heads. The linear
resistance variation response was used in magsetisors to measure the stray field of a
magnetic medium since 1994 [14], and is implememnte@dR read heads devices since 1997.

A hard disk drive (HDD) is a data storage devicespnt in any personal computer
since the early ‘60s. It is composed by a rotatiigk with a magnetic layer as recording
media. Up to 2005, the magnetic media was compdgea longitudinally magnetized
magnetic layer like CoCrPtTa [15]. Each bit recaramrresponded to a magnetic domain
with a magnetic orientation along the plane indulbgdhe hard disk head which determined
the value of the bit, ‘0’ or ‘1’. To have 10 yeaatd stability, the energy barrier between the
two magnetic states has satisfy the equakigrv > 67 kgT for 32 Mb, with KV being the
anisotropy energy, wher.¢ is the effective anisotropy and the grain volumekg the
Boltzmann constant and the temperature. Being the anisotropy fixed by ritederial, the
continuous reduction of bit size (i.e. o) led to the limit of superparamagnetism of
longitudinal memory media, which could not progreegond an areal density of 40 Gbit4/in
This led to the introduction of perpendicular me[di€]. In this case, the reduction of lateral
dimension causes a reduction of demagnetizing ,fieldereas it was the opposite for
longitudinal media. This demagnetizing field redoict pushes further the Ilimit of
superparamagnetism, allowing increasing the dataitjeup to 750 Gbits/fMm

Considering hard disk heads, they are compose@byunctionalities, a writing one

and a reading one. The writing part is performecdekgloiting the dipolar field between two

poles emitted by the inductive current in the higad.

Ih A
Lx exchange

free layer pinned layer

Fig. 2.6— Schematic view of a spin valve sensor [14].

Page35



Chapter 2 Exchange biaechnological applications

The reading process is based on spin valve seWsorshown in the previous
paragraph, the free F layer of the spin valve &under a low applied field; this causes a
change in the resistance value along the thickoésktie spin valve, proportional to the
relative angle between the free and the pinneddaye spin valve sensors, the pinned layer is
exchange biased along the perpendicular directibim ngspect to the anisotropy axis of the

free layer, as shown in Fig.2.6. In this way theut@ant resistance variation is given by

ART codd, -6,)Osing, The response becomes line&¢ U H)

if the anisotropy hard
axis of the free layer is along the transversedigjeld direction and the angle variation due
to the interaction with the medium is of around.10°

In case of longitudinal media, the stray field cenfeom the domain walls of bits with
different magnetization direction, which give agrnease or a decrease of the resistance value
according to the polarity. In case of perpendicutedia, it is the bit itself which causes the
increase or decrease of resistance. Under soméspidiniew, the phenomenon is similar to

the magnetic imaging of Magnetic Force Microsc@seit will be described in Chapter 3.

2.2 Magnetic Random Access Memory (MRAM)

Magnetic Random Access Memory (MRAM) is a memoryicke that has attracted a
lot of interest from the fundamental and applicagpoint of view in the last ten years. In one
single memory bit of few hundreds of Arof volume, plenty of fundamental magnetic
properties are condensed. In particular, togetligr thve exchange bias property (on patterned
systems), it involves the Tunnel MagnetoresisteffddR), the magnetoresistive effect that
occurs in a magnetic tunnel junction (MTJ). Thisggmaph will give a description of this
physical phenomenon, together with an overvienhefMRAM working principles, from the
first generation to the last advances in the figtdparticular, some stress will be put on the
implementation proposed by Crocus Technology, therihally Assisted — MRAM (TA-
RAM).

2.2.1 Tunnel Magnetoresistance

In comparison with GMR, Tunnel Magnetoresistanc®R]) takes place when two
ferromagnetic layers are separated by an insul#timgayer instead of a conductive one. For
TMR, the difference in resistance depends on thative angle between the two
ferromagnetic layers. In this case, the insulataygr acts as a tunnel barrier; if sufficiently
thin, electrons have a significant probability teagtum mechanically tunnel through it. As

for the GMR, the spin is conserved after tunnellthg insulating layer, so the two spin
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currents { and |) can be considered as independent channels. \Watte thypotheses the

TMR is calculated in a similar way as shown in Beaph 2.1.1.

Parallel state Antiparallel state

6 = { )_<\\\Iev& ’4???\?1 o
- o5 & 5

Barrier Barrier

Fig. 2.7— Schematic representation of the spin tunnelingugh an insulating barrier [18].

In Fig.2.7, the band structure of the two spin cleé at the two sides of the barrier is
represented. If the magnetization of the two Frigye parallel, minority spin will find more
free state to tunnel to than in an antiparallelfigomation, giving a lower resistance value
compared to the antiparallel configuration.

TMR is thus defined as:

Ri-o = Rixo — 2PP,

TMR=
Riizo 1-PP, (2.3)
whereP; is the polarization of the electrodedefined as the normalized difference of density
. D'-D/
| - | 1
DiT + Dil

of stated; for the two spin states up and down:
This phenomenon was first observed by Julliere9id51[19] on a Fe/Ge/Co trilayer
junction at 4.2 K, which presented a TMR of 149%.iitterest for applications was renewed
with the work of Mooderat al.[20] and Miyazaket al.[21], which first showed in 1995 the
possibility of having significant TMR at room temptre. An example of TMR

measurement is shown in Fig.2.8.
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Fig. 2.8— TMR measurement of CoFej8k/Co junction at room temperature [20].
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In their work, amorphous alumina (&3 was used as insulating layer and
sandwiched between CoFe and Co electrodes. Wahsthicture, they reached TMR values
up to 24% at 4.2 K and 12% at RT. Since then, aldeyelopment in the performances of
TMR structure has been achieved, particularly whi choice of MgO as insulating material
[22-23]. The huge increase in performances, up2at RT, is due to the crystallographic
properties of MgO [24-25]. For an amorphous barrtee TMR only originates from the
difference of the density of states at the Fermell®f the two spin populations. If the barrier
is crystalline, the tunnelling electrons are fitt@raccording to the symmetry of their wave
function. The symmetry of the Bloch states at then#t energy becomes a key parameter in
electron tunnelling. The band structure of theyeta has different energy values according to
the spin state of the electron. If the symmetryhef majority energy band is the same of the
barrier, the electrons are efficiently filtered.ig'ladditional filtering led to a huge increase of
TMR performances, with a record of 600% for higbptimized stacks [26].

Many parameters play a role in the quality of TMihdgtions, like quality of the
interfaces, crystallographic growth, quantity ofets and spin polarization. The continuous
optimization of TMR stacks led to a series of resiphat are nowadays considered standard,
like the annealing temperature for an optimized Mdarrier texture [27] or the
crystallographic growth of the electrodes [28]. Tarmye variation of resistance between the
two states at low applied magnetic fields made T&i@minant structure compared to GMR
multilayers, whose maximal performance does notmass 40% at room temperature [29].
These high performances are exploited in hard cigkl heads since 2005 and in Magnetic

Random Access Memory systems since 2000.

2.2.2 First generation MRAM

With its integration of magnetic stacks in a semabactor environment, MRAM is a
primary example of More-Then-Moore spintronic devi€ach bit is based on a MTJ of
submicron lateral size; the two values (‘0O’ and ‘dte given by the relative orientation of the
magnetization of two F layers. The first magnetaais fixed by the exchange bias coupling
and it is named reference layer. The second magietn is free to switch and it is named
storage layer (see Fig.2.9). The spacer, an insgl&yer, magnetically decouples the two F
layers. When the current passes through the stiagkelative magnetization direction of the
two magnetic layers gives two possible resistataies which determine the value of the bit.

In order to distinguish the two values, a TMR ofledst 100% is usually required. Other
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specifications required for a working device ane years of data retention, thermal stability
(up to 90°C for automobile devices), reduced curcensumption and correct bit writing.
During the last fifteen years, MRAM showed a langember of technological
evolutions based on the discovery and applicatadrdifferent physical phenomena. All the
implementations involve the storage layer parthef $tack, which is the most critical because
it is the one that has to change its magnetizatioection during the writing part and to

maintain it when reading.

Storage layer | <= ===

Reference layer

},
Fig. 2.9:—Scheme of the writing process in the first genenaiRAM.

The reference layer is composed a F/AF bilayet WitMn or IrMn layer as AF layer,
chosen for their high Néel Temperature (or morecipety blocking temperature) that
guarantees the stability in the working temperatraregge. The F layer is exchange coupled
with the AF layer, thus pinning the reference layea fixed magnetization direction.

The first MRAM generation is known as Stoner-WottliaVIRAM (SW-MRAM). In
this structure the F layer in the reference partasstituted by a single F layer, as for the
storage layer. The writing is done by two magnéélds perpendicular one to the other and
created by the current passing through two orthalaretallic lines close to the MTJ (see
Fig.2.9). The magnetic field created is proporticimathe current injected in the field lines.
Each line passes close to a series of MTJ, but tkelycombination of the two lines assures
the writing of the bit. This is possible because thagnetic field produced by the current
passing through the line is not large enough tens the magnetization of the storage layer
alone, i.e. its magnetic field is lower than themdve field of the layer. According to Stoner-
Wohlfarth’s model [30] the field necessary to reeethe magnetization when the field is

applied at 45° is minimal (see Paragraph 1.1.2)hdftwo currents generate two equivalent
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perpendicular magnetic fields, whose sum overpassesoercive field at 45° of the F layer,
the magnetization is reversed (see Fig.2.10).

This process has the great disadvantage in terpowér consumption of having two
current lines passing through a large number of M'h& magnetic properties of the storage
layer are intrinsically different from one dot toadher (as it will be largely discussed in
Chapter 4). The resulting switching field distrilomt along the different lines may cause
undesired writing by one single current line onsdwtth lower coercivity. This is even more

degraded when the lateral size is reduced.

SW-MRAM D—— /I\

Simultaneous >

«------l

Toggle-MRAM

Time sequence in
field application

Fig. 2.10— Schamatic view of SW and Toggle-MRAM stacks #rair ellipses orientation with respect to the eatriines.

For this reason SW-MRAM never entered the markdt veas first improved by
substituting the simple F layer of the storage ayi¢h a synthetic ferrimagnet (see Fig.2.10).
This improvement is known as Toggle-MRAM [31] andtexed the market in 2006 with
Freescale Semiconductor (nowadays its spin outgpueiTechnologies). The advantage of
such structure lays in the complexity required ¢gerse the magnetization of the bilayer,
decreasing the field sensitivity and increasingrtta stability [32]. The two F layers, under a
sufficiently large applied field, do not maintainetr 180° opposite magnetization direction
but perform a so called spin flop [33], i.e. thegé their collinear direction and tend to align
along the direction of the applied field. The conglbetween the two layers does not allow
reversing the magnetization with a single comboratof currents. With a sequence of
magnetic fields applied along different axis [3#)e two magnetizations turn along the
astroid since when the total magnetization is sa@r(see Fig.2.11). Moreover, also in the
reference layer the single F layer was substitwtéti a synthetic antiferromagnet. It is

composed by two F layers separated by a thin nametie one that couples

Page40



Chapter 2 Exchange biaechnological applications

antiferromagnetically both F layers. This choicadsreduce the emitted stray field, which
could couple different MTJs among them, and to @woicromagnetic effects.
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to t ty ty lfﬁ/

Fig. 2.11- Scheme of writing steps on Toggle-MRAM [33]. Ta® currentd,y andlp are not sent simultaneously, in order
to reverse step by step the magnetization of thpled F bilayer.

This kind of MRAM has been commercialized by Motarand Everspin from 256 kb to
16Mb MRAM. However, its performances are limited goalability. MRAM bits have to
guarantee a 10 year data reliability. As for hasi dirives, data retention is closely related to
the effective anisotropy and the volume of the negignstorage layeKs V > 67 kgT for 32
Mb). The reduction of lateral bits dimension leddsan increase of the total thickness to
maintainVV constant or to an increase . In both cases, this implies an increase of the
switching field, which means higher currents, aeraéase of energy consumption and
electromigration problems. Moreover, current ssipeould have to be larger, making the
effort of reducing the MTJ lateral size uselessr Beese reasons, nowadays two main
evolutions of MRAM are on the way to the market][3bhermally Assisted MRAM (TA-
MRAM) and Spin Transfer Torque MRAM (STT-MRAM).

2.2.3 Thermally Assisted MRAM (TA-MRAM)

One possible solution to improve the scalabilibg thermal stability and the writing
selectivity of MRAM is the so-called Thermally Asgd Switching MRAM (TA-MRAM)
[36], an implementation of standard MRAM that usesproperties of exchange bias not only
in the reference layer but also in the storage aflewing to reduce the number of current

lines per bit from two to one.
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The presence of a unidirectional coupling in treragde layer has the aim to assure the data
retention: if the coercivity of the hysteresis ldsdower than the loop shift, the storage layer
presents only one possible value at zero field,rajuae good reliability under field

disturbance as well.

” é&———=H
-4 — —> —
l—‘//v% \\‘A\T 5 E g :|‘Storage layer
T T ] = ——
= ——p ﬁ} Reference layer
—ﬁ R /T\kleating R
|
= H ! H H

Fig. 2.12— Sketch of the writing process for TA-MRAM. Whthe heating current passes through the MTJ, thiaydt of
the storage layer becomes unblocked. The magnelticemitted by the current line reverses the mtgaigon of the F layer.
During the cooling down, the exchange bias is tabdished in the new direction, pinning the magregion.

The writing process is based on the different ttepnoperties of the AF layer used in
the storage layer compared to the one presentinefierence layer. Indeed, the writing takes
place through a thermal annealing of the storagbange biased layer by a pulsed current. A
current pulse (down to 1-5 ns [37]) passing throdigh MTJ causes the heating of the
junction [38]. If the current is large enough, tteamperature in the MTJ overpasses the
blocking temperature of the AF layer in the storkyer (lower than the one of the reference
layer). Whereas PtMn has a large blocking tempeggiup to 380°C [39]) that guarantees its
stability during the heating process, IrMn and FeM@,41] are preferred materials for the
storage layer, with blocking temperatures in thegea 100-230°C (For an overview on
blocking temperature values for FeMn and IrMn, [€&3).

The writing process is described in Fig.2.12. When AF layer is heated abovg,
the exchange bias coupling is cancelled, so theayerlremains uncoupled. With the
application of a magnetic field by a current litlee F magnetization is switched. After the
current pulse, the temperature is cooled down H2AMs [34] and the AF layer is coupled
again with the F storage layer, along the directibthe cooling field.

Reading is performed by passing a current suffityesmall not to unblock the storage layer.
This implementation has been proposed in a pated®@? [43] which led to the creation of
the start-up Crocus Technology in 2004. The adwyms@ompared to first generation MRAM

are the presence of a single current line and laehigelectivity in writing, together with the
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possibility of scaling down the dot size withousilog the thermal stability of the storage
layer.

Nonetheless, many parameters play a role in thecofunctioning of a TA-MRAM
memory. Being the storage layer the main actorriting a reading, the blocking temperature
of the storage layer has to be optimized, presgrtiamall dispersion from cell to cell and no
overlap with the blocking temperature distributiminthe reference layer. The exchange bias
field of the storage layer has to be large enowgbuarantee one single stable state at zero
field, i.e. large hysteresis field shift and reddioeoercivity. The data retention at room
temperature is improved by the increased effedivisotropy of the storage layer given by
coupling of the F layer with the AF one, thus ldygacreasing the thermal stability factor for
equivalent volumes.

1) Reset field pulse “0” 2) Data set field pulse “1”

All bits set to “0” Desired bits set to “1”

Fig. 2.13— Writing selectivity of TA-MRAM on a 64bit memof®g5].

Among these critical points, each MTJ has to guaeshat the field emitted by the
current line passing through a series of junctiorirgy the writing of one bit is not sufficient
to reverse the magnetization of the storage laf/¢éneobits where no current is injected (See
Fig.2.13). For this reason, the exchange bias ptieseof the storage layer have to be
controlled and optimized, with reduced variabifitym one bit to another. If these conditions
are satisfied, the writing of a “word” (i.e. mulgpbits at the same time) can be done with a

single current line, reducing power consumption.

2.2.4 Spin Transfer Torque MRAM (STT-MRAM)

Spin Transfer Torque (STT) is a physical phenoméirshpredicted by Slonczewski
[44] and Berger [45]. As in GMR and TMR the diffatanagnetization of F layers causes a
variation in the behaviour of the current passimgpugh them, STT describes the possibility
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of a current to be polarized by the magnetizatiba & layer and to excite a torque on the
spins of the second F layer.

This phenomenon can be described considering thaydts (i.e. Co) separated by a
non-magnetic one [46], as shown in Fig.2.14. Wharrenit flows through the sandwich
structure, its conducting electrons are polaribedugh the spin-transfer scattering against the
lattice of the first F layer (named polarizer). Tegin polarized electrons cross the non-
magnetic spacer conserving their spin. At the fater with the second F layer (free layer),
the conducting spins are partially reflected aadgmitted. The transmitted ones precess for a
short distance~(1 nm) along the magnetization direction of theoselcF layer, since when it
align along its direction. This precession generatélow of angular momentum. This torque

is transmitted to the spins of the second F |aaed, takes the name of Spin Transfer Torque.

F /nF/ 7 F
A
/
7T
polarizer / / T free layer

Conducting electron flow
Fig. 2.14— Schematic view of Spin Transfer Torque principle

If the current passing through the layers is sigfitly large, i.e. above a threshold
value called critical current (usually around®1®cm?), the polarization at the second
interface induces a torque on the spins of the lger whose intensity is large enough to
reverse the magnetization of the layer. The toigugven by the vectorial product of the spin
magnetization of the free layer with the currerniapaation.

The theoretical predictions were first verified kvi€o/Cu/Co trilayer structures [47] and later
implemented in MTJ systems [48], with the referelag@r as polarizer and the storage one as
free layer. The parallel configuration is obtairdsending a conducting electron flow from
the pinned to the storage layer. The antiparaliafesis achieved with a current pulse of
opposite polarity. In a MRAM memory cell, STT allswo reduce the number of current lines
to zero, because the writing process is perfornygolalssing a current through the single MTJ.
Reading is performed at a lower current to avoidl SSwitching. The critical current
necessary to reverse the magnetization is detedniigea critical current density [36]. As a
consequence, for fixed free layer thickness anelcéffe anisotropy the current scales as the

area of the cell.
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First STT-MRAM had the F layers with in-plane matetion. MTJ were processed
on an elliptical shape to fix the magnetizationngldhe long axis of the ellipses, induced by
the shape anisotropy of the dot. A maximum aspses of the order of 2 was used to avoid
micromagnetic states. Nonetheless, this shapetampyos not sufficient to guarantee thermal
stability for lateral dimensions below 45 nm [35].

For this reason, perpendicular STT-MRAM structukesre proposed to overcome the
superparamagnetic limit [49]. F layers with outpléine magnetization present very large
effective anisotropy that provides good thermalbifityg at small dimensions. The two

magnetic states are clearly defined without adding shape effect, thus simplifying the
fabrication process. Moreover, perpendicular striyer presents very large coercivity at
room temperature, thus guaranteeing good data ti@tenFinally, the current density

necessary to reverse the magnetization is lower fiiain-plane structures. Whereas for in-
plane magnetization the precession takes placéngabsough an out-of-plane oscillation, for
the perpendicular case this energy consumptiontipmesent [50].

One of the most critical parameters in STT-MRAMtl®& separation between the
writing, reading and breakdown distributions, tlee data retention in low current condition
and the breakdown voltage limit during the writstgp.

Recently, the possibility of including the advargagf Thermally Assisted switching in STT-
MRAM systems has been proposed. As a matter of iadA-MRAM the data retention at
room temperature of the storage layer is improwethb presence of an AF layer. Typically,
the F/AF bilayer behaves like a hard ferromagneh wespect to the thermal activation
because of the large anisotropy of the AF matehmfact, the increased anisotropy of the
storage layer due to exchange bias coupling altbwseduction of the lateral dimension of
the memory point without facing the superparamagnrenit. This can be implemented in
STT based MRAM structures. In TA-STT-MRAM, the cemt passing through the MTJ heats
up the storage layer to a temperature large entughpin the storage layer, and at the same
time its polarized conduction electrons transfesugih torque (i.e. the current density is large
enough) to induce STT switching. After the currpaotse, the AF layer in the storage layer
couples again with the F layer, setting the magagtn direction. This implementation
allows improving the scalability of in-plane STT-MIRI without adding any current lines to

the system. For further details, see Hérault’sishéd .
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Chapter 3

Samples preparation, experimental
analysis and atomistic simulation

This chapter will present a brief description loé instrumentation and measurement
techniques used during the three years of thesth, avglimpse of the physical principles
ruling them. Concerning the process part, this trapill give the deposition conditions and
the cleanroom procedure followed to obtain thegpatid systems. Finally, the atomistic
simulation model implemented in collaboration withSim will be described, from the

energy model to the F/AF bilayer modelling.

3.1 Sample preparation

3.1.1 Sputtering deposition and annealing process

During the thesis, all samples were deposited witRlassys sputtering deposition
machine, present in Spintec laboratory. This kihdieposition technique is mainly used for
technological applications (and in the MRAM domé&o) for the reduced cost and higher
throughput compared to other deposition technidikesepitaxial evaporation or chemical

vapour deposition. Fig.3.1 shows the working pgplecof a typical sputtering system.

Ar

sample holldcr___- = )
sample ‘===-f---=ce—c--- |
\ = % prin]ary pump
plasma ----q4--==-==-uu- =\ 2.
cathod ----1 R ety (| -
tap ----1 T o ‘ = —6< secondary pump
target ----4--------- !

target holder ----4--------- —

H.T.

Fig. 3.1 —Schematic view of the sputtering system [1].
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Samples are introduced into an isolated chamimenyvhich a vacuum of around
310" mbar is kept constant by a secondary pump. Allsémaples used are deposited on to
(100) Si small squares or stripes, covered by arlay native oxide of around 100 nm thick.
The chamber contains several targets, coveredshigiag tap. Materials deposited during the
thesis were all on targets pointing perpendiculéslyhe sample during the depositions. For
this reason, no particular shadowing effects orodejon angular direction had to be taken
into account for the experimental results. In orestart the deposition, a controlled flux of
Ar (81 standard cubic centimetres per minute (stasi)introduced. When the pressure
reaches 2M0° mbar, if a cathode (i.e. the cylinder containing #felected target) is set to a
negative voltage of around (ranging from 50 to Ab@ccording to the material and the
desired deposition rate), the gas gets ionizedtiage plasma. Positive ions are attracted to
the cathode. This collision causes atoms of thgetato isotropically leave the surface,
depositing on the sample placed above the selectttdde by a mechanical system. Plasma
is kept in the chamber by the emission of secondbagtrons during the ionic bombardment,
repulsed by the negative potential of the targéte Tiegative voltage is obtained by DC
current for conducting targets and RF current Bmlating ones in order to maintain the
emission of electrons. To start and end the depasif a material on the sample, a shutter is
mechanically moved to cover and uncover the sanipleing the thesis, all the deposited
materials were conducting. The sputtering depaositade of each material is obtained from
the ratio between the thickness of a deposited layé the time of deposition. The thickness
calibration is performed by X-ray reflectometry amery thick reference layers at the
installation of a new target. The total depositiome has to take into account the time spent to
open and close the shutter covering the sampleewfffaction of second; this time may
become important for ultrathin layers.

After deposition, in order to set the exchanges lwaupling, samples were annealed
and field cooled under a constant applied fiel@@d0 Oe. The annealing was performed in a
vacuum chamber at aroundfibar pressure to avoid sample oxidation and tHasiifn of
external impurities. Typical parameters were aihgaemperature of 473 K (200°C) for 30’
to overpass IrMn blocking temperature [2]. In ca$eatterned samples, the annealing was
also performed after the cleanroom processesderdo re-set the coupling after the thermal

processes spent by the sample in the fabricatepsst
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3.1.2 Patterning samples: from spin coating to SEMnaging

Patterned samples were prepared in the PTA (Btatef Technologique Amont), a
cleanroom shared by CEA and CNRS users. It is ang56leanroom of class 1000 (or ISO
6), were 4” wafer and smaller samples can undeegeral technological processes. Among
them, resist deposition and removal, optical ange@n lithography, etching processes,
Scanning Electron Microscopy (SEM) and optical msoopy. The patterned samples studied
during the thesis experienced:

- electron beam lithography, to have the a quapgtterning geometry at very low
dimensions;

- ion beam etching, to have the magnetic signay onl the patterned dots and not on the
surrounding trenches and substrate.

There are many different technological approacimesrder to obtain a patterned
sample. The most commonly used is based on theeporaf lithography. Two possible
lithographical processes are possible: opticabgitphy or electron beam lithography. Both
techniques require the deposition of a particutdymeric layer, called resist, on the sample.
The resist is usually baked at fixed temperaturesder to optimize its chemical and physical
characteristics. The exposure of the resist to ight(if optical lithography) or to an electron
beam (e-beam lithography) changes its charactsidfiit is a so-called “positive resist”, the
exposed part becomes more soluble in the followligeelopment solution. If it is a “negative
resist”, the atoms of the exposed zones crosstagylting less soluble. After the exposure,
the sample is developed: a chemical bath remowestidesired resist, leaving the desired

geometry on the resist for a successive etchinggsso(Fig.3.2).

(a) (b) (c) (d)

= 2

I e \
—
Fig. 3.2 —Steps for an e-beam lithography process: (a) registon, (b) resist heating (baking), (c) e-bedhography

process on the resist and (d) resist profile afémelopment. The remaining resist will protect dieposited layers from ion
beam etching.

Optical lithography is widely used in industriabguction namely for its high throughput. In

fact, the geometry is transferred in one singlé¢ shahe whole surface by the use of a mask.
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E-beam lithography is a scanning lithography teghai A focused electron beam is emitted
by an electron gun. This beam is then focused Bystem of lenses in order to reduce
aberrations and defocusing. Ultra-high vacuum & kethe e-beam cannon in order to avoid
electron collisions. No mask is required. The sampl scanned line by line, following a
pattern prepared by external software. Accordinghepattern, some zones of each line are
exposed to the beam, while the beam is blankedag®e ©f non-exposed zones. E-beam
lithography has a higher resolution (accordinghe tesist and etching process, it can go
down to around 10 nm) than optical lithography,uti#sg ideal for nanotechnological
research. On the other hand, its high writing tcoepared to optical lithography technique
makes its use in massive production less diffuse.

During the thesis, e-beam lithography was choseause of the higher versatility in
the patterning geometry (no mask had to be prepaned higher resolution; moreover, all
samples had small patterned regions (below the®)mso total exposure time was not
excessive.

The resist used was FOX, a HSQ (Hydrogen silseggn®) negative resist. A 150 nm
thick layer was deposited on the samples with adstia spin-coating process, with 4000 rpm
for 60 s. The sample was then baked at 150 and2fi°120 s and 120 s each to guarantee
an evaporation of the solvents and a proper adhesfidhe resist to the surface. Prepared
samples were then inserted into the e-beam sysDee the samples have been patterned
following the desired geometry, a development lmdith20 s is performed in an acid solution
based on AZ developer in order to remove the unsegbaesist. The preparation of the
software program of the patterning and the e-beamalization were performed in
collaboration with Gilles Gaudin at SPINTEC. Theality of the process before the etching
step was verified by SEM, see Fig.3.3.

200 nm*

Fig. 3.3 —SEM image of 100 nm dots before etching.

In order to remove the deposited layers from theatterned parts of the samples, lon

Beam Etching (IBE) was performed. This techniguleased on physical etching, obtained by

Pageb?2



Chapter 3 Samples preparation, experimentanalysis and atomistic simulation

ion milling the surface, without chemical reacti@ach material has a different etching rate.
The resist requires a long etching time to be cetept removed. Its thickness and material
properties protect the underlying magnetic laybed are removed only from the unprotected
zones. On the other hand, after the etching prabeseesist layer results thinner than before,
and its removal problematic for the underlying lsyd-or this reasons, the resist layer was
kept for the Kerr effect measurements. The etcliag stopped at the detection of the buffer
layer, i.e. the unpatterned regions still preskatTa and Cu layers. The quality of the etching

process was then verified by SEM.

Fig. 3.4 —(a) SEM image of 50 nm dots after etching. (b)etiltmage of 200 nm dots after etching.

In Fig.3.4, the example of SEM image after etchmgiven. The white border of the dots
marks the border between the patterned part andttied one, as it can be observed from
the tilted image of Fig.3.4b.

3.2 Sample characterization

3.2.1 Atomic Force Microscopy and Magnetic Force Miroscopy

Magnetic Force Microscopy (MFM) imaging is a usakghnique to locally study the
magnetic state of nanostructures. For nanometricicele, few techniques can give
information about the local magnetic domain streetdmong them, the one who gives one
of the highest resolutions, providing both magnatid topographic information, is the MFM
[3]. The MFM is essentially a modified Atomic Forkcroscopy (AFM).
The AFM allows nanoscopic resolution of the toppimaof a sample. It is based on the
measure of the interaction force between the sarapt the tip of a cantilever. This
interaction force causes a deflection of the cawmgit. The measurement is performed through

the reflection of a diode laser on the back ofdhrtilever. When the cantilever is deflected,
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also the reflected laser beam is deflected (Fiy.3Be surface of the sample is scanned line
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Scan Topography
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Fig. 3.5 —Schematic of the MFM working principle [3].

There are three different AFM measurement techmsique
- contact modethe tip is kept in contact during the scanninghe surface of the sample. It
can be performed in two possible configuratiomariable deflection the topography is
obtained by the variation of the position of th8aged laser beam, due to the deflection of
the cantilever; anstant force the deflection of the cantilever is kept constdmbugh a
feedback system, that varies the height of theilesat with respect to the surface of the
sample.

- nhon-contact modethe tip scans the surface at a certain height véspect to the sample.
Non-contact forces (like Van der Waals forces)detected.

- tapping modethe cantilever is put in vibration next to itsoeant frequency (usually the
first mode). The variation of the resonant frequedue to the interaction with the surface
reveals the topography of the sample. The typieabmant frequency of an AFM tip is
between 100 and 500 kHz, while the MFM tip has mest frequency between 10 and
100 kHz because of the use of a longer cantilever.

In the case of MFM measurement, the tip scans tedah line, first in tapping mode,
then in non-contact mode. The first scan gives tdpography of the surface, while the
second, also known as magnetic scanning, reprodnedspography of the sample at a fixed
height, in order to detect only the long range nedignnteraction. This procedure is defined
as lift mode. The magnetic measurement is performedsuring the gradient of the force,

through the phase shift of the oscillating cantiev
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The phase variation is given by:

AD = —QEG—FJ (3.1)
k\ 0z

whereQ is the quality factork the spring constarandF is the interacting magnetic force,

whose value along theaxis (vertical displacement of the tip respedh®sample) is:

« oH M, . H,
mag dZX +mr¥1ag;y+mmag; (32)

Usually, the magnetic tip is saturated only aldmg z-axis. In this case only;  #0; so we

F, =0 H,+m

obtain:

__Q_ .
A¢__E[_qmag

Z+

| mes 5

H dszj 63)

with the two terms being respectively the monogwid the dipole contributions.

As a result, the MFM images the force gradientrgctin the magnetic tip.

This means that (Fig.3.6):

- for the out-of-plane magnetization case, the rasttof the MFM images represents the
different magnetic domains;

- for the in-plane magnetization case, the tipeissible only to the stray field entering into or
going out of the magnetic domain wall. As a restiie MFM image shows the boundaries

between different planar magnetic domains.

(a) \V4 (b) V
POPPAE bbbl

A

[ a
» N

Fig. 3.6— Interaction between the MFM tip and the perpendic(d) or planar (b) stray field.

Tip interaction with the sample may influence theasurement, both topographically
(geometry of the tip) or magnetically (magnetizatieeversal of the tip or of the sample
because of interaction forces). Because of thességeto know the magnetic characteristics
of the tip by particular calibration techniquesarder to have quantitative measurements
[4-6], MFM remains in most cases a qualitativenmstent.

During the thesis all MFM measurements were peréatwith a Digital Instrument

Nanoscope llla with standard magnetic tips of Shwai hard magnetic coating.
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3.2.2 Focalized Magneto-optic Kerr effect

Magneto-optic Kerr effect (MOKE) is a measuremeuhnique based on the effects on
the polarization or intensity of focused light exfled from a magnetized material. There are
three possible MOKE configurations (Fig.3.7) [7]:

| N

T’V’ O ™M

Fig. 3.7 —Schematic representation of polar (a), longitud{baland transversal (c) MOKE.

- Polar Kerr effect.used for samples with out-of-plane magnetizatiomearly polarized light
impinges the sample with normal incidence. Reflgdight has an angular rotatign of its
polarization proportional to the magnetization;

- Longitudinal Kerr effect: used for samples with an in-plane magnetizatiaralfel to the
light plane of incidence. Linearly polarized lightith E parallel or perpendicular to the plane
of incidence, impinges the surface with an an@le Reflected light results elliptically
polarized, with the change in polarization propmrél to the sample magnetization.

- Transversal Kerr effectused for samples with an in-plane magnetizatiaqpgo@licular to
the light plane of incidence. Also in this casehtigmpinges with an anglé;, but the
magnetization is measured by the variations ofectiflity r. Light does not require to be
polarized.

During the thesis, this kind of hysteresis looprekterization was used on a highly
focused system to allow measuring few dots at tifftee instrumentation, developed at
Institut Néel CNRS Grenoble by Jan Vogel and MaBanfim, consisted in a longitudinal
focalized-MOKE, whose schematic is presented in3/8g

x100
beam focalizer
splitter I sample
[ — |
— AC "\
Laser He-Ne polarizer i generator
electro
1 magnet | support
WoII'astong_) DC
prism generator
photodiodes oscilloscope PC

Fig. 3.8 —Schematic representation of the Focalized-MOKEsetu
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A He-Ne laser (wavelength 632 nm) beam of 7 mW pomaes polarized and focused
with a system of lenses. A 100x focalization leosued the laser beam to a spot of around
600 nm diameter. This allows measuring about 248 @t the 200 nm dot size, 9-10 dots for
the 100 nm dot size and 14-15 for the 50 nm casigs3(9). The samples were fixed on a
ScanPod®© support. This system allows moving thepsainoth in translation and rotation,
providing high accuracy in the focalization andtle dot localization. The reflected signal
was separated by a Wollaston prism into two beaiitts evthogonal polarizations and then
analysed by two photodiodes, allowing determinimg polarization of the reflected beam and
thus the magnetic signal of the sample.

The samples were positioned inside the gap of ectremagnet. To obtain reasonable
statistics orHey distributions, fifty measurements were performedeach sample along the
easy axis (defined as the direction of the setfield during annealing) for all dot sizes plus
the sheet films. A sinusoidal signal was sent edlectromagnet for sweep rates going from
1.2 to 33 T/s. In this range of variation, the sweate had no significant influence on the
magnetic behaviour. For simplicity reasons, the sueaments presented in the following
chapters have all been performed at 3.3 T/s. Eagdsurement was the result of an average
of hundred individual hysteresis loops on the sapw. All measurements were performed at

room temperature.
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Fig. 3.9 —SEM images of two chosen patterned geometries eftberam lithography and IBE. The red circle represtre

laser spot area during focalized-MOKE measuremedisating the number of dots probed by the lapet.s
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3.2.3 X-ray diffraction (XRD)

X-ray diffraction is a technique that allows obtam information on the
crystallographic structure of a material. This hampp through the detection of plane waves
generated by the constructive interference of thleescal waves due to the interaction
between the incident x-ray plane waves and theiatorystalline structure. This phenomenon
is described by Bragg's lawh = 2d sind, with A being the incident wavelengtfi,the angle
between the scattering planes of the crystal amdirtbident x-ray, andl is the interplane
distance. During the thesis, a Co radiation sowitk 1 = 1.789 Angstrom has been used.
Peaks are observed for valuesfaihich give constructive interferences (i.e. velfsagg’s
law) for the considered value df characteristic of the studied crystal. The measant ofd
values corresponding to diffraction peaks allows ttetermination of thel interrecular
distances, which are directly related to the ueii, thus to the lattice parameters. This kind of
scan allows determining the crystallographic strreetand the lattice parameter of the
considered material (or series of layers). Theriggle used to cover the diffraction spectrum
is the Bragg-Brentan&-20, shown in Fig.3.10.

(b)

|
sample™. (

Fig. 3.10 —Schematic representation of th&d method: (a) definition of and 2 angles; (b) movement of sample and
detector during &-26 scan for a fixed x-ray tube.

According to the x-ray diffraction machine, diffatemechanical movements are possible to
perform af-26 scan. During the thesis, the machine presentecd X-ray tube. In this case,
during the scan the sample and the detector mayather, maintaining a0 angle between
the incident and the reflected beam arftiamgle between the reflected beam and the sample.
In this way, the planes with a component normahe sample are detected. The position of
the diffraction peak of a material may shift frote bulk position because of strain due to

interface lattice parameter mismatch with neighbuaterials.
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3.3 Atomistic simulation

In parallel with the experimental study, a simwatiapproach has been considered
during the three years of thesis, based on theem@htation of a code for atomistic
simulations developed by L_Sim laboratory of CEAeble. Micromagnetic simulations
consider magnetic behaviour in sub-micrometre lersgtale. An atomic approach considers
singularly each spin of the magnetic system. Theseffects of an interface coupling like the
exchange bias one can be taken account with atdmraction of the spins, instead of
having to add an extra magnetic field to mimic teféect in micromagnetic simulations.
Effects like domain formation and dipolar effecuttbbe observed during the simulations of
the hysteresis loop of F/AF dots.

On all the studied systems, a hysteresis loop vedsulated along the easy axis
direction. The spin configurations at each pointha loop were obtained by minimizing the
total magnetic energy for all the values of theliggjfield, starting at each step from the spin
configuration of the previous step.

The different models, with different sizes, shaped layer stackings, were created by
programming in Python language. They allowed tHend®n of the interactions, dot size and
geometry, spin direction and energy parameterse@me structure was set, a series of energy
minimizations under applied field allowed simulatia hysteresis loop. The software used for
these calculations was Mi_Magnet, developed by éfiéd_ancon, Luc Billard and Thomas
Jourdan from the L_Sim laboratory [8-10]. Mi_Magnsta Fortran code based on the
Heisenberg model that allows the minimization e #nergy of a magnetic system, starting
from an initial atomic spin configuration, and gigi at the end the equilibrium state, as well
as information on the energy values of the systeailows the simulation of systems with up
to a million of atoms. The resulting spin configuwas were then observed by V_Sim,
software which allows the visualization of the atorand spin structures of a crystalline
system from different points of view, with the pibdgy of displaying the physical

parameters obtained by Mi_Magnet or selecting atgtaines or sections.

3.3.1 Heisenberg model and physical parameters
Mi_Magnet is a global energy minimization codedsh®n the classical Heisenberg
model. The model describes each spirsas su, with u a 3D unit vector ang its spin

modulus. The total energy of the system is defae{ll,11]:
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E= EZeeman+ Ed|p + Eex _coupl Ea“'s
N 5, n \sn, ) o (3.4)
- Hos + Z%s (f Ll ZJ.,ss—ZK( u,f
i=1 i ]<I ij ij<i

The energy terms are respectively:
- Zeeman energycalculated as the interaction between each oftlspins and the external
field Hexs
- Dipolar energy calculated by a fast multipole method [8-9] as ititeraction between each
spin and all the other spins. The veatgiis the unit vector pointing from spirto spinj, and
rij is the distance between these two spins;
- Exchange coupling energygalculated as the interaction of each spin wishni nearest
neighbours. Different exchange coupling constdntgere defined for F-F, AF-AF and AF-F
spin interactions, both in-plane and out-of-plane;
- Anisotropy energycalculated on each spin. The modwuand directiom of the anisotropy
term were set independently for both F and AF spins

The energy minimization process of Mi_Magnet isGRARAN implementation [12]
of the conjugate gradient method [13-14]. To un@ed its working principle, let’'s compare
it with another classic minimization method, theegtest descent (see Fig.3.11).

The steepest descent is a first order optimizaatgorithm. The minimum of a

functionf is reached with a zig-zag like path by moving framoint P, to the minimum by
gradually sliding down the gradientOf (P,) [15]. It's a very simple method but quite
inefficient because of the many small steps necgs$saeach the minimum.

On the other hand, the conjugate gradient methodrgées a path in the configuration

space by taking account of the quadratic parf, cods f(x)zc—bD<+%xDAD<. If for

configurationsP; a sequence of vectorg, =-0f (P,) and a corresponding sequence of

conjugate vectorh; are defined, these two sequences lead to the mmiof the quadratic

form through successively conjugate directiohs passing from g, =-0f(P,) to
g,., = -0f (P,,,). The method is effective because functida getting better represented by

its quadratic part as configuratioRsapproach the minimum.
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Fig. 3.11 -Steepest descent (a) and conjugate gradient (linimation paths on a 2D function. Each black poagresents a
step[12].
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In the case of Mi_Magnet, the functibmo be minimized is the total ener§yof the system,
which takes into account the whole spin populatiach spin has its orientation defined by
two angles); andg;, and all these angles are the variablestofoptimize with the conjugate
gradient method. The successive steps are repeatédll the torques acting the spins are
below a given threshold.
The micromagnetic values of exchange coupling, spiodulus and in-plane
magnetocrystalline anisotropy of Co and IrMn [1§-d@re:
H(C0)= 22 i
U (IrMN) =1.6 14
K.,..(C0)=1000J / m® (3.5)
K s(I'Mn) =55010° 3/ m®
A(C0)=10"J/m
It has to be noticed that, for simplicity, the gyathad a simple cubic (SC) crystalline
structure with an interatomic distance of 0.2 nm f@ bulk Co) for both the F and the AF
layers. In this way the crystalline model of theteyn is much simplified since the crystalline
structure of IrMn is composed of two sublatticessaswn in Chapter 1, and both Co and
IrMn have an fcc structure. The aim of the simolasi is to observe the effects of F/AF
coupling on systems with reduced lateral size,artigular the domain wall formation in the
AF layer during magnetization reversal. This aspestnot be simulated with standard
micromagnetic models, which usually represent tkehange bias coupling as an additional
field to the system.
For each spin of the system, a spin modulugig)nand an anisotropy value (in meV)
were given, together with the values of the exckaogupling with its neighbours. For F-F
neighbours, the coupling was set positiVer(> 0). The AF layer consists of atomic planes

parallel to the interface with a F in-plane cougl{dx.ar-ar , Jy.ar-ar> 0) and an AF coupling
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perpendicular to themJ{ar.ar < 0). This setting corresponds to the uncompedsate
scheme of Fig.1.2. The F/AF interface is parabethiex andy axes. The thickness is the size
along z. The F/AF interface was arbitrary set with a F glowg (Jr.ar > 0). Since no
roughness is introduced at the interface, the systefully uncompensated. Theaxis was
chosen as the easy axis of anisotropy in the systemeach initial condition, all the F spins
and the AF spins in the first atomic plane at thterface were set in the samalirection.
This mimics the result of a cooling with an applfedd along the easy axis of the system.

AF z

Fig. 3.12 V_Sim visualization of an example of small F/AFt&ys. Big red arrows represent 8x8x8 F macrosping &hd
red small arrows represent 8x8x1 uncompensated &d¢faapins. On the right, the legend colour fordhesen visualization
angle.

To achieve system sizes comparable to those ofriexgetal patterned dots while
keeping reasonable calculation times, spins wecalllp grouped into “macrospins” and
interactions were rescaled. The F macrospins waradd by 8x8x8XXxyxz) spins, while to
preserve the alternating orientations alaraj the AF layers, the AF macrospins were formed
by 8x8x1 spins (Fig.3.12). The Co exchange stifmesvas used to obtain the equivalent
exchange coupling through the equivalence validafsimple cubic structure:

_ 2a
- 2

Hg

wherea is the interatomic distance (equal to 0.2 nm)bfoth the AF and F crystald:r was

J A (3.6)

directly obtained through this equivalence.

Jar-aF Was obtained through the equivalence:

Je ety _T

<
2
Jnrartne Ty

(3.7)
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whereTc is the Curie temperature of F (1400 K for Co) dadhe Néel temperature of AF
(690 K for IrMn).

Concerning the F/AF interface coupling, two diffiet cases were taken into account.
In one case, the value was obtained from Eq.3.B wit = y. 1, Where - and y,. are
the spin modulus, respectively in the F and AFigy&his strong interface coupling was used
to observe the creation of domain walls paralleh®interface and in the AF layer during the
F magnetization reversal. In the second case, ntexface coupling was reduced by two
orders of magnitude to consider a reduced effeatmgpling due to structural defects like
roughness or grain boundaries.

The presence of macrospins with different sizes ahdpes required a further
renormalization of thd couplings. With a coupling energy defined for $ngpin interaction

as:
62
Ecoupling =J S1 &2 = ‘]SlSZCOSB DJSI.SZ(l_?j (38)

the macrospin defined &= n,nyn, s (in our case witm, andny equal to 8 anah, equal to 8
for the F and 1 for the AF) requires the definitafriwo angles for the F/AF interface, one for
the internal spins of the F macrospin alangnother for the F-AF spins at the interface. The

generalized coupling energy formula for macrosBns

Evacrospin = In S B, = Iy S;S,c086,, = Jy (n N ynz)2 s;s,c0s6),, U
2 (3.9)
03, (nn,n, ) slsz(l—%"j

with corrective terms according to the kind of nwasgins involved in the interaction. More
details can be found in Appendix I. The consisteoicthe model was checked comparing the
energies and the hysteresis loops afaarospinsystem (8x8x8 for F macrospins and 8x8x1
for AF macrospins) with a 1x1x1 system.

Finally, F and AF layers were subdivided into gsaof equal dimension to take into
account the polycrystalline state of the materiAldateral grain size of 9.6 nm was chosen,
close to the typically measured size in IrMn spetlelayers (see Chapter 4). The lateral
coupling between the crystalline grains could bgistdd. In most of our simulations, the F
grains were considered fully coupled, while AF ggiwere assumed uncoupled
corresponding to the averaging out of the exchamgergy across the disordered grain

boundaries.
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To reproduce a hysteresis loop, the system isdasirated by a positive field along
the easy axix and then decreasing fields are applied. The feldpplied with 1° from the
anisotropy axis of the F and AF layers to favowr thagnetization reversal. For each field
value, the energy is minimized starting from thagonfiguration calculated for the previous
field. When the opposite saturation field is reakhbe second part of the loop is achieved by
increasing back the magnetic field.

In this model, no thermal effects were taken intooaint, except for the initial state

seen as the result of a thermal annealing unddiedeld.
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Chapter 4

Exchange bias variability on
patterned arrays of IrMn/Co square
dots

As shown in Chapter 2, exchange bias is exploiteddRAM systems for pinning the
reference layer and, in case of Thermally Assi8&tAM, for stabilizing the magnetization
direction of the storage layer at operational terafee. In this kind of systems, as in spin
valves for hard disk read heads, lateral size®arine order of few hundreds of nm. At these
lateral dimensions, micromagnetic effects like shagifects, size effects and layers
thicknesses affect the behaviour of the F layerth&tsame time, the reduced dot dimensions
affect also the properties of the AF layer. In jgaittr, for a sputtered system the number of
AF grains present on a single dot is reduced to Hewdreds down to few tens. When the
number of AF grains is so low, the dot populatisnnot large enough to reproduce the
average population of a full sheet sample, likeathe presented in Chapter 1.

This chapter will present the study performed in/Co square dots, patterned with
the fabrication process described in Chapter 3.mam focus of the study has been centered
on the variability of exchange bias properties, ite variation of hysteresis loop shape and
shift from one small group of dots to another. Bhparameters have been changed: the
thickness of the F layer, the thickness of the Ayet and the thickness of the buffer layer.
Each change of parameter focuses correspondsharge of magnetic properties on the dot.
In the first case, the micromagnetic configuratidrihe F layer is affected; changing the AF
thickness involves the AF grain lateral size antum®, with consequences on the thermal
stability of exchange bias. For the last casedifierent thickness of the buffer layer changes

the AF grain diameter and its distribution with@atying its thickness.
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4.1 Aim of the study

4.1.1 Finite size effects on exchange patterned dot

In 1999 Cowburret al. [1] showed how the micromagnetic properties of &yer
changes according to the lateral size of the ddtthe thickness of the layer. Later MFM
measurements on Co circular dots [2] and micromagrsimulations [3] confirmed the
presence of three regimes as a function of latral and Co thickness: single domain (SD)
for thin F layer and small lateral size, out-offgamagnetization for thick F layer and small
lateral size and vortex state elsewhere. For anvalgat F thickness, the transition from
circular to elliptical dot may change the micromeyn behaviour and the magnetization
reversal, passing from vortex to SD reversal foirameasing aspect ratio [4] or change the
annihilation field [5].

When adding an AF layer to the dot, the hysterksip is shifted compared to an
equivalent unbiased dot; the micromagnetic behawbthe dot may differ from the unbiased
case according to the field cooling conditions MiFe/IrMn square dots showed a larger or
smaller exchange bias compared to equivalent figééssamples according to IrMn thickness,
together with an enhancement of coercivity and ducton of blocking temperature [7].
Similar structures presented different values otking temperature, exchange and coercivity
according to the lateral size [8] or differencesHg andHc trends as a function of IrMn
thickness as a function of the measuring temperd@ir IrMn/NiFe square dots showed a
decrease in exchange bias compared to continuges |Ja0] whereas needle-shaped and
rectangular IrMn/CoFe dots presented increasectisiigrcompared to equivalent CoFe dots
and similar exchange values compared to full skaeiples [11].

As it appears quite clearly, the range of posdi@kaviours that an exchange biased
dot system may present is quite large. In our sthdyattention will be focused on IrMn/Co
dots of fixed geometry (square shape) for threfedint lateral sizes (200x200, 100x100 and
50x50 nm), changing different parameters (Co thickness,niilickness and buffer layer
thickness). Co dots are known to present a cohesyarsal for thin F values and vortex
nucleation and annihilation for thick F values RJ13]; our study will confirm similar
micromagnetic configurations when exchange coupli¢al IrMn.

In this study, the micromagnetic properties ofsbtected geometry have been verified
by MFM measurements. The analysis was then ceminethe variability of exchange bias
properties of the dots through focalized-MOKE and the spin configurations through

atomistic simulations.
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4.1.2 Variability of magnetic properties on patterred systems

One of the most important issues in MRAM systerss the reliability and
reproducibility of magnetic behaviour from one meynpoint to another. Indeed, magnetic
nanostructures intrinsically have variability of gmetic properties [14]. Nominally identical
magnetic stacks present different magnetic fielcergal from dot to dot, giving a so called
switching field distribution (SFD). This phenomenoocurs both on perpendicular [15-17]
and in-plane [18,19] magnetized dots. The evalnatfoSFD can be obtained qualitatively by
Magnetic Force Microscopy (MFM) by scanning a largenber of dots under an in-situ
applied magnetic field. This variability is usualbttributed to dot-to-dot variations of
anisotropy, number of nucleation centres for pedpedar media, or by the presence of
defects or shape variability. This variability ditly reflects on MTJ structures
reproducibility. For those structures, the SFD bsarved through memory tests like the
switching probability as a function of write curtd@0-21]. Similar distributions have been
observed on exchange biased systems, like IrMn/bli€elar dots [22].

In the study, the possibility of focussing the MBKneasurements on few dots will
give a qualitative evaluation of the SFD on exclebgsed systems, allowing to compare
hysteresis loops of few identical dots one with tther, instead of having an average

measurement on the whole patterned systems, agatly appears in literature.

4.2 Micromagnetic effects of Co thickness on IrMn/G

square dots

4.2.1 Full sheet samples

The composition of the considered multilayeredhexge biased samples was (units
in nm): Ta/Cuw/IrMng/Co/Pt, with x = 2.5, 3.7, 5, 10, 15, 20 and 25 nm. Td &u were
used as buffer layers in order to improve the ghoweftthe F and AF layers (see the following
paragraph) [23]. The IrMn alloy composition igoMnge. A thickness of 6nm was chosen
because IrMn/Co full sheet samples show a maximuexchange bias around this value [24]
(also confirmed by full sheet samples in the IrMickness effect study, see Fig. 4.25). Pt was
used as capping layer to avoid Co oxidation. Allels were deposited by dc magnetron
sputtering on thermally oxidized (100) Si waferkeTbase pressure wad@’ mbar, whereas
the Ar pressure during deposition was[P(8 mbar. The targets were facing the substrates
during deposition, so that neither shadowing noligok deposition effects have to be
considered. The samples were subsequently annaaldd@3 K (200°C), above the IrMn
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blocking temperature for the considered thickn@&§, [for 30’ in vacuum at about Pnbar,
with a setting planar field of around 2000 Oe. Tdeposition and annealing steps have been

maintained unchanged for all the samples presentida chapter.

Fig. 4.1 -MFM images of magnetization reversal with in-sifplied field for the IrMg/Cos continuous layer. From (a) to
(b) the formation and propagation of domain wallslserved, since total magnetization reversas(@ached.

MFM measurements on IrMiCos continuous layer were performed under in-situ
applied planar field to observe the magnetizatiewersal. Fig.4.1 shows a series of MFM
scans on the same zone of the samples, at diffepghied fields. Images show the nucleation
and propagation of domain walls at structural dsfesince complete magnetization reversal,
typical of continuous films. The shape of the damaand the contrast at the domain walls
confirm similar measurements performed on Co/IrNMayers [26]. In Fig.4.2Hex marks the
cooling field direction set during annealing, wraest,p, is the direction of the in situ applied
field. It is important to underline that the dinect of the applied field along the easy axis
always had an experimental deviation with respedhe setting field. For this reason, the
resulting magnetization direction of the systemusthdoe directed along the sum of the two
vectors (applied field and unidirectional anisoyfppin a model similar to the one of
Meiklejohn, as shown in Fig.1.7b (Fig.4.2). Forstineason, the values of the in-situ applied
field present in the MFM images have to be consides qualitative.

H M;

»-...ARP.

Fig. 4.2 —Model of experimental tilt between exchange amggmt and applied field, and the resulting samplgmedization.

Full sheet samples were then measured with faMOKE. Samples were
characterized with fifty measurements on differepots of the surface. Variability of full
sheet samples resulted negligible, with a standiendation from the mean value always
smaller than 10 Oe. Hysteresis loop measurementsoah measurement along the field
cooling direction (easy axis) show a linear deaeak exchange bias as the Co thickness
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Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

increases (Fig. 4.3). This confirms the typical dabur of exchange bias bilayers and is

coherent with equivalent system measurements fdrastre literature [23].
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Fig. 4.3 —(a) Five focused measurements on different sgdtd/m¢/Coy, full sheet sample. (e, curve as a function of the
inverse of Co thickness on full sheet samples anrmmperature.

4.2.2 Patterned samples — MFM imaging

Two different geometries were considered: squate 880x200 nrhwith an edge to
edge spacing of 200 nm and square dots of 50x5Dwith an edge to edge spacing of
100 nm. This dense geometry was chosen to haugea émough signal for focalized-MOKE
measurements. For these interdot spacings, it easobsidered from earlier studies that the
dots are weakly interacting from a magnetostatiatpaf view [27]. The size and shape of the
dots as well as their spacing were controlled anstg electron microscopy imaging (see
Paragraph 3.1.2).

Patterned samples were first characterized by Ni@dsurements with in-situ applied
field. A half loop was imaged on a group of dotsing the following procedure:
- Saturation of the sample with an external fil@@00 Oe along the setting field direction;
- MFM image at remanence (Fig.4.4a and Fig.4.4c);
- Application of an in-situ planar field along tleasy axis, in the direction opposite to the
setting field (Fig.4.4b and Fig.4.4d). The applfesdd was increased up to 400 Oe and then
decreased down to 50 Oe, to reproduce a half legseloop. MFM images were performed
at different applied fields.
- MFM image at remanence.

According to the Co layer thickness, two differeggjimes were observed; they will be

distinguished as thin F and thick F cases.
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Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

Fig. 4.4 -MFM image at remanence after field saturation (&) with in-situ applied field (b) for 200 nm squalats of
IrMn¢/Cos.

For the thin Co regime, as shown in Fig.4.4 fa tlase with 5 nm Co thickness, the
dots appeared with a uniform dipolar contrast ab Zeeld along the setting field direction
(Fig.4.4a). This indicates the presence of a SBesW&hen applying the field in opposite
direction, SD dots presented coherent magnetizatewersal (Fig.4.4b). Red circles
emphasise the in-plane reversal of the dots. dltthde noticed that the dots did not reverse at
the same time or along the same direction. Thiglrefready indicates the presence of SFD,
as will be confirmed by focalized-MOKE measuremeimsthe following paragraph. The
reversal mechanism is similar to the one observedcamparable Co circular dots [2],
meaning that the exchange biasing with IrMn does aftect the magnetization reversal
mechanism of the F layer.

For the thick Co regime, starting from a thickne620 nm, the magnetization reversal
took place through the formation of complex multidon configurations (Fig.4.5b). The dots
with this second configuration has lower straydiebmpared to the SD ones; for this reason,
its contrast appears much weaker and, because girdsence of both states in the image, it
becomes difficult to detail its magnetic configimat Also in this case, the transition from
single domain state, present at remanence, todouaitin state did not take place at the same

field for all dots.
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N
B '@"t"

Fig. 4.5 -MFM image at remanence after field saturation (e with in-situ applied field (b) for 200 nm squatets of
IrMn¢/Coy. The transition from single domain (continuouglel) to multidomain state (dashed circle) is obsérin (b)

For both regimes no apparent correlation, like groeversal for coherent reversal or
chains of vortices [27] exists in the magnetizatienersal process between neighbouring
dots. This indicates that the dots are weakly mimgtatically coupled as previously stated.

For these reasons, in the following discussiory thid be considered as independent.

4.2.3 Patterned samples — Focalized-MOKE measuremsn
Focalized-MOKE measurements confirmed the presaricevo different reversal

behaviours depending on the Co thickness. Sampits thicknesses from 2.5 to 15 nm
presented a single shifted hysteresis loop, whesaagles with 20 and 25 nm thicknesses
showed double loops, with a general shift alongdinection of the setting field (see Fig.4.7).
The possibility of having shifted double loops &xchange biased dots was already observed
in NiFe/lrMn dots [28]. This configuration was canfied for both dot sizes, indicating that
the micromagnetic behaviour did not change in #lecsed dot dimensions (see Fig.4.6). It
has to be remembered that the measure of Fig.4lGss tinto account 2-3 dots whereas

Fig.4.6b is the average on 14-15 dots.
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Fig. 4.6 —Hysteresis loop of a single focused measuremernh&200 nm (a) and 50 nm (b) cases for 1g@n,,sample.
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Before getting into the details of exchange biasabidlity, let's first observe the

average behaviour of the patterned systems in casopawith the full sheet one. The
averaged hysteresis loops of Fig.4.7 are the restbilthe normalized sum of fifty
measurements performed at different locations er200 nm patterned dots and on the sheet
film for two Co thicknesses: 10 and 20 nm. The grattd samples clearly show a large
increase in coercivity as compared to the contisubun. For both Co thicknesses, the
samples exhibit an overall loop shift, slightly uedd compared to the sheet film (see
Fig.4.7b). The loop of the thicker Co sample (Figed has a constricted shape likely
associated with the formation of a vortex-like mtediate state. Such a shape was already
reported in other publications for large arraysmafgnetic dots [29,30]. In particular, in Ref.
[29] the hysteresis loop of the NiFe/lrMn disk (8anto the one of Fig. 4.7a) is compared to
MFM images with in-situ applied field as presentedParagraph 4.2.1. Also in that case, the

contrast fell to zero passing from dipolar to nddinain configuration.
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Fig. 4.7 —Hysteresis loops averaged over 50 measurementi$feredt zones for 200 nm square dots (solid scg)aard full
sheet samples (open circles) for IR0, and IrMry/Co,q Samples.

Moreover, the loops of patterned samples seemdsept a smoother magnetization
reversal with respect to sheet films. However, aswill be shown from the local
measurements, this smoother magnetization revardhle patterned samples is due to two
coexisting aspects: the distribution of reversaldfiamong the different dots which tends to
spread out the averaged loop and an intrinsic dmoanhagnetization reversal within each
individual dot. This second aspect can only beaedtiwhen the measurement is focalized on
few dots and not averaged on the whole patternsig sy

Indeed, by considering local hysteresis loops,nstreariations in the shape of the
hysteresis loops were observed on different zorfeth® same sample with nominally
identical dots. This is illustrated in Fig.4.8 whicompares the hysteresis loops in two
different zones of the same patterned sample ager kpot enlightening 2 to 3 dots. A smooth

magnetization reversal on patterned dots is alredberved in the local measurements. In
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contrast, local measurements on sheet samples drema| variations in exchange field and
coercivity, and a sharp magnetization reversal .F8@). This indicates that the different
magnetization reversal mechanisms (domain nucl@atiopagation in continuous films and
coherent reversal or multidomain configuration @is) cause different slope in the hysteresis

loops.

M / M,

-0.54

-1.04

-1000  -500 0 500 1000
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Fig. 4.8 —-Comparison between two focused measurements onitigoedt zones for 200 nm IrMfCo, s square dots.

From the fifty measurements performed on diffetametas of the patterned systems, a
series of direct information about exchange biasalbdity could be derived. The average
exchange bias of the patterned dots was compatédiva corresponding value on full sheet
samples. The resulting curve, as a function oirtkierse of Co thickness, is shown in Fig.4.9.
In the figure, the red background marks the thicke§ime (corresponding to the hysteresis
loop of Fig.4.7a), whereas the grey one markstilmedne (Fig.4.7b). Error bars on patterned

samples take into account the noise of the measnedue to the weakness of the signal.
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Fig. 4.9 —Average exchange bias field values as a functicghefnverse of Co thickness for full sheet samfdesen
squares), 200 nm (black circles) and 50 nm (bliaegies) square dots.
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It appears quite clearly how the average exchange é&mplitude is significantly
reduced on patterned dots compared to sheet safopldsn Co layers, whereas for thicker
Co layers the average valuedy are similar. Moreover, the samples with differdat sizes
exhibit similar properties in terms of exchangesb&énplitude, at least in the investigated
range between 200 nm and 50 nm square dots. Thoseming the average behaviour, no
relevant size effect is observed. Moreover, bottiepaed systems maintain a fairly linear
behaviour as a function of the inverse of Co thedsr Given this linear tendency, the
exchange bias ener@y, can be obtained from the slope of the avetdgavith respect to the
inverse of Co thickness using the following relasibip:

H, = (4.1)
M StCO

whereM;s is the saturation magnetization of Co (~1400 emtjcts, the Co thickness, and
Hex the average exchange bias field as plotted iftFgThe linear fit gives a value of around
0.09 erg/crh for the patterned dots. Full sheet samples presighier exchange energy of
around 0.15 erg/cmcomparable to values reported in the literatareefjuivalent stacks [23].
In order to correctly evaluate the variability frodot to dot of exchange bias
properties, the exchange bias energy has to coesdidiestead of the exchange bias shift, in
order to normalize it to the Co thickness. Vari@pils obtained from the standard deviaton

of the exchange energy, defined as:

R s 1
7= 2206 = a) with =23 x (4.2)
i=1 i=1

In this casep correspond to the average exchange energg,the local measurement and
to the standard deviation of the exchange energfinel asAEe. Fig.4.10 shows its

evolution as a function of Co thickness for the 2@®and 50 nm lateral size cases.

0.20 T T T T T T | T y T
®  200nm dots :
v 50nm dots l
0.15 : -
N [
£ : 1
= 0.10 ' -
o I
2 I
é |
u 0.05 ! -
< - # |
|
igg % + |
0.00 T T T T T T + T T T
0 5 10 15 20 25

tco (NM)
Fig. 4.10 -Width of the zone to zone distribution in exchaegergy for patterned dots as a function of thehzkhess.
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Despite the difficulty in comparing the results @asated with different dot sizes because of
the different number of probed dots per measurer(esg Fig.3.9), some conclusions can
nevertheless be drawn. In the regime of singleedhiibops, no clear tendencyhax or AEex
can be observed in Fig.4.10. Similar valueaBf, are obtained for both 200 and 50 nm dots.
Fluctuations inAE¢x are however observed in the Co thickness rangeeeet 2.5nm and 10
nm. Since each Co thickness is associated with fi@relt patterning operation, the
observation of larger fluctuations in the standdesiation AEc, for low Co thickness may
mean that the distribution in exchange bias proggefrom dot to dot is more sensitive to
process fluctuations for low Co thickness than targe Co thickness. When the
magnetization reversal is characterized by a shi®uble loop process as in Fig.4.7a, i.e. for
thick Co layers, the variations from dot to dot e much more significant compared to
situations in which the magnetization reversal &racterized by a single shifted loop
(Fig.4.7b). This is particularly true for the 50 rduts, for which the measured variability is
much larger than for the 200 nm dots despite tingetanumber of dots probed at each
measurement due to the smaller pitch between dots.

In fact, if the curve of Fig.4.10 is normalized the number of measured dots per
measurement, the increased variability of the 50duats in the thick Co regime appears
clearly (Fig.4.11).
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Fig. 4.11 -Normalized exchange energy distribution for pattdrdots as a function of the Co thickness.

When considering the normalized curve, it can beeoved how the smaller dots
present a larger variability compared to the 200case also in the single shifted regime. This

aspect will be discussed in detail in the followpayagraph.
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4.2.4 Patterned samples — Atomistic simulations
Experimental measurements were then compared mistto simulations performed
with Mi_Magnet, with the atomic construction ancerayy parameters presented in Chapter 3.
First, in order to verify the validity of the moddehe magnetization processes in
unbiased F dots with different lateral sizeand thicknesses were simulated. The aim was
to obtain a graph as a function of these two pararsé andh, which that would correspond

to the ones obtained experimentally [1] or by micagnetic simulation [3].

THIN REGIME INTERMEDIATE THICK
L h 1.6nm | 3.2nm| 4.8nm | 6.4nm| 8.0nm | 9.6nm| 11.2nm 14.4nm |16.0nm

50nm -
__’.‘..;,Gl
100nm . 4 /—»/'/v_>//v_./'/_,//v\//\/v T O>i5’
—£D
—>l<— e |— E
200nm /—»//-»//ﬁ//ﬁ//\//\//\/:jo OTI O> T O>E
—s SG—= (0] <+ .
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Fig. 4.12 -Diagram of the spin configurations at remanencesugethe lateral siZe and the thickneds, for single-F square

dots obtained by atomic simulations. Arrows indiclite local magnetization direction and small esdhdicate the vortex

locationsContinuous line encircles the coherent reversahregilashed line the multidomain one and dottedtlire/ortex
regime.

The diagram of Fig.4.12 was obtained consideringrdh sizes ranging from 50 to
200 nm and thicknesses from 1.6 to 16 nm. It shb@spin configurations at remanence and
three different signatures of the magnetizatiorere®l mechanisms can be recognized in
these magnetic configurations. The zone delimitgdalcontinuous line, concerning thin F
layers, shows single domains — S state configuratio at remanence. In contrast, the zone
delimited by a dotted line corresponds to the tbstidots (thickness > 12.8 nm) and shows
vortex spin configurations at remanence. In betwibese two regimes (dashed region), an
intermediate magnetization configuration was oladjncorresponding to an S-state at
remanence but with a more complex reversal mode fiiathinner dots. To better observe
the different magnetization processes associatededoh regime, let's analyse their
corresponding hysteresis loops.

In Fig.4.13 the hysteresis loop of a thin F casplasted. The magnetization reversal

takes place through a coherent reversal of thesspithin the sample plane. The

Page/8



Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

corresponding simulated MFM images are in good eagemt with the dipolar contrast
obtained on the patterned samples as shown in.&ig.4
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Fig. 4.13 —Hysteresis loop for a F dot of width 200 nm andkhiss 1.6 nm. On the right, the characteristia spi
configurations and their simulated MFM image.

Fig.4.14 shows the hysteresis loop and the spifigraation during the magnetization
reversal for the intermediate case. In this caserthgnetic configuration at remanence is still
an S-state, but the magnetization reversal takeghrough the formation of a multidomain
state with two vortices. The two magnetic configioras before (1) and at (1) the creation of
the multidomain state are shown. Arrows indicate litcal magnetization direction of the
different zones. In (ll) two circles underline tpeesence of two vortices. With increasing
applied field (lll), the vortices move perpendialyafavouring the central region, until they

disappear at the surfaces and leave a new S-state.
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Fig. 4.14 —Hysteresis loop for a F dot of width 100 nm andkhess 11.2 nm. On the right, the characterisiit sp
configurations and their simulated MFM image.
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Fig.4.15a considers the thickest F regime. In thise, during the hysteresis loop, the
vortex core moves in the direction perpendicularthe direction of the applied field,
increasing in that way the number of spins withitpgs projection along this direction, up to
a critical field for which the vortex is annihilaeThis vortex annihilation/nucleation process
is irreversible and exhibits some hysteresis. Tabaviour is in agreement with previous
experimental observations and agrees with the teesbltained by other simulation methods
[5,31]. A section of the F layer showing the pasitof the vortex in the spin configuration is
shown in Fig.4.15b.
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Fig. 4.15 —<(a) Hysteresis loop for 100 nm dot with 12.8 nnafer with corresponding spin configurations.
(b) Section of the F layer at remanence.

After checking the validity of the simulation modei simple F systems, the AF layer
was added to the system as described in Paragraphigo different conditions were taken
into account: weak interface coupling to obserwe ghift of the hysteresis loop and strong
interface coupling to analyse the stability of tAé grain domain walls during F
magnetization reversal.

The weak F/AF coupling led to a shift of the hyst#s loop without affecting the

shape of the hysteresis loop. In particular, thermediate case can be taken into account.
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Fig. 4.16 —-Atomistic simulations for a F/AF system in the imtediate regime. On the right, the spin configaragiand
corresponding simulated MFM images.

As it can be seen in Fig.4.16, the simulated hgstsrloop is in good agreement with
the experimental measurements of Fig.4.5a and .Bey-Bhe simulated MFM images showed
a bipolar contrast for the S state configurationthe multidomain case, the images consist in
a complex combination of faint contrasts. The MFgnal resulting from the multidomain
state is much weaker than the bipolar one, andircosfthe difficulty to have a reasonably
high signal to observe it experimentally (see E&pd In the range of Co thicknesses used on
patterned dots, corresponding to the thickest chatomistic simulations in Fig.4.15, no pure
vortex state was observed. In order to achieva igrger thickness of Co would have been
necessary.

Subsequently, the F/AF interface coupling was iaseel to the nominal value to
observe the formation of a domain wall parallefite interface within the AF layer during the
F magnetization reversal (see Fig.4.17). The laagpesotropy of the AF layer forces the F
spins at the interface to remain along the directbthe interfacial AF spins. During the F
magnetization switching, this causes a deformatbrthe spin configuration along the
thickness of the F layer (Fig.4.17b). Reciprocalhg reversal of the F spins causes the AF
spins to follow the magnetization reversal, resgltin the formation of a domain wall
throughout the AF layer as described by Néel's @#&] Mauri’'s [33] models. As the F layer
approaches its saturation (from Fig.4.17c to Fig.d), the AF spins at the interface keep
following the reversal of the interfacial F spins.
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Fig. 4.17 —Lateral view of the simulated F/AF systems. Lang@s represent the 8x8x8 macrospins of the F laygaller
spins the 8x8x1 spins in the AF layer. (a) Spinfigomation at positive saturation. F and AF spihtha interface are
parallel. (b) Under a negative field, magnetizatieversal takes place through a complex multidorstite induced by the
interfacial coupling with the AF. (¢) During thesiin reversal, domain walls appear in the AF layae position of the
domain wall changes according to the history ofitiberfacial F spins, leading to a stable domaifisi@one circled by a
dotted line) or to a domain wall reversal (zoneles by a continuous line). Grains circled witthleshed line are in an
intermediate state that will lead to a grain reakas larger applied field. The difference in domaiall positions can be

noticed between stable grains (dotted line) andgetiyeains. (d) Spin configuration at negative sdtom.
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The behaviour of AF grains differs depending ontthekness of the F layer. Because
of the hysteresis loops experimentally obtained, ittterest was focused on thin F systems
and on the intermediate state before vortex cneak®.4.18 shows the spin configuration of
the F layer at remanence for the two cases, féeréifit dot size& (50x50 nm2, 60x60 nm?2
and 70x70 nm32). At the right of each magnetic imaggiew of the dot partition is shown,
each cell representing an independent AF grain. diffierent shades indicate two magnetic
behaviours of the AF grains during the field cygliThe cells are represented in white if a
domain wall is reversibly formed and annihilatedewhthe field is ramped back and forth
between positive and negative saturation of thayErlmagnetization. These grains contribute
to the shift of the hysteresis loop, because ofRtdd- interfacial coupling. In Fig.4.17, they
correspond to the grains circled with a dotted.linecontrast, the cells are represented in grey
if the domain wall is formed and pushed out of tihye surface, resulting in an AF spin lattice
in the grain completely reversed during the redesé#he F layer. The torque exerted by the
latter on the AF spin lattice is large enough, cared to the torque associated with the AF
anisotropy energy, to drag the entire AF spin dattduring the F magnetization reversal.
These AF grains primarily contribute to the endaps, i.e. to the coercivity of the loop. They

correspond to the grains circled with a continuesin Fig.4.17.

Fig. 4.18 —Spin configurations at remanence and AF grain Si@tite or grey) at negative saturation for tHir6(nm) (a)
and thick (12.8 nm) (b) F layer for three differéliot sizes. The different grain shades distingthsir behaviours during
magnetization reversal (white: the AF domain wailtsve reversely; grey: they go through the layer disdppear at the top

surface).

Fig.4.18 shows that for thin F layers the domairlsvaf all the AF grains remain
stable, whereas for thicker F layer the spin lattompletely switch during the loop in the AF
grains located at the dot edges. As it can be &eem Fig.4.17c, this reversal is due to the

different positions of the domain walls along theckness of the AF grains. During the
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magnetization reversal, the grains close to theldropresent a domain wall that propagates
deeper through the AF layer compared to the grimrntdie center. This is attributed to the
different spin configuration in the F layer at remaace. The presence of a strong interface
coupling at the F/AF interface tends to align thepihs along the easy axis direction because
of the strong AF anisotropy. Whereas for thin Felay all spins are aligned along the setting
directions, this effect becomes less pronouncethiok F layers. In this case, the contribution
of the dipolar field on F magnetization becomesemaorportant, particularly along the edges
of the dots. Because of the creation of a pronadilgstate at remanence, the magnetization
at the dot edges is already strongly distortecaianence. As a result, the F magnetization is
locally exerting earlier a torque on the AF spitiita of the grains located at the edges than
on the grains located in the bulk of the dots. fheersal process through the formation of a
multidomain configuration as shown in Fig.4.16 &id.4.17c and 4.17d further contributes
to differentiate the behaviour of AF grains at exlgad in the bulk of the dots. Note that these
edge effects are only due to the micromagnetic \debha of the F layer, induced at the
surface by the dipolar interactions. From Fig.4t1g clear that the edge effects become more
and more significant when the size of the dot duoced, as a result of the increase in the
surface/volume dot ratio.

Up to now in the simulations, the applied field Haeen aligned to the common
anisotropy axis (except for a 1° angle set to btéakinitial symmetry). We will see in the
following that it is more precisely the relativeiemtation of the spins in the F layer with
respect to the anisotropy axes of the AF grains dbaerns the stability or instability of the

grains.

4.2.5 Micromagnetic effects: conclusions

IrMn/Co arrays of patterned square dots of 200x2®0and 50x50 nras lateral size
have been investigated by MFM and focalized-MOKE. the considered range of Co
thicknesses, two different micromagnetic behaviovese characterized: single shifted loops
with coherent rotation and double-shifted loopshwihagnetization reversal through the
formation of a multidomain state. The support a@naistic simulations led to a definition of
the multidomain state as an intermediate configmmabetween single domain and vortex
states, with a magnetization reversal passing gir@udouble vortex state.

Local measurements directly showed that the hysteteops of nominally identical
stacks and dots strongly vary from dot to dot. €kehange energy variability appears to be

more important when the magnetization reversaha ferromagnetic layer takes place via
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multidomain configuration. Atomistic simulationscsted that micromagnetic effects in the F
layer are responsible for AF grain instabilitiestbe edges of the dot. These effects, due to
the dipolar interactions, are present for thick uggioF layers and become more important
when the lateral dot size is reduced. This scatglaffect is confirmed on the experimental
measurements, where the variability of 50 nm datk thick Co layer was larger than the
200 nm case despite each measurement was the iageoaga larger number of dots.

Fortunately, the variability is less pronounced whieinner magnetic layers are used
which corresponds to the situation of practicagiast for MR readers or MRAM.

The presented study has been presented at Int&@i2gand led to the publication of
an article on Journal of Physics D: Applied Phy$82.

4.3 IrMn grain size effects on exchange bias varidiiy on

IrMn/Co square dots

The previous paragraph showed the consequencesoothiCkness variation on
exchange-biased IrMn/Co patterned dots. The micgmeigc effects on the Co layer affected
the spin configuration and magnetization reversat@ss; the different reversal mechanism
had direct consequences on exchange energy véyiabil

In this paragraph, the thickness of the Co laydrbe fixed at 5 nm, a value at which
reversal takes place through coherent reversalRgpé.4 and Fig.4.7b). Instead of studying
the micromagnetic effects due to the competitiotwben dipolar and exchange energies, the
analysis will be focused on the microstructuralgemies of the IrMn layer, in particular the
crystalline growth and grain size (diameter anduna). Among the different possible
choices that could induce these variations, twceveelected: the thickness of the IrMn layer
and the thickness of the buffer layer.

After a preliminary study by XRD and AFM charaatation, samples were patterned
and a statistical study of exchange bias varigbilirough focalized-MOKE measurements
was performed. The variability was then comparedribiased Co dots in order to evaluate

the influence of IrMn structural variations on tnagnetic properties of the bilayer.

4.3.1 How to tailor IrMn grain size?
During the thesis all samples were deposited hbytspng deposition (see Paragraph
3.1.1). This technique gives thin layer samplehvatpolycrystalline structure. In case of

conducting materials like those deposited on thelist stacks, the growth of the layers
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during the deposition and after an annealing ptaiws a series of steps. At first, the film
forms with the nucleation of isolated crystals be substrate or on the previous thin film.
These crystals then grow in thickness and laterdlys lateral growth leads to impingement
and coalescence of crystals, creating grain boigglaAfter coalescence, subsequent
thickening occurs through a quasi-epitaxial growgtving the grains a columnar structure
[35].

In exchange biased systems, the microstructureepiep of both AF and F layers
become an important parameter in the determinatiche quality of the interface coupling
and have important consequences on thermal syaipiliioth the AF and F layers. This effect
is taken into account in the polycrystalline modaissented in Paragraph 1.2. Microstructure
properties include interface roughness, crystafipgic quality, interfacial diffusion, grain
diameter and more. In our study the attention Wwél focused mainly on grain size and
crystallographic quality.

What is the main effect of changing the grain sitdias been observed [36-37] that

on polycrystalline systems the exchange bias iitiens proportional to the density of
uncompensated AF spins at the interface. If a cosgted AF spin structure is taken into
account (as it is the case of IrMn [38]), uncomp¢ed spins appear mainly at the grain
boundaries. As a result, their density is invergelyportional to the AF grain diameter. The
influence of the AF grain dimension has to be abe®d in combination with the thermal
stability of the AF grain, which directly depends ds volume [39]. Combining the two
aspects, an optimized configuration would be aktA& layer with small grain diameters
[37]. Unfortunately, for IrMn polycrystalline thifayers increasing the thickness causes an
increase of the average grain lateral size andoadening of its distribution [39]. It is
important to remember that in our study not onky ¢nain size but also its distribution may
play a fundamental role on the exchange bias didtdn, which can be modelled with a
lognormal function [40,41].

How can the grain size be modifiedpart from changing the thickness of the AF

layers, there are different ways to tailor the grsize and the crystallographic quality of the
AF layer. One way, without changing the stack & thultilayer, is to change the sputtering
rate [42,43], the target voltage, the process presgl4] or the deposition voltage [44,45]
during the deposition process. Annealing tempeeatlso plays a role on the crystallization
guality and grain diameter of the polycrystallinausture [46-48]. Considering variations on
the stack, the buffering layer plays a fundamemtdé [46-52]. In a first place, its

crystallographic structure determines the growthhef following AF layer [50], even to the
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point of changing or suppressing the texture offtilewing layers [51]. When the buffering
layer material is not changed, a variation of h&kness is enough to influence the AF
microstructure [52].

How can the grain size be measuregd?indirect way to obtain the average grain size
is through x-ray diffraction, via the rocking cury46,47,50]. Anyway, this method gives
good information only about the average value argbed evaluation of the width of the
distribution requires high quality crystallizatiand thick layers, which is not always the case.
A more direct method is through TEM grid scans 443, The layers are deposited on a
carbon grid and a Transmission Electron Microsc¢p¥M) image is taken through the
thickness of the stack. This method allows seeiith wery high resolution the grains and
their crystallographic order, and with a large sitalows having good statistics on the grain
population. On the other hand, the deposition aric instead than on a Si/SiGubstrate
changes the composition of the full stack itselbr Fhis reason during the thesis AFM
measurements were preferred to calculate the gramdistribution (as in [49,53]). Careful
measuring the surface topography allows the deteaf grains and grain boundaries. The
volume of the grains is then evaluated through kdagpftware. This technique, as the TEM
grids, supposes a columnar growth from the AF &dipping layer, i.e. the observed grains
are the same also in the underlying AF layer. FBMAscans, measurements can be compared
only if they were performed with the same tip, otfiee the convolution between different
tips and the sample surface may affect the measmterMoreover, the evaluation of the
grain size itself is affected by the user [40] ($&@.4.19). For this reason, all grain size
measurements after AFM imaging were performed by unéeler similar health conditions.
This allows comparing sample to sample distribigjomaving a relative evaluation of the
grain sizes more than an absolute one.

8+ O Analyst 1

3019 grains
O Analyst2
1657 grains

Probability Density x 1000
N
|

T T T —
0 100 200 300 400

Grain Diameter (nm)

Fig. 4.19 —Experimental issues due to grain size measurerndents by two different analysts [40].
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4.3.2 Full sheet samples — Structural and magnetanalysis
Buffer series

Among the possible materials for buffering laydifferent thicknesses of Cu and Ru
were selected to be deposited on a Ta layer, wisialsed as an adherence layer for the
following layers. The stacks were (thicknessesm):nTa/Cu (Ru)/IrMn1,/Cos/Pt, with X
ranging from 1 to 12 nm. A thick IrMn layer was esgted to have a maximum signal for
XRD. All samples were annealed at 473 K (200°C) 36r under a planar setting field of
2000 Oe. Samples were analysed magnetically with ieasurements and microstructurally
with AFM and XRD measurements.

Fig.4.20 shows the exchange biis and coercivityHc values for the different buffer
layers, including the case with no Cu or Ru layer.

180 T T T T T T T 120 T T T T T T T
160 é 4 100 —u— Ia%gux
. E —o— Ta,/Ru -
140+ 4 \§‘§/§ "] 37X
120- oo — ¢ 1 g -
2100+ ] T
O g0l 1O 604 _
360 : O
- // -1 . T -
T T 40 I S %
40 / ] -
20 flfTa3/Cux 1 204 4
—®— Tag/Ru,
O- T T T T T T T . O T T T T T T T T T T T T T

12 0 12
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Buffer layer thickness (nm) Buffer layer thichness (nm)

Fig. 4.20 —-Exchange biasl., and coercivityHc as a function of buffer material and thicknessliflyin,,/Caos bilayer.

It can be noticed how the Cu underlayer gives hidgbep shift compared to the Ru
one, with a slight increase of coercivity. Considgrthe buffer thickness effect, it appears to
have a slight influence on the exchange, apart faggeak at 2 nm for the Cu layer. Thide,
between different buffer thicknesses is of aroufdQ2 for both Cu and Ru. On the other
hand, if IrMn is directly deposited on Ta, the séenpas no exchange and a large coercivity.
Now let’s pass to the microstructural analysis.
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Fig. 4.21 -AFM measurements for three different buffer layers.

Fig.4.21 shows some examples of AFM measurementifferent buffer layers. The
topographic images, with a z-scale of few nm, alttistinguishing the granular structure of
the grains, with white and dark contrasts. On dawige, over 200 grains were circled and
measured, giving a good statistics of the graie sistribution. This distribution was then
plotted both as a frequency distribution (Fig.4.22ad Fig.4.22b) and as a cumulative
distribution function (Fig.4.22c and Fig.4.22d)jrzethe former one useful to easily observe
the width of the distribution and the latter to ikn#re average value. A clear tendency can be

observed.
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Fig. 4.22 -Normalized frequency distribution (a,b) and cumutadistribution function (c,d) from AFM measurentefor
Cu (a,c) and Ru (b,d) buffer layers.
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With the increase of the buffer thickness, the agergrain diameter increases too in a
monotonic way for both buffer layers. Concerning thistribution width, higher grain size
implies larger grain distribution. It can be obsawomparing the AFM measurements of
Fig.4.21a and Fig.4.20b. For thin Cu layer, smadlis cover quite homogeneously the
scanned surface, whereas for thicker Cu the véitialoif grains, among the large one and
considering the presence of with smaller graindetween them, leads to a broader
distribution. When comparing Cu and Ru equivaléitknesses, the samples with Cu buffer
layer present sharper grain distribution than thheoRe; the average grains size overlaps for
thick layers, whereas for thin values the grainstie Ru case are in average thinner but still
with a large distribution. The fact that this véiea of the grain lateral dimension for different
buffer thicknesses has no particular influenceheneixchange bias value can be attributed to a

balance between smaller, thermally unstable gramaslarger, unset grains in the total grain

population.
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Fig. 4.23 —X-ray diffraction pattern for 12 nm Cu buffer layer

Concerning the X-ray-20 diffraction scans, Fig.4.23, shows an exampleofog of
them. Apart from the strong signal coming from timelerlying Si substrate (see the peaks at
20 = 82° for Si (100)), the peaks of the 12 nm IrMgelacan be easily detected, matching
with an fcc structure of a 4Mngy material with the (111) and (222) peaks. Cu shtves
(111) peak of its fcc structure. Co (111) peakrzalder because of the lower thickness, and is
partially covered by the peaks of IrMn and Cu, takaippens for the Pt capping layer. The
variation of the thickness of the buffer layer amisome oscillations on the lattice parameter

of the IrMn layer, but without any clear tendencyg avith an average value aft= 0.207 nm.
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Fig. 4.24 —Hysteresis loop (a}-260 XRD scan (b) and AFM measurement (c) of thg/fdn;/Cos/Pt,.
When studying the microstructure of the sample outhCu or Ru buffer layer, it
resulted that the lack of this layer does not alkbw IrMn layer to correctly grow in its
polycrystalline form (Fig.4.24). The XRD measureindoes not show any peak apart from
the one due to the substrate; in the AFM imagedledr grain structure appears, thus it can be
assessed that all the layers of the stack are ian@rphous state. This behaviour for a Ta
buffer layer is confirmed in the literature in M$tiuctures [51].

To conclude, a Cu or a Ru buffer layers are necgdsaallow the polycrystalline
growth of the IrMn and Co layers; without crystadliion, no exchange appears. When
comparing buffer material and thicknesses, it tsstlat Cu is a better buffer layer than Ru
giving largerHex. From the crystallographic point of view, the pedges of the IrMn layer are
similar independently on the buffer material orckmess. Nonetheless, Cu grain distribution
is sharper than the Ru one. The maximum of exchhrageis observed for a Cu thickness of
2 nm, value at which the grain average dimensidovisand the distribution sharp. For this
reason, this buffer layer has been selected fora@hniability study on patterned samples and

for the series of full sheet and patterned sampitsincreasing IrMn thickness.

IrMn thickness series

With the selected buffer layer F&uw, the following stacks were deposited
(thicknesses in nm): B W/IrMn,/Cos/Pt, with x ranging from 1 to 12 nm, and annealed at
473 K (200°C) for 30" under a planar setting fieli 2000 Oe. From the hysteresis loops

performed along the easy axis the valuedQfandH¢ presented in Fig.4.25 were obtained.
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Fig. 4.25 -Exchange biasle, and coercivityHc as a function of IrMn thickness for the of theyCay IrMn,/Cos/Pt, series.

Exchange bias starts appearing at 3 nm, increagintp 6 nm; after the peakiex

decreases slowly for increasing IrMn thickness.ulieb 3 nm the coercivity presents a peak;

its value then decreases to a minimum atHBepeak. This behaviour is coherent with the

results obtained on similar IrMn/Co bilayers [2B|dait is due to the thermal stability of the

IrMn grains at the measuring temperature and duhegannealing process. More details on

the behaviour in temperature and the grain voluffects will be given in the following

chapter (Paragraph 5.2.1)

in comparison with tetaystructures.

Focalized-MOKE

measurements on different spots of full sheet sasnghve a maximal exchange variability

ratio (AH,,/H.,). .. of 0.05.
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Fig. 4.26 -Normalized frequency distribution (a) and cumulatiistribution function (b) for different IrMn thioesses.

From AFM measurements, the grain population wasutated with the method

previously described. Fig.4.26 shows the frequetisiribution and CFD for different IrMn

thicknesses. The sputtered systems present aragecd the grain lateral size as the IrMn

thickness increases, together with a broadenirieoflistribution. This confirms the tendency

observed from the buffer series in Fig.4.22 (thgdathe grains, the wider the distribution).

Moreover, it is in accordance with the results ot#d in the literature [39,41], which showed
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how an increase of the IrMn thickness leads to ramtease of the grain volume and a
broadening of the grain size distribution. The ewonfmeasured grain volumes fits well with
those presented in the cited studies, thus confgrthe validity of the measuring method.

However, in our study the interest is not partidyl€focused on the volumetric
properties of the grains, but on their lateral simainly for two reasons. The first one is that
the aim of the study on patterned dots is to sthayeffect of the AF grain distribution on
exchange bias variability: in the case of largargravith broad distribution, different dots
may present very different IrMn grain populationghereas for small and homogeneous
grains the IrMn microstructure will not be veryfdilent from one dot to another. The goal is
thus to reduce the grain lateral size so that Vieeagye lateral size becomes much smaller than
the dot size in an MRAM system. The second aspedhat in this part no temperature
dependence is taken into account: all measurenvesits performed at room temperature.
This aspect will be taken into account on full ghesemples in Chapter 5.

4.3.3 Patterned samples — MFM and Focalized-MOKE nasurements

For patterned systems, the following thicknessa® wensidered for the two cases:

- Buffer series: TdCu/IrMn1,/Cos/Pt, with x = 1, 2, 6, 9 and 12 nm;
- IrMn thickness series: B&Cw/IrMn,/Cos/Pt, with x = 3, 4, 5, 6.5, 10, 12 and 15 nm.

Three different geometries were processed: squatee20x200 nfmwith an edge to
edge spacing of 200 nm and square dots of 100xdB@&nd 50x50 nfwith an edge to edge
spacing of 100 nm. As for the patterned systenBavégraph 4.2, it can be considered from
earlier studies that the dots are weakly intergctirom a magnetostatic point of view [27].
With a Co thickness of 5 nm for both IrMn and Cickiness series, all dots presented a single
domain state at remanence (Fig.4.27a) and a cdhmagmnetization reversal within each dot
(Fig.4.27b). The dipolar MFM contrasts observedeamanence on the various dots indicate
however that the magnetization of the dots is sonest oriented along the diagonal of the
dots (corresponding to the longest dimension) amdesime oriented parallel to the edge of
the dots. The coexistence of these two magnettess{geaf and S states [54]) in small dot
groups at remanence is a sign of small dot-to-dotamagnetic interaction, which is anyway

lost during magnetization reversal, as the lacgatferns in Fig.4.27b indicates.
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0 5.00 um 0O 5.00 pm
Fig. 4.27 -MFM image on 200 nm square dots for IrpfCos sample at remanence (a) and under in-situ apfiitti(b).

Again, MFM images gave a qualitative picture af gwitching field variability from
dot to dot, as it can be seen in Fig.4.27b. Inpibure measured under a 200 Oe applied field,
the around two hundred dots present a wide digtabwf in-plane angles, marking different
steps of the magnetization reversal under the siehdewith preferred intermediate directions
(diagonals or parallel to the edges).

In order to have a more qualitative evaluation tioé variability, fifty focused
measurements were performed on each sample falotlimensions. Coherently with the
MFM scans, all loops showed a shifted single loog @ariability in coercivity and loop shift
(see Fig.4.28) for all the considered lateral disi@ms. Moreover, a relevant increase in
coercivity was observed on patterned samples cadpar full sheet ones, confirming the

tendency observed in Paragraph 4.2.

1.0

M/ Mg

Cu,, buffer IrMn,/Cox
100nm 200nm
1000 -500 0 500 1000 1000 -500 0 500 1000
Applied field (Oe) Applied field (Oe)

Fig. 4.28 —Comparison between two focused measurements odiffigcent zones in black and blue for 100 nm
Cu/IrMn 1,/Cos (a) and 200 nm IrMyiCos (b) square dots.

From the focalized measurements, exchange biasga/ealues were calculated and
compared between full sheet and patterned samphesresulting curves for the two series

are plotted on Fig.4.29.
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Fig. 4.29 —Average exchange bias values for full sheet anqesd samples as a function of thickness IrMrktiéss (a)
and buffer thickness (b).

Let’s first consider the effect of the IrMn thicdss. Fig.4.29a shows that the trend of
the Hex curve does not change from patterned to full skagtples. This means that in the
selected dot geometry and lateral size range, IEdrdots average exchange bias behaviour
does not deviate from the full sheet one. In ttexdiure, scalability and thickness effects on
patterned systems affect differently the hysterdstps according to the materials, dot
geometry and dimensions or dynamics. For examptpsgre Co/CoO dots showed enhanced
asymmetric loops when reducing the lateral siz8§ hereas rectangular ones increadgd
for small dots and thin Co layer [56]. (Pt/Co)/IrMtacks deposited on small polystyrene
particles showed similafetimn) tendencies of the corresponding sheet films oaljh Hex
increased for the dots [57]. For Ni#rMn, 90 nm square dots measured in [7] and modelled
in [58] in a thicker IrMn regime than ours, almaest variations oHex with IrMn thickness
were reported. These different behaviours verstiseemomagnetic layer thickness may be
associated with various origins. Growth and cothetdy interfacial roughness may influence
AF domain sizes, in a Malozemoff model (see Papgfa2.3), and thus be the origin of size
effects [7]. Moreover, the use of different F lag/@wvhich implies different thermal stabilities,
magnetizations, F/AF exchange stiffness, aniso#opi.) may affect the reversal mode
mechanisms. Finally, magnetic field sweep dynamiay also play a role, since it influences
AF grains stability during the F magnetization msa [59,60] and the dynamic
magnetization reversal of the F layer itself [6Epr examples, our measurements were
performed at a frequency of 11 Hz, whereas in fig] frequency was about four orders of
magnitude lower [62].

Considering the buffer series of Fig.4.29b, ndipalar trend is observed. Patterned
dots have an averagt, around the value of the full sheet samples oh8iidarger for the

50 nm dots case. It has to be underlined, howehat the differences in exchange due to the
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Cu thicknesses are already quite small in full seamples, and the incertitude of the focused
measurements covers this variation.

The first conclusion from the averaged behaviourthat changes in the IrMn
microstructure (grain volume and lateral size distions) do not imply differences in the
average behaviour between patterned dots andHa#tssamples. This is valid for a lateral
size range from 200 to 50 nm, where no relevariabiiy effects are observed.

Is there any effect of the Cu buffer or IrMn thielsses on the dot to dot exchange bias
variability? Fig.4.30 shows the exchange bias némmé exchange energy variability
calculated with Eq.4.2 for the two series.
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Fig. 4.30 —-Normalized exchange bias variability for patterdets of IrMn thickness (a) and buffer thicknessdéries.

It can be observed that in both series the redudaifothe dot lateral size implies an
increase of exchange energy variability. This appeaite clearly in Fig.4.30a. This result
can be interpreted as follows. When the lateraledision of the patterned system is reduced,
impact of the patterning on the edge of the dotagse and more significant. During the dot
etching, AF grains located at the edge of the datscut [58]. Consequently, their volume is
reduced thus affecting the grain size distribui68]. This effect has been proven to have
consequences on the thermal stability of pattesystems, reducing the blocking temperature
compared to equivalent continuous layers [63-Gb}hls case, we observe that the instability
of the grains at the edges also affects the ex&hhiag variability.

Concerning the general trends of these curvesant ke noticed in Fig.4.30a that,
particularly for the 100 and 50 nm dots, the exgeaanergy variability increases with the
IrMn thickness. As measured from AFM images in &£@6, IrMn grain size increases as its
thickness increases, together with a broadeninigsofolume distribution. When patterning
the square dots, systems with 100 and 50 nm awllaiee may contain around 130 and 30

grains respectively (500 for 200 nm dots), a quwantot large enough to cover the whole
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grain distribution. If the grain distribution is @&, as it is the case for thick IrMn layer
samples, the AF grain population may differ impotiafrom one dot to another, leading to
exchange bias variation larger than in the caser@il and uniform grains. A similar trend is
observed for the buffer layer series in Fig.4.30b.

4.3.4 IrMn microstructural effects: conclusions

Microstructural properties of IrMn layer have beainored in order to observe their
influence on exchange bias variability in arraygaftterned dots. IrMn grain lateral size and
distribution were varied by changing the thicknesghe buffer layer (Cu and Ru) or its own
thickness. Thickening the buffer layer or IrMn #ness led to an increase of AF grain size
and a broadening of its distribution. The variatminthe buffer layer thickness had minor
influence on exchange bias value on full sheet $ssnghis is attributed to a compensation of
unset and unstable grains populations.

200x200, 100x100 and 50x50 hsguare dot arrays were patterned and characterized
by MFM and focalized-MOKE measurements. Averageharge bias values showed no
scalability effect on both buffer and IrMn thickisezeries.

Regarding exchange bias variability, two main effewere observed. The first one
concerns the scalability effect. When reducing dbg lateral size, exchange bias variability
increases. This is due to the grain cutting atedfjes during the etching procedure, which
modifies the grain population in the dot (largemtner of smaller grains) resulting in grain
thermal instability. The effect becomes predominanén the dot size is reduced, because of
the larger relative weight of the edges comparetthéoinner volume of the dots. The second
effect is that the exchange variability increaseh wncreasing grain lateral size and
distribution, particularly for small dots. In thigse, the reduced lateral size leads to a partial
representation of the whole grain distribution get. As a consequence, different dots may
present different grain populations, thus differenthange bias values. This effect becomes
more important for large grains and wide distribn8g.

The study reported in this paragraph has beerepted in an oral talk at JEMS 2013.
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4.4 Atomistic simulations — Influence of IrMn anisaropy
axis

This paragraph will present a series of works mochange variability that we have
performed by atomistic simulations. The study wastered on the distribution of the
anisotropy axis. This is because the sputteringpsiipn of polycrystalline layers, not only
leads to distribution of grain diameters, but alsees a distribution of anisotropy directions.
The simplified model used in Paragraph 4.2 is #nusched by adding a random anisotropy
axis to each AF grain, in order to approach a mmeadistic picture of the sample structure.
More precisely, instead of a fixed anisotropy angle 1° in the anisotropx-y plane as
previously used in our calculations, an angle betwe&®0° and +90° is randomly attributed,
with a uniform distribution, to each grain of thé Aayer. An example of one configuration
with such a distribution of anisotropy directiossshown in Fig.4.31b.
A series of ten different configurations with rand@nisotropy axis has been created. The
statistical dispersion allows us to observe thkierfce of the AF anisotropy axis distribution
on coercivity and exchange, as modelled by StiekMcMichael [66].
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Fig. 4.31 —Anisotropy axis for the AF spins. (a) Homogeneaxis direction of the AF layer, as used in Parag@égR. (b)
Example of a configuration with a random axis disttion. To each grain, the axis is associatedremdom angle (see
graph and colour legend on the right).

Influence of the disorientation between thexKaxis and the H direction

Before getting to the results of the random axstridtiution, it is worth to analyse the
influence of the angle between the applied fidldnd the AF anisotropy axis on the domain
wall stability. In the simulations performed in tRaragraph 4.2, all grains presented identical
anisotropy direction, witlp = 1° with respect to the-axis and also the applied fieldl (See
Fig.4.31 and relative legends). The small angle wasduced in order to break the initial

symmetry, escape the energy saddle point, and @alewninimization calculation to start. If
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the angle is increased (as in the case ef 5° shown in Fig.4.32), the domain wall that is
created in the AF layer during the magnetizatiorersal results closer to the interface than in
the case of = 1°. If the AF anisotropy axis direction has egkx anglep, the domain is
stabilized during the magnetization reversal, remngi close to the interface. On the other
hand, the largep, the smaller the rotation of the AF spins alongttiickness of the AF layer
when the F layer flips to the negative values efapplied field, thus the smaller the resulting
loop shift. On the opposite, when the anisotropis and the applied field have a close
direction (asp = 0.1°), the AF domain wall is pushed far along thickness of the AF layer
at negative saturation and can possibly be expalié¢ide top surface. This can be observed in
Fig.4.32, for a single grain with thick AF layemd case witlp = 0.1° shows the domain wall
deep into the AF layer. In case of a thinner AFefathe domain wall would have been

unstable with a reversal of all the AF spins.
-H,

< sal
@p=5° @=0.1°
¢=5°
sF(p SAF(p
®=0.1° %
SF?Q) S HAF(p

CEEEEE Ceeeed

Fig. 4.32 —AF domain wall profile at negative saturation fao different AF anisotropy angleg € 5° on the left ang =
0.1° on the right). On the far right of the figudéagrams of the spin directions at negative stitura

On the right of Fig.4.32, a schematic of the spagchm, similar to the one proposed
by Meiklejohn and Bean (see Fig.1.7) is shown. Fitwn analysis of the spin directions
during the different steps along the hysteresip,lawe show that the AF domain reversal
(shown on the AF grains at the borders of the ddtig.4.17) takes place when the F spins at
the interface are directed at an angleetween the one of the applied fiégldand the one of
the anisotropy axi&ar. When this takes place, the AF domain wall dracadli shifts toward
the top surface of the AF layer, reversing the whaidmain as it reaches the proximity of the
opposite surface. It has to be underlined thatdthreain wall width does not change with the

angle of the applied field since this depends @nmtaterial properties of the AF layer. This
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behaviour is demonstrated in Fig.4.33a and Fight.88Fig.4.33a, the domain wall profiles
&(tvn) are shown, versus the distarstdrom the interface along the thickness of the AF
layer (in the case = 0.1° the whole AF domain has reversed). ThedR38b, presents the
same data but with a shift of the origins alangheir superposition shows that the domain
wall profiles, and in particular the widths, aremdical. The alignment with the field of the

F spins at the interface gives the boundary camustiat the interface for the domain-wall
profile, while the orientation of the anisotropy axis corresponds to the boundangition

far from the interface.
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Fig. 4.33 —(a) Orientationd of the AF spins along the AF thickness for diffdranglesy of the anisotropy axis (sankgr).
(b) Translation of the origins along thaxis to prove the superposition of the domain wadfiles.

Effects of the anisotropy axis distribution on theg/steresis loop

The effect of a random distribution of the anispyrcaxes on the hysteresis loop
coercivity and exchange bias values is illustraitedrig.4.34, where a selection of ten
simulations with the random axis distribution al®wn. The simulations concerned a case
where the F layer has a coherent magnetizatiorrsalvand a strong interface coupling that

emphasizes the formation of AF domain walls.
1.0

—=— no Distribution
—e— Distr.1
—a— Distr.2
0.54—~ Distr.3
Distr.4

-1.0- _ , , ]

-100000 150000 0 50000
Applied field (Oe)

Fig. 4.34 —Series of hysteresis loops for a coherent revefshle F layer: one with a uniform AF anisotropysaorientation
(black squares) and four in the case of non-unifanth random distributions (the hysteresis loopheften simulated
configurations are not all shown to preserve vigii
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Whereas in the case of a uniform axis orientati@niysteresis loop has the classical
shape due to the domain wall creation and annitiidiack with no hysteresis losses [67], the
other distributions present some grains with @ltic angle, contributing to the coercivity.
Together with that, grains with largeangle contribute less to the exchange bias lodp sh
thus reducing the final value bk
Summary

The hysteresis loops obtained in presence of randlBranisotropy axis distribution
get closer to those observed experimentally, amdiroos the theoretical model of Stiles and
McMichael [66]. The variation dflexandHc for differentp angle distributions shows another
possible origin of the exchange bias variabilitgspite the difficulty in evaluating the impact
of this parameter among those experimentally olesenv the previous paragraphs, it appears
as another intrinsic characteristic of sputteredharge biased systems that may affect the
exchange bias variability among dots. Moreover,itis&ability of the AF domain walls in the
case of small angles between the applied flélcand the anisotropy axi&ar may be a
possible explanation of the observed increasedegabliHe, for a small angle with respect to
the annealing direction [68].

4.5 Conclusions of the chapter

This chapter showed a study of exchange bias vbtyain arrays of IrMn/Co
patterned square dots. The study was performedobglized-MOKE measurements, with
AFM, MFM and XRD characterizations.

Two main aspects were treated: the micromagnefgctsfdue to the variation of Co
thickness and the microstructural effects of tinligrain structure.

In the former case, MFM and Kerr measurements stioiwe different reversal
mechanisms according to Co thickness. For thinyErlanagnetization reversal takes place
through coherent reversal of the single domain reagnstate. For thick Co layers
magnetization passes through a complex multidoncamfiguration during magnetization
reversal. The spin structure during the reversat \waalysed by atomistic simulations.
Concerning the exchange bias variability, quairti observed by MFM images with in-situ
applied field, it was quantitatively evaluated bycdlized-MOKE measurements. In the
multidomain regime, the variability becomes morg@amant than in the single domain state,
with dramatic effects for reduced lateral size ddtss was attributed to AF grain instability

on the edges of the dot. This effect, due to dipwigeraction between the thick F layer and
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the AF layer and to the earlier torque of F spingha borders on the AF spins at remanence,
causes AF domain training during magnetization mr&ale leading to grain instability and
domain reversal. The effect becomes particularlypartant when the lateral dot size is
reduced.

The second study concerned the microstructural eptigs of IrMn layer and their
effects on exchange bias variability. IrMn grainesivas tailored by varying the buffer layer
and IrMn thicknesses and characterized by AFM measents. Increasing the buffer layer
and the IrMn thicknesses leads to an increaseeofithin average size and distribution. When
patterned, samples presented in both cases ndicagmiscalability effects concerning the
average exchange bias behaviour, following thedsesf the full sheet samples. Concerning
the exchange variability, two main effects wereeastssd. Firstly, a scalability effect: smaller
dots always presented larger variability than tamdr ones. This is attributed to grain
instability on the edges due to grain cutting. Seltyy variability increased with increasing
IrMn grain size and distribution, particularly femall dots. Because of the reduced lateral
dimensions, small dots do not contain enough Irl&ing to cover the whole population; as a
result, different dots may present very differerNin grain sizes, leading to variations of
exchange bias field.

Pagel02



Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

Bibliography

[1] Cowburn R P, Koltsov D K, Adeyeye A O, WellaMIE and Tricker D M 199%hys. Rev. Lett.
831042

[2] Prejbeanu I L, Natali M, Buda L D, Ebels U, lietA, Chen Y and Ounadjela K 2002 Appl.
Phys.917343

[3] Buda L D, Prejbeanu I L, Ebels U and Ounadie2002Comp. Mat. Sci24 181

[4] Schneider M, Hoffmann H and Zweck J 2QD3Viagn. Magn. Mat257 1

[5] Schneider M, Hoffmann H, Otto S, Haug Th. adegk J 2002. Appl. Phys92 1466

[6] Hoffmann A, Sort J, Buchanan K S and Nogué®WUB2EEE Trans. Magr44 1968

[7] Baltz V, Sort J, Landis S, Rodmacq B and Di&ng005Phys. Rev. Let84 117201

[8] Sasaki I, Nakatani R, Ishimoto K, Endo Y, Skétechi Y, Kawamura Y and Yamamoto M 2007
Magn. Magn. Mat3102677

[9] Manginas G, Chatzichristidi M, Speliotis Th aNéhrchos D 200Microel. Engin.84 1536

[10] Shen Y, Wu Y, Xie H, Li K, Qiu J and GuoX Appl. Phys918001

[11] Yu J, Kent A D and Parkin S S P 20D0Appl. Phys87 5049

[12] Lebib A, Li S P, Natali M and Chen Y 2001Appl. Phys89 3892

[13] Demand M, Hehn M, Ounadjela K, Stamps R L, 6aht, Cornette A and Rousseaux F 2000
Appl. Phys875111

[14] Lau J W and Shaw J M 2001 Phys. D: Appl. Phyg4 303001

[15] Li S P, Lebib A, Chen Y, Fu Y and Welland M2B02J. Appl. Phys91 9964

[16] Hu G, Thomson T, Albrecht M, Best M E, TerBsD, Rettner C T, Raoux S, McClelland G M
and Hart M W 2004. Appl. Phys957013

[17] Thomson T, Hu G and Terris B 20B8ys. Rev. Let86 257204

[18] Fernandez A and Cerjan C J 2QD@\ppl. Phys87 1395

[19] Hao Y, Castafio F J, Ross C A, Vogeli B, WalslE and Smith H | 2004. Appl. Phys91 7989
[20] Katoh Y, Saito S, Honjo H, Nebashi R, SakimiaSuzuki T, Miura S and Sugibayashi T 2009
IEEE Trans. Magn45 3804

[21] Jeong W C, Park J H, Koh G H, Jeong G T, Jdéi®jand Kim K 2009. Appl. Phys97 10C905
[22] Salazar-Alvarez G, Kavich J J, Sort J, Mugakz&tepanow S, Potenza A, Marchetto H, Dhesi S
S, Baltz V, Dieny B, Weber A, Heyderman L J, Noguéasnd Gambardella P 200®pl. Phys. Lett.
95012510

[23] Seu K A, Huang H, Lesoine J F, Showman H Belkoff W F, Gan L and Reilly A C 200B
Appl. Phys936611

[24] Moritz J,Vinai G and Dieny B 2012EEE Magn. Lett3 400024

Pagel03



Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

[25] Ali M, Marrows C H, Al-Jawad M, Hickey B, Misr A, Nowak U and Usadel K D 200Zhys.
Rev. B68 214420

[26] Gornakov V S and Lee C G 2010Phys: Conf. Serie200072036

[27] Natali M, Prejbeanu | L, Lebib A, Buda L D, @adjela K and Chen Y 20(2hys. Rev. LetB8
157203

[28] Sort J, Salazar-Alvarez G, Baro M D, DienyHlhffmann A, Novosad V, Nogues J 2086pl.
Phys. Lett88 042502

[29] Sort J, Hoffmann A, Chung S H, Buchanan K 8n&ditch M, Baro M D, Dieny B and Nogués J
2005Phys. Rev. Let@5 067201

[30] Jung W, Castaiio F J, Morecroft D, Ross CA 2D00&ppl. Phys97 10K113

[31] Guslienko K, Novosad V, Otani Y, Shima H angkBmuchi K 200Phys. Rev. B5 024414

[32] Néel L 1967Ann. Phys. (Parisp 61. An English translation is available $elected works of
Louis Neéel edited by N. Kurti (Gordon and Breach, New York,988), p.469
[33] Mauri D, Siegmann H C, Bagus P S and Key E71R8Appl. Phys62 3047

[34] Vinai G, Moritz J, Gaudin G, Vogel J, Bonfim M, LanconH¥gjbeanu | L, Mackay K and Dieny
B 2013J. Phys. D: Appl. Phy46 345308

[35] Thompson C V 2008nnu. Rev. Mater. S&30159

[36] Takano K, Kodama R H, Berkowitz A E, Cao W drftbmas G 199Phys. Rev. Let791130

[37] Martien D, Takano K, Berkowitz A E and SmithJDL999Appl. Phys. Lettr4 1314

[38] Tomeno I, Fuke I N, Iwasaki H, Sahashi M arsifioda Y 1999. Appl. Phys86 3853

[39] Vallejo-Fernandez G, Fernandez-Outon L E an@r&dy K 2008J. Phys. D: Appl. Physil
112001

[40] Carpenter D T, Codner J R, Barmak K and Rickihdl 1999Mater. Lett.41296

[41] O'Grady K, Fernandez-Outon L E and Vallejoir@ndez G 2010. Magn. Magn. Mat322 883
[42] Manzoor S, Vopsaroiu M, Vallejo-Fernandez @& @&iGrady K 2005). Appl. Phys97 10K118
[43] Vopsaroiu M, Vallejo-Fernandez G, Thwaites MAhguita J, Grundy P J and O’Grady K 2QD5
Phys. D: Appl. Phys38 490

[44] Vopsaroiu M, Thwaites M J, Rand S, Grundy Bndl O’'Grady K 2004EEE Trans. Magn40
2443

[45] Tang L, Laughlin D E and Gangopadhyay 199Appl. Phys81 4906

[46] Kanak J, Stobicki T, Schebaum O, Reiss G arittl8 H 2006Phys. Stat. Sol (43197

[47] Stobiecki T, Kanak J, Wrona J, CzapkiewiczBlin C G, Kim C O, Tsunoda M and Takahashi
M 2004Mol. Phys. Rep40 156

[48] Xu M, Lu Z, Yang T, Liu C, Mai Z and Lai W 2@Q). Appl. Phys92 2052

[49] LiM H, Cai JW, Yu G H, Jiang H W, Lai W Y ,hi F W 2002Mater. Sci. Eng. B0 296

[50] Pakala M, Huai Y, Anderson G and MiloslavskpQ00J. Appl. Phys87 6653

Pagel04



Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

[51] Lacour D, Durand O, Maurice J L, Jaffres HrMaau F N, Petroff F, Etienne P, Humbert J and
Vaurés A 2004). Magn. Magn. Mat270403

[52] Nishioka K, Hou C, Fujiwara H and Metzger RLB96J. Appl. Phys80 4528

[53] Fecioru-Morariu M, Ali S R, Papusoi C, SpehlitM and Glntherodt G 200Fhys. Rev. Letf9
097206

[54] Torres L, Martinez E, Lopez-Diaz L and Ifigu#2001J. Appl. Phys89 7585

[55] Girgis E, Portugal R D, Loosvelt H, Van Bael 8] Gordon I, Malfait M, Temst K, Van
Haesendonck C, Leunissen L H A and Jonckheere RRB@¥s. Rev. Let@1 187202

[56] Laureti S, Suck S Y, Haas H, Prestat E, Booig® and Givord D 201Phys. Rev. Lettl08
077205

[57] Malinowski G, Albrecht M, Guhr | L, Coey J M Band van Dijken S 200Phys. Rev. B5
012413

[58] Vallejo-Fernandez G and Chapman J N 2808I. Phys. Lett94 262508

[59] Xi H, White R H, Mao S, Gao Z, Yang Z, MurdoEkK2001Phys. Rev. B4 184416

[60] Garcia F, Moritz J, Ernult F, Auffret S, RodaggB, Dieny B, Camarero J, Pennec Y, Pizzini S
and Vogel J 200EEEE Trans. Magn38 2730

[61] Moritz J 2003Thése Université Joseph Fourier de Grenoble

[62] Private communication

[63] Baltz V, Sort J, Rodmacq B and Dieny B 2(@%y/s. Rev. B2 104419

[64] Baltz V, Gaudin G, Somani P and Dieny B 2@4pl. Phys. Lett96 262505

[65] Vallejo-Fernandez G and Chapman J N 2018ppl. Phys10709D704

[66] Stiles M D and McMichael R D 1992hys. Rev. B9 3722

[67] Kim J V and Stamps R L 200%hys. Rev. B1 094405

[68] Camarero J, Sort J, Hoffmann A, Garcia-MadiM, Dieny B, Miranda R and Nogués J 2005
Phys. Rev. Let@5 057204

Pagel05



Chapter 4 Exchange bias variability on pattened arrays of IrMn/Co square dots

Pagel06



Chapter 5

Exchange bias enhancement:
(Pt(Pd)/Co)/IrMn/Co trilayer
structures

This chapter will present the possibility of impmg exchange bias properties in
IrMn/Co structures through an additional out-ofr@dayer coupled with IrMn at the other
interface. It will be shown how this second couglireduces the critical AF thickness for
which the exchange is set and increases the blgpdiemperature compared to equivalent
IrMn/Co bilayers. These effects will be interpreteith the granular model of exchange bias
exposed in Paragraph 1.2.6. In particular, thesemsxis coupling in the trilayer structure
causes an indirect IrMn grain coupling and a spintiog due to the out-of-plane magnetized
layer.

In the previous chapter, the study of exchange bariability was performed on
samples with different buffer layer thickness ardn thickness. In that case, the purpose
was to observe the effects of different grain §i@pulation on dot to dot variability. In this
chapter, we will describe the origin of the depemdeof exchange bias on AF thickness
through the granular model of Paragraph 1.2.6. $hme model will be used when
considering the thermal effects on the AF graimititg. The effects of the trilayer structure

and its crossed-axis coupling in the IrMn layer Wwé described on the basis of this model.
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5.1 Out-of-plane anisotropy: (Pt/Co), (Pd/Co) multiayers

In 1985 Carciaet al. [1] discovered that, by alternating layers of Pd &o, for Co
thicknesses below 0.8nm the easy axis of magnetzatas oriented along the direction
normal to the surface. The same phenomenon wasothearved on (Pt/Co) [2] and (Au/Co)
[3] multilayers. As presented in Chapter 2, mwies with perpendicular magnetization are
important in technological applications becauseheir very strong out-of-plane anisotropy,
necessary to reduce the lateral size without oweireg the superparamagnetic limit, together
with the practical advantage of being depositegfyttering.

The out-of-plane magnetization, theoretically jcetl by Néel [4], is due to a series
of coexisting phenomena. The Co layer being ulimafthickness of a few Angstroms), the
interface and surface energies become of the sades of magnitude that the bulk ones. If
we take into consideration the energy equatiorhefStoner-Wohlfarth model of Eq.1.6, the
anisotropy termKans can be decomposed into three terms: the demametigart
(-2 H4 Mg), the volume ternKy (i.e. the magnetocrystalline anisotropy) and thterface
anisotropyKs [5,6]:

2K ¢
tF

K

=-2mH M +K, + (5.1)

anis

The first term may induce the magnetization toogo-of-plane in patterned systems
with very thick F layer [7,8] because of its tendgrto put the magnetization along the
longest axis. In multilayer structures the inteldaterm may become predominant and induce
perpendicular anisotropy. Constraints, roughnegsydiffusion and orbital hybridization are
examples of parameters important for the interfaeran.

In the case of (Pt/Co) and (Pd/Co) multilayers, lttdce parameter mismatch between Co
and its neighbour layers leads to strains. Thigatian of lattice parameter along the F layer
thickness influences the magnetic properties ofntlagerial, up to leading the magnetization
axis to the out-of-plane direction; these effeats described by a magnetoelastic energy.
Interface roughness may also play a role, reduttiegeffective out-of-plane anisotropy. Co
orbital hybridization with non-magnetic materialstiae interfaces modified the filling of the
Co band structure, leading to an additional ouplafie anisotropy. Finally, annealing
processes may cause interdiffusion of Pt and Rultim Co layers, (they are both miscible
with Co [9-11]) creating CoPt and CoPd alloys whilglgrade the quality of the perpendicular

anisotropy.
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5.1.1 (Pt(Pd)/Co)/IrMn systems
If (Pt/Co) or (Pd/Co) multilayers are coupled to AF layer and field cooled with an

out-of-plane applied field, shifted hysteresis Isogre obtained when applying a field
perpendicular to the substrate. A wide literatui®-18] allows us to precisely tailor

(Pt(Pd)/Co) multilayer thicknesses [12,13,16,18]miber of repetitions [14,16], interfacial

properties [16,17] to optimize exchange bias priogerThis large interest is in part due to the
technological implications on perpendicular STT-MRAsystems and spin valves, as
mentioned in Chapter 2.

In our multilayer structures, the (Pt(Pd)/Co) maiters will be of the type (thickness
in nm): (Pt gdCoe)s and (PdgCae)s, thicknesses at which a good perpendicular exahang
has been observed [13,14]. In our case, anywayareenainly interested not on optimizing
the out-of-plane exchange field, but into havingstable, fully remanent out-of-plane
magnetic state during the in-plane hysteresis loofdss is dependent, among other
parameters, on the number of multilayer repetitior@amples with the stack
Tag/ (Pt Cay o)/ IrMn4y/Pt; and Ta/(Pd.g/Cop g)n/IrMNn4/Pt, with N going from 3 up to 30,
were deposited and annealed at 200°C for 30’ witmgplane setting field of 2000 Oe.

Play  ——

of —"—(Pt, 4/Coyg)s

/

1.0 pttessesealaggaie] P10k

2000 -1000 0 1000 2000 o
Applied field (Oe)

Fig. 5.1 —(a) Out-of-plane hysteresis loops forzi{®t, ¢ Cay ¢)n/IrMn4/Pt, samples for 3 and 30 multilayer repetitions, with
corresponding MFM images at remanence for N = o) N = 30 (c).

As it can be observed from the out-of-plane hysisroops of Fig.5.1a, the sample
with three multilayer repetitions has a square Jadpereas the sample with 30 repetitions has
a large loop with out-of-plane domains, as it candbserved from the MFM images at
remanence of Fig.5.1b and Fig.5.1c. The MFM scdmsns that, whereas (RCae)s
sample does not show domains, from 15 repetitibasriagnetic state at remanence presents
domains, whose size reduces with the increase wibeu of repetitions, up to the domain
pattern observed for the (BtCoye)s0 Sample. A similar behaviour was observed for the
(PdLgdCapen samples. These results are coherent with thossemiran the literature on
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similar multilayer stacks [19,20]. For a few mugker repetitions, the magnetic switching is
sharp because of the quick magnetization nucleaimmhdomain wall motion in the sample.
For larger N, due to the larger demagnetizing gnengultidomain state is more stable at
remanence; the application of a field smoothly fagoone domain polarity, until the sample
is saturated.

5.2 Effects of trilayer structures on IrMn critical thickness

5.2.1 Hysteresis loops at room temperature
Bilayer series
As anticipated in Paragraph 4.3, IrMn/Co bilayairtspresenting a hysteresis loop

shift over a critical AF thickneds [21] of 3+ 0.5 nm, as shown in Fig.5.2a.
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Fig. 5.2 —(a) Exchange bias and coercivity forsl@u./IrMn,/Cos/Pt. Vertical dashed lines indicate the critical thmekstc
in red and the maximum thicknegsin black. (b) Schematic representation of the Adirgdistribution in a polycrystalline
system.

Around the critical thicknestg, a peak in coercivity is observed. Exchange thas t
increases reaching a maximum for a thickrigssf 6.5+ 0.5 nm, after which a decrease of
exchange field is observed. This behaviour is wideported in the literature for Mn based
AF layers [21-24]. The critical thickness, in a domwall model [21], is defined as the ratio
between the interface couplidgand the AF anisotropiar:

Je (5.2)
K ar

tc =

whereas the decrease in exchange &jtes usually attributed, in a random field modelthe
presence of domain in the AF layer [25].

By taking into account the correspondences betveetical thicknesses and critical
volumes, three different regimes can be determimgdomparing the exchange curve of

Fig.5.2a with the granular model, reproposed inFRp. Fort < tc, most of the IrMn grains
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Chapter 5 Exchange bias enhancement: (Pt(P@))s/IrMn/Co trilayer structures

are thermally unstable, no coupling is set with @e layer, so no loop shift is observed.
Around tc most of the grain volume population is in thdc"contribution” range, thus the
samples present large coercivity but low excharigee ratio of grain in the stable range
increases when increasing the IrMn thickness, tagcthe maximum aty. After the peak,
for t > ty, two phenomena take place. On one size, domaitieiAF layer are created [25].
In parallel with that, the increasing thickness #atdral size of the grains lead to an increase
of the portion of grains witV > Vs Those grains are so large that they remain uhs#tg

the annealing procedure and thus they do not danéito the exchange anymore, reducing
Hex. The same description is valid for thls curves presented in Paragraph 4.3.2 for the

buffer and IrMn thickness series at room tempeeatur

Trilayer series
If we consider the trilayer structures with theckta Ta/(Pt.dCay.e)s/IrMn,/Cos/Pt
and Ta/(Pd.gCay e)3/IrMn,/Cos/Pt, for x ranging from 2 to 15 nm, the evolution atkange

field and coercivity as a function of IrMn thickrseis the one presented in Fig.5.3.

300 : . T 300

T T T T 31175 T i T T T T T T 1175
(a) 7 (Pt/CO)3 7.7Hex (b) I\ (Pd/CO)3 7.7Hex
2504 _e— HC —4150 250 1 “J‘ § —o— HC 4150
200 125 200 | 1125
) 1000 © \;\ 1100
9, 150 \i\; g Q, 150 5 ] 9/
2 A élOO 1” g
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50+ E\ /g.\\ 15 50+ ¥ X §/’/§7§ 1.5
D e e
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0O 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
IrMn thickness (nm) IrMn thickness (nm)

Fig. 5.3 —Exchange bias and coercivity for (a)/{Bt; §Coy ¢)a/IrMn,/Cos/Pt, and (b) Ta/(Pdy ¢ Cay g)s/IrMn,/Cos/Pt,.

Two main aspects can be observed from the graphHagob.3. Firstly, the critical
thicknesdc appears at 2 0.5 nm for both (Pt/Cgland (Pd/Caq)trilayer series, a lower value
compared to the one of the bilayer series. Secoiléy peak of exchandg is present for
lower IrMn thicknesses (% 0.5 nm for (Pt/C@)IrMn/Co trilayer and 4+ 0.5 nm for
(Pd/Co)/IrMn/Co trilayer), reaching higher values of exoga compared to the

corresponding maximum exchange of the bilayer seag it can be noticed from Fig.5.4a.
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Chapter 5 Exchange bias enhancement: (Pt(P@)a)s/IrMn/Co trilayer structures
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Fig. 5.4 —(a) Comparison ofl.curves as a function of IrMn thickness for the ¢hseructures. (b) Hysteresis loops at 300 K
for the three structures for 4 nm IrMn thickness.

A similar trend has also been observed foyTes/IrMn,/Cos/Pt, samples [26], with a
reduction of the critical thickness and its corresponding peak in coercivity, as it ba seen

in Fig.5.5, where a larger number of samples issiclaned in the range of IrMn thicknesses

aroundtc.
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Fig. 5.5 —-Exchange bias field and coercivity for bilayer dnilyer structures [26]. Dotted lines denote khepeak
corresponding ta..
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Chapter 5 Exchange bias enhancement: (Pt(P@3d)s/IrMn/Co trilayer structures

5.3 Effects of trilayer structures on IrMn/Co blocking

temperature

Does the variation of exchange bias propertie®@in temperature affect its thermal
behaviour? To investigate this, a series of hyste@op measurements in temperature have
been performed on bilayer and trilayer structuvesly the aim of determining the blocking
temperaturdg of the system and the thermal behaviouHgf As described in Chapter Tg
is defined as the temperature at which loop shlfs fto zero, and in polycrystalline systems
with metallic AF layers is generally lower than tNéel temperature [27]. Two AF thermal
properties have been extracted here from the teaahperdependent measurements. The first
one is the maximung, the second one is tAg distribution among the AF grains.

In the first case, the sample, after having beimgealed at a temperatufg, is field
cooled to a temperatui®, at which a first hysteresis loop is performede Temperature is
subsequently increased, and a hysteresis looprisrpeed at each temperature step. In our
case, samples were field cooled down to 5 K witteld cooling of 10 kOe and heated up to
400 K with 10 K steps. This measuring method hasativantage of being relatively quick
and allows observing the decrease of exchangewithstemperature due to the progressive
thermal activation of the grains. In the literatthiess method is widely used since the very first
papers of Meiklejohn and Bean (Fig.5.6) [28]. Oe thther hand, the different hysteresis
loops are measured at different temperatures. é@naequence, parameters like anisotropy
and exchange coupling, which are temperature degpgnohay vary from one hysteresis loop

to another one.
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Fig. 5.6 —Historical example of exchange bias measuremetemniperature [28].

For this reason, the blocking temperature distioutwas measured [29,30]
(see Fig.5.7). Samples were field-cooled from 498 K under a 10 kOe positive field. The

temperature was then increased up to an interneetémperaturél, under a field in the
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Chapter 5 Exchange bias enhancement: (Pt(P@3d)s/IrMn/Co trilayer structures

opposite direction with respect to the initial ietooling one, and then decreased to 5 K,
temperature at which a new hysteresis loop is medsU’he applied reverse field was large
enough (10 kOe) to saturate the Co layer magnitizat the direction opposite to the initial
exchange bias direction. With this procedure, trengpopulation that becomes thermally
unstable belowr, is field cooled and set in the opposite directcmmpared to the initial
setting direction. The procedure is then repeatednicreasingl, values, up to 400 K. The
higher T,, the more grains are reversely set. If all graans reversed, the exchange bias
measured at 5 K has the same value but the oppmgitethan the one measured after the
initial field cooling in positive field. The advaage of this procedure is that all measurements
are performed at the same temperature, so all gddyparameters present in the stack are
comparable from one loop to another one [31].

(a) (b) (c)

AF S PP PSR B B P R AF (4]0 /4440 e+ E‘ i HE_max
ST|F F Il ™ —" =
€= =]
35 g -0
&g s
58 } o w
pi = H
gl . | | : i : " 'E,max
T TB.max T, TB,max TvT, . T!B.max
Temperature (arb. units) T, (arb. units)

Fig. 5.7 —Sketch of the AF grain orientation during blockieghperature distribution [31]. (a) AF grain popidatafter
initial field cooling; (b) partial grain reorientah after heating at temperatufgand field cooling with opposite field;
(c) temperature dependence of exchange bias vigtiptbcedure.

5.3.1 Measurements in temperature

Among the samples presented in the previous pghgthose with an IrMn thickness
between 3 and 8 nm were measured in temperaturk thié “maximum blocking
temperature” procedure, for all the three struduket’s start the description from the simple
bilayer case, shown in Fig.5.8. As a remindercitiesidered stacks are the following:
- Tag/Cu/IrMn,/Caos/Pt, with x going from 3 to 8 nm for the bilayer case;
- Tag/(Pty g(Pdhg)/Cyp ¢)3/IrMn,/Cos/Pty, with X going from 3 to 8 nm for the trilayer case
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Bilayer series
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Fig. 5.8 —Temperature dependence of exchange bias and cedii for the TgCu,/IrMn,/Cos/Pt; bilayer structure.

In the bilayer series, it can be observed from 38&that the blocking temperature
increases with IrMn thickness and the average sbdplee He(T) curves gradually decreases
when increasing IrMn thickness. In case of very thiMn layer, Hey is very large at low
temperature but rapidly decreases as the temperatareases. These observations can be
interpreted with the granular model as follows. described in the previous chapter, the
average AF grain size increases with AF thickn82$. [The density of uncompensated spins
at the F/AF interface for compensated AF spin $tmas (as it is the case for IrMn [33])
increases with the reduction of grain size. Thigni AF grain with small size is thermally
stable, its contribution téle, is larger than the one given by a bigger grainds§ This is
consistent with the observation of a larger valtieélg for 3 nm IrMn layer compared to the
8nm one at low temperatures. When the temperagureieased, the smaller grains (thin AF
case) soon become thermally unstable, therebyddbieir contribution to the loop shift and
increasing their contribution to the coercivity dsdor example, the 4nm IrMn thickness
case). In contrast, the bigger grains (thick AFegasemain thermally stable to higher
temperatures, causirife(T) to decrease more slowly with temperature andlingla higher
Tg. It can be noticed that in the 3 nm IrMn bilayaase, Hc is already large at low
temperature, and partially covers the peakg@atWe attribute this to the fact that some AF
grains in the grain size distribution are so srtfat even at low temperature their spin lattice
is dragged during the F layer magnetization revessdhat they contribute to the coercivity
of the loop. For all thicknesses, th¢.x curves follow a quasi-linear dependency on
temperature. This is coherent with the resultseaesl in the literature for similar systems
[22,36].
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Trilayer series

We want to show now the impact of using the telaygystem on the thermal
dependence of magnetic properties.
Fig.5.9 shows the temperature dependencélgfand Hc for the two trilayer structures,
(Pt/Co)}/IrMn/Co in Fig.5.10(a) and (b) and (Pd/@tMn/Co in Fig.5.10(c) and (d).
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Fig. 5.9 —Temperature dependence of exchange Bia¢a,c) and coercive field (b,d) for the
Ta/(Pty Cay.¢)3/IrMN,/Cos/Pt, (a,b) and Td(Pd, ¢ Cay 6)4/IrMn,/Cos/Pt, (¢,d) structures, for x going from 3 to 8 nm.

It can be observed, by comparing thg(T) curves of Fig.5.9a and Fig.5.9d with the
one of Fig.5.8, that in the case of thin IrMn lgy#re blocking temperature is reached for
higher temperatures than the ones obtained ofitageb case. This difference appears more
clearly when comparing together the three samlea fjiven IrMn value, as it is in Fig.5.10

for different IrMn thicknesses.
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Fig. 5.10 —-Temperature dependencetf, (a-c) andHc (d-f) of bilayer and trilayer structures for diféat IrMn thicknesses.
Vertical dashed lines from (a) to (d) indicate Ithecking temperaturé&g of the different stacks for a 3 nm IrMn thickness.

In Fig.5.10a and Fig.5.10d, for a 3 nm IrMn thitke vertical dashed lines indicate

the Tg values of the three systems. For the bilayer cisés reached around 3105 K,
whereas for (Pt/Ce@lirMn/Co and (Pd/CgJIrMn/Co trilayersTg is found to be 38& 5 and

350% 5 K respectively. The shift in temperature is gisesent for an IrMn thickness of 4 nm,

whereas the effect tends to vanish for thicker sée(Fig.5.10c and Fig.5.10f). Moreover, in

this thin IrMn regime,He(T) curves for the trilayer systems show a concawegdtive

curvature) shape compare to the convex, quasitliokéhe bilayer case. The difference in
slope between bilayer and trilayer samples carelterbobserved by plotting the derivative of

Hex as a function of temperature, as shown in Fig.f5oithe 4 nm IrMn thick case.
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Fig. 5.11 —Derivative of exchange bias as a function of teapee for the three structures, for 4 nm IrMn thiegs.
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In the temperature regime up to 300 K, the IrMn&ample presents a steeper slope
than the trilayer ones; a similar slope is mairgdinp to the blocking temperature at 380 K,
when thenHe falls to zero, as its derivative. The trilayer $d@s, after the large range in
temperature with a smoother slope compared to tlagelb sample, show a sharper slope
when approachingg, starting from 300 K.

By correlating the results of the measurementsemperature with those at room
temperature, it appears that in the regime of lifiMm layer an enhancement of exchange bias
properties, with increased maximum value of looft ind reduction of critical thickness,
together with an increase of the blocking tempeeatiakes place.

5.3.2 Blocking temperature distribution

The measurements showed in the previous paragraplvesl the temperature
dependence of exchange bias field for the bilayer @ilayer structures. In this paragraph,
blocking temperature distributions measuremente li@en performed on the three structures,
for the 3 nm IrMn thickness case. This kind of meament allows evaluating the distribution
of the blocking temperaturdTg and, by measuring all hysteresis loops at 5 K,oras any
dependency of exchange coupling and anisotropgmpérature.

Fig.5.12 shows a selection of hysteresis loops a@ft@ealing at different increasing
temperatures and field cooling at 5 K with oppo8égél, for the (Pt/Ca)YIrMn/Co case. It can
be observed how the exchange bias shifts from ivegtd positive values because of the
progressive reversal of the IrMn grains, approaghinthe maximum positive exchange bias,

which is reached when all grains are reversedeaaitinealing temperatutg.
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-0.5+ ; , Y 200K
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Fig. 5.12 —Hysteresis loops of thEas/(Pt; ¢ Cay 6)3/IrMns/Cos/Pt, sample after heating at different temperatUigsvhose

values are shown in the legend. The slope is dtleetparamagnetic contribution of the sample supgt Si/SiQ
substrate.
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Chapter 5 Exchange bias enhancement: (Pt(P@))s/IrMn/Co trilayer structures

By measuring the exchange bias values for eachectow the three samples, the
temperature dependences were obtained, as sholg.513.The exchange bias is defined
as positive at the initial state cooled down at,5aKd normalized to its value. The exchange
bias field changes its sign when more than hathefinitial grain population is field cooled in
the opposite direction after heatingTat Full grain reversal takes place when the norredliz

exchange goes to -1.

1.0 —#&— IrMn,/Co i
—0— (PYCo)/IrMn,/Co ]
0.5 —#— (Pd/Co)/IrMn,/Co
2
©
% 0.0
T
~~
3
T -0.51
-1.0

0 50 100 150 200 250 300 350 400
Temperature reversed field (K)

Fig. 5.13 —Temperature dependence of normalized exchang®higsthrough blocking temperature distribution
measurement. Vertical dashed lines indicate themmax blocking temperature for the bilayd@g () and trilayer (s )
samples.

The difference in shape of the thermal variatiohslg(T) between the bilayer and the
trilayer structures is confirmed. Whereas IrMn/Citayeer shows a convex, quasi-linear
exchange bias reversal, both trilayer structuresvsh concave reversal, together with an
increase of the maximum blocking temperature, redaround 350 KT ; on the graph) for
the bilayer case and around 400 K £ on the graph)for the trilayer ones. As a reshig t
temperature effects on anisotropy and exchangeliogugan be considered negligible in the
economy of the exchange bias temperature depend@ureerning the coercivity values
obtained througfg distribution,Hc remains constant in temperature for the three Eanm
coherence with what observed in the literature.[37]

It is possible to extract the portion of grainseeed during the heating for different
temperatured, by deriving theHg(T) curves as a function of temperature, thus givhng
blocking temperature distribution of the grain plapoen. The resulting curve is plotted in
Fig.5.14. Because of the not sufficiently large iem of measurements at very low
temperature, where spin glass contribution takasep[31], the curve is mainly focused on

grain distribution at high temperature.
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Fig. 5.14 -Temperature dependenceddf., /5T onT, for 3 nm IrMn thickness for bilayer and trilayérutures.

Considering the bilayer case, the blocking tempeeadistribution is very broad,
extending all over the temperature range betwean Toand 400 K. By correlating the
distribution of blocking temperature with the IrNMnain size distribution, it means that part of
the grains starts being unstable at very low teatpegs; this uncoupling continues taking
place since whefig is reached. In contrast, the distribution of biagktemperature in the
trilayer shows a clear peak between 250 and 40@Wikd¢ch confirms the coercivity peak

observed in Fig.5.9.

5.4 Discussion

The presence of a second out-of-plane F layer mtacd with IrMn on the other
interface of the trilayer structure has shown teehthree important consequences on the
exchange bias properties at the IrMn/Co interfacezduction of IrMn critical thicknegs, an
enhancement dflex atty and an increase of blocking temperattgdor thin IrMn layers.

In the following paragraph, these effects will bealgsed with the granular model
exposed in Paragraph 1.2.6 and represented in.Eig.5

Firstly, the consequences of the underlayer chamgehe IrMn growth has to be
investigated. A variation of grain population wouldmely vary the ratio between the four
populations, thus affecting the exchange bias hiebgvas the variation of crystallographic

properties.
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5.4.1 Structural analysis
In order to verify the influence of the growth catimhs on the magnetic properties,
XRD scans and AFM scans for grain counting measengsnwere performed both on bilayer

and trilayer structures.

Morphology
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Fig. 5.15 —Cumulative distribution functions for bilayer (bkasquares) and trilayer (red circles) structures, an example
of AFM scan for the (Pt/Cg@JrMn,»/Co sample.

Fig.5.15 shows the cumulative distribution functiohthe bilayer and the trilayer
structures for two different IrMn thicknesses (thtase 2.5 nm, close to the range of
thicknesses where the exchange properties are wagrm the trilayer structures, and thick
case 12 nm because of the larger grain size). AB@Ditgrains have been measured per each
sample. From these graphs, it appears that the gize distributions are comparable between
the bilayer and trilayer samples. The increasirggngsize with increasing IrMn thickness is
thus confirmed also for the trilayer structure. sTimeans that the grain population in the
trilayer structure is comparable with the one pnégethe bilayer one. As a result, no changes
in the ratio of grains contributing to the exchawge be considered as the reason of exchange
enhancement dg reduction. Moreover, AFM scans do not indicate sigyificant changes in
the interfacial roughness from series to seriass dk should not vary much from samples to

samples.
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Crystalline structure

10000 ;

£ 1000+

Coun

—m— (Pt/Co),/IrMn,/Co
—@®— (Pt/Co),/IrMng
—O—Ta/Cu/IrMn,,/Co

. T .

100

40 45 50
2theta (°)

Fig. 5.16 —X ray diffraction for three different samples wikfferent IrMn underlayers.

Concerning the x-ray characterization, the IrMn/alayer structure was compared
with the (Pt/Co)/IrMn/Co one and with (Pt/Cg@)JrMn samples, which allowed to observe the
IrMn peak without the Co layer, for 6 and 12 nnckimesses of IrMn, as shown in Fig.5.16.
For samples deposited on the (Pt/Cla)yer, the IrMn diffraction peaks have very simila
(111) fcc texture, independently on the presendeefCo layer. Samples grown on Cu buffer
layer, on the other hand, present a peak at highangle, corresponding to a more compact
(111) texture, being the lattice parameiegqual to 2.093 A for the (Pt/Go)inderlayer case
and to 2.065 A for the bilayer one. The shift dfiiir diffraction peak is reported in the
literature for bottom and top spin valve structuf@3]. A more compact (111) fcc structure
has influences on the IrMn anisotrolyr, thus varying the values &f andVc of Eq.1.27
and Eqg.1.26. Whereas this effect has to be takEndocount, it cannot explain alone the
reduction of critical thickness and the increasblotking temperature.

For this reason, two effects due to the additiamatof-plane coupling have to be

taken into account: the spin canting and the irtliid/n intergrain coupling.

Pagel22



Chapter 5 Exchange bias enhancement: (Pt(P@))s/IrMn/Co trilayer structures

5.4.2 Granular model: effects of the out-of-planealyer on IrMn/Co coupling
We will discuss in this paragraph about two possihterpretations of the improved
magnetic properties of the trilayer structures.

Indirect intergrain coupling

A
(a) J fv) (b) ~ — Physical grain size
FZ Jl / F2 L \Jz effective grain size
s
AF | ¢ . IRND -
1 / X 2
\ /
Fl > > . : :
V:T \:/c \:/s >V

Fig. 5.17 H(a) Sketch of the AF intergrain coupling through #udditional out-of-plane layer.Hb) Schematics of the effect
of indirect coupling on the effective IrMn grairzsi

In this model, IrMn grains are considered indepahdae with respect to the other,
i.e. uncoupled, because of the disordered atonmigaisig along the grain boundaries [39,40].
On the other hand, F layers have strong intergcaupling. Therefore, the spin lattice in
neighbouring AF grains is indirectly coupled via th-layer magnetization. Because of the
reversal of the F layer during the hysteresis Idbys, effect in bilayer structure is considered
not large enough to stabilize the AF grains, beedhs coupling takes place through a layer
that is following the applied field. Let's now coder the case of the trilayer structure case,
where a second F layer is added on the other sitte avperpendicular magnetization, as
depicted in Fig.5.17a. The anisotropy fi¢k, defined as the in-plane field at which the
magnetization of the multilayer is put into plamegs measured on the trilayer samples. Its
values were respectively 6 kOe for the (PtdZ®ries and 5 kOe for the (Pd/gohe. This
means that the magnetization of the additionaladyttane layer remains almost fixed during
the in-plane hysteresis loop. This is valid fora@lrr field range of interest [41]. As a result,
the IrMn intergrain coupling mediated by the admhal F layer is maintained all along the
hysteresis loop. The increased intergrain coupling to the interface interaction of out-of-
plane spins with IrMn ones creates an effectivangsaze larger than the physical one,
stabilizing otherwise thermally unstable grains.isTlvariation of the effective grain

population can be schematized as shown in Fig.5.17b
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Spin canting
F, (a)I f I f(\/)‘ (b) Log(rm;aS“feJkBT
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w e N KAF(l— Jex Jz
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Fig. 5.18 —(a) Sketch of the spin canting due t8AF interface coupling. (b) Schematics of the dffgfcirMn spin canting at
the IrMn/Co interface on the grain contribution i@leange bias; on the right, Eq.1.26.

IrMn, because of its fcc (111) compensated stractis known to exchange couple
with both in-plane and out-of-plane F layers. la tiMn/Co bilayer, the spins in the IrMn AF
tend to lie in the (111) planes along a trianguktice. In the (Pt/Co)/IrMn/Co and
(Pd/Co)/IrMn/Co trilayers, due to the exchangernatéon with the out-of-plane magnetized
(Pt/Co) - (Pd/Co) multilayers, they tend to be edlbut-of the (111) plane [42]. In a trilayer
structure, this out-of-plane canting of AF spinsd® to propagate throughout the AF layer,
with a gradual damping, from the interface with thet-of-plane multilayer towards the
opposite interface, as depicted in the sketch @BFL8a. For sufficiently thin IrMn layer, this
propagation induces a change of the spin anglaeatrMn/Co interface, which reduces the
interfacial exchange stiffnesk,. From EQ.1.26, this reduction decreases the vafutne
critical volumeVc, as schematized in Fig.5.18b.

By considering a single AF thickness, part of th@mgdistribution which would have
contributed to the coercivity of the loop with agar Jox can now resist the torque exerted by
the F magnetization on the AF spin lattice duringgmetization reversal, thus contributing to
Hex. As a result, the exchange bias increases despidution in the interfacial coupling
because more AF grains remain stable and the shaltes have the largest uncompensated
spins [35].
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Effects on t and He(twm)

AFM grain counting measurements of Fig.5.15 showleat bilayer and trilayer
structures have, for equivalent IrMn thicknessesjlar grain populations. The reduction of
IrMn critical thicknesdc in trilayer structures can be explained as a coatlmn of the two
effects previously described. Spin canting, by oty Je,, allows small grains to start
contributing to the exchange at lower thicknesbkas in the bilayer case. On the other hand,
the effective population itself is modified by thedirect coupling through the out-of-plane
layer, which artificially increases the “effectiveize of the grains. This combination may also
explain the higher value diex at ty compared to the equivalent one for the bilayergam
due to a larger portion of grain population conitibg to the loop shift, and the lower values
of exchange for thick IrMn layer, where intergraioupling may increase the effective grain

size to values too large to be set during annealing

Effectson Tg
From the temperature study it appears how both gghena of spin canting and intergrain
coupling are needed to be considered in order ptagxthe different behaviours observed in
the trilayer structures compared to the bilayer. one

Firstly, the increase dffg at low IrMn thicknesses can be attributed to treppgation
of the canting of IrMn spins from (Pt/GdyMn and (Pd/CoyIrMn interface to the IrMn/Co
one. This canting reduces the dragging torque enAfh spin lattice and therefore increases
the ability of the AF grains to contribute to theckange bias up to higher temperatures. The
shift in temperature is present for low IrMn thiglsses, whereas the effect tends to vanish for
thicker AF (see Fig.5.10). This indicates that tamting of IrMn spins gets damped on a
length of the order of 5 nm. For thin IrMn valugBe reduction of interfacial exchange
stiffness Jex reduces the value of the critical volunv. Considering the same grain
population in the trilayers as in the bilayer, it in temperature o, i.e. the transition of
grain population from switching behaviour to stattanain during field reversal, is delayed
compared to the bilayer structure, thus increasiiegolocking temperaturgs. Moreover, the
reduction of exchange at very low temperature olegsein Fig.5.10 can be explained by spin
canting. In that regime of temperature most ofARegrains are coupled to the F layer in the
bilayer system. In that case the decrease of ader€oupling due to spin canting leads to a
reduction of exchange because of a reduced toxpréee by the AF spins on the F layer.

Together with the canting influence, the indiredt grain coupling is also observed,

particularly in the shape of the temperature depeoe ofHe. Whereas bilayer samples have
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a quasi linear decrease Tn the concave shape of the trilayer samples, witkelay in the
decrease of exchange at low temperatures, cantifeuedd to the artificial increase of the
grain size. Indirect coupling stabilizes in tempera the smaller grains by increasing their
effective size. This effect can be better obsetheough Fig.5.19.

800

N

(PUCo)yiMn/iCo ~~ ()[(PdiCo)imnico ~ (©)
—=—5K —»— 200K
—e— 10K —— 250 K| 500

IrMn/Co ' ' (@

—4— 50 K —— 300 K
—v— 100 K—*— 350 K

4 5 6 7 8
IrMn thickness (nm) IrMn thickness (nm) IrMn thickness (nm)

Fig. 5.19 -Exchange bias as a function of IrMn thickness féierent selected temperatures for the three difiestacks
studied.

Fig.5.19 shows the evolution éfex with IrMn thickness for different measurement
temperatures, for the three cases. For the IrMiiGyer stack (Fig.5.19a) the maximum of
Hex markedly shifts from 3 to 8 nm as the temperaisiiacreased with significant variations
in He(tar). In contrast, in the trilayer cases (Fig.5.19Ml &ig.5.19c), theHex variation in
temperature remains in a smaller envelope, withllemeariations inHex values versus IrMn
thicknesses between 4 and 8 nm in the wide rangese$tigated temperatures.

This homogenized grain behaviour is also evideminfthe temperature dependence of the
coercive field in Fig.5.10d and the blocking tengtere distribution of Fig.5.14. Whereas in
IrMn/Co bilayer theHc peak is preceded by a large smooth increase itigdg (i.e. part of
the IrMn grains start switching at low temperatuithe Hc peak of the trilayer structures
appears much more pronounced and sharp. The ihdimMéo grain coupling tends to
homogenize the thermal behaviour of the grains.aA®sult, the transition from stable to
switchable grains happens more uniformly all ovee grain size distribution. From the
exchange bias point of view, the effective gragedilistribution in the trilayer structures for
thin IrMn thickness is sharper than the grain gigribution of the bilayer despite they
present comparable physical sizes. The same belavso observed in Fig.5.16. The
distribution of blocking temperature in the IrMn/®dayer is very broad extending all over
the range between low temperature and 400 K whehese of the trilayer stacks present a
clear peak between 250 and 400 K. By correlatimgdistribution of blocking temperature
with the IrMn grain size distribution, this confismthe homogenized behaviour of IrMn grains
by the indirect grain coupling through the perpentiirly magnetized (Pt/Co) or (Pd/Co)

multilayers.
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5.5 Interest of trilayer structures for technologial

applications

The possibility of increasing the blocking temparatin ultrathin AF layers and of
enhancing the exchange bias field is of techno@giaterest for TA-MRAM applications
[43], in particular for the retention and writingoperties of the storage layer (see Paragraph
2.2.3). In the range of temperature from 300 t0 KQ(interesting from the application point
of view), the investigated trilayer structures jgr@s together with largefle, a largetHeq/Hc
ratio compared to the corresponding bilayer. Froga5t5, for 4 nm IrMn thickness at 300 K,
He/Hc ratio is 1.6 for IrMn/Co bilayer, versus 13.6 abB for (Pt/CoyIrMn/Co and
(Pd/Co)/IrMn/Co trilayers. This ratio is an important giyalfactor for data retention and
writing reliability in TA-MRAM systems: a large ekange bias with low coercivity means a
hysteresis loop with both switching field far fromero field, avoiding intermediate state
issues during the writing or reading processes.tiieroimportant advantage of the trilayer
structures compared to the bilayer one is the sbafpige He(T) variation, concave (negative
curvature) instead of convex or almost linear foe bilayer stack. A concave variation is
more appropriate for TA-MRAM application since ieans that the memory retention is less
degraded on the whole operating range than in #se of a linear variation and that the
storage layer pinning energy sharply decreaselseawtiting temperature is approached. For
these reasons, this kind of trilayer structuremigxcellent candidate to improve storage layer
performances and reliability in TA-MRAM.

Moreover, these trilayer structures can be vergresting in magnetoresistive TMR
heads for hard disk drives since they may allonwicety the total thickness of the pinning
layer and thereby reduce the shield to shield sgaici the reader. This is particularly true in
(Pt/Co) or (Pd/Co) are used wherein strong outtaifigp anisotropy can be obtained with very
ultrathin (Pt(Pd)/Co) repeats [44].

5.5.1 Annealing effects on bilayer and trilayer thamal properties

In order to verify the applicability of the trilaystructures to MTJ based devices (TA-
MRAM systems or TMR heads), as-deposited stack® wented up to 613 K (340°C) for
90, typical annealing parameters used to optintiee MgO barrier texture in MTJ stacks
[45], as shown in Paragraph 2.2.1. This annealiag performed on the three structures for
the 4nm thick IrMn case. Fig.5.20 shows the hysisréoops at 300K after annealing,

compared with the equivalent samples annealed3ak4200°C) for 30'.
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Fig. 5.20 -Hysteresis loops at 300 K for the IrMn/Co (a), @f)/IrMn/Co (b) and (Pt/Co)/IrMn/Co (c) structures fonm
IrMn thickness in the two annealing process cases.

In the bilayer case (Fig.5.20a), an increase ofrabaéy is observed. It can be

explained by the longer annealing at higher tenipeza, which may induce Mn

interdiffusion of into Co layer, thus varying thenterfacial properties and material

ompositions. In the trilayer cases (Fig.5.20b Bigd5.20c¢), both stacks maintain a lakhg
also after the higher annealing process, compatalilee one obtained at 200°C. In presence

of (Pt/Co) and (Pd/Co) multilayers, the annealingcpss is responsible of diffusion of Pt and
Pd into Co layers. This mixing can lead to the alistson of the multilayer structure, creating

a CoPt or CoPd alloy, thus losing the perpendicoiagnetization properties [11]. For this
reason, Extraordinary Hall Effect measurements hbeen performed on the trilayer

structures to verify that the multilayers still peait a perpendicular magnetization.
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Fig. 5.21 -Out-of-plane hysteresis loops for the two trilagguctures in the two annealing process cases

As it can be observed from Fig.5.21, the magratperties of the (Pt/Cg)rMn,/Co
sample are maintained unchanged after the anneatirfggher temperature, whereas the

(Pd/Co)} one shows in increase in coercivity, but stillgenets a perpendicular magnetization
Thermal properties were then verified with the maxin blocking temperature

procedure, in the same range of temperatures asathples annealed at 200°C. The resulting

temperature dependences are plotted in Fig.5.22.
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Fig. 5.22 -Temperature dependencesHyf, andHc of bilayer and trilayer structures for the two ealing process cases.

Hex curves of the three stacks preserve comparabpeslafter annealing at higher
temperature. The increase ©f in the trilayer stacks compared to the IrMn/Ccaydr is
preserved, as the sharpness of kiiepeak close tdg and the largeHe/Hc ratios. From
Fig.5.19, the ratio at 300 K for the samples argeak 340°C is 0.6 for the bilayer case, 5.5
for (Pt/Co} trilayer and 4.3 for (Pd/Cejrilayer.

These results confirm that the two investigatethyer structures maintain their
enhanced properties also after annealing at highpeeature. For this reason, they are

valuable candidates to improve the data retentmahveriting reliability of TA-MRAM cells.

5.6 Conclusions of the chapter

This chapter showed a study on trilayer structemsposed by an IrMn layer coupled
from one side with a Co layer and on the other swtd (Pt/Co) or (Pd/Co) multilayers,
having the two F layers crossed-axis magnetic tatem. Trilayer structures were exchange
biased with an in-plane setting field and compavét IrMn/Co bilayers.

The proposed trilayer structure show a series pfavements compared to the bilayer
one. Firstly, the critical IrMn thicknegs is reduced, as well as the exchange peak \glue
the Hetirvn) curve. The maximum value of exchange obtained&dh trilayers is larger than
the one on the IrMn/Co stack. These enhancementsoat temperature go together with
improved thermal properties. In the thin IrMn range. where these enhancements take

place, an increase of the blocking temperaturdseived. In addition, the trilayer structures
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present a concave variationtdf(T) instead of the usual linear or convex behavidiseoved
in bilayer structures.

These properties have been discussed through algramodel of exchange bias.
Together with a variation of the IrMn lattice parster on the trilayer structures compared to
the bilayer one, which affects its anisotropy, #uglitional out-of-plane layer is responsible
for two effects. The first effect is an indirectagr coupling, which homogenized the
behaviour in temperature and stabilized otherwissnhally unstable grains. The second
effect is a canting effect of the IrMn spins fromeanterface to the other, which reduced the
IrMn/Co interface coupling thus reducing the IrMmrsreversal critical volume.

The presented trilayer structures show propertiasdre interesting for technological
application. The homogenized blocking temperatuistridution and the concavele(T)
variation make thensuitable for TA-MRAM application. They also offer mumber of
advantages in TMR heads in terms of total stackktiéss and stability of pinning at very
small dimensions. These properties are maintaingelr @an annealing at temperatures
compatible with the annealing required for properstallization of MgO based magnetic
tunnel junctions. For these reasons, (Pt@djn/Co and (Pd/CgjIrMn/Co trilayers are very
good candidates for technological applicationstasage layer in TA-MRAM systems and
pinning layer in TMR heads.

The presented study led to the publication of twiticlas, respectively on IEEE
Magnetic Letters [26] and Journal of Physics D: kgpPhysics [46].
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Chapter 6

Cu dusting at IrMn/Co Iinterface In
bilayer and trilayer structures

This chapter will present the study of the effexftthe insertion of a Cu ultrathin layer
at the IrMn/Co interface. In contrast to what itusually done in the literature, instead of
analysing the long-range effects of a thin integlayhe study is focused on the effects of a
few Angstrom thick interlayer on exchange biasdfigh order to observe if the reduced
interface coupling could have some beneficial esfeGhe study is performed on IrMn/Co
bilayers and on the (Pt(Pd)/Co)/IrMn/Co trilayemustures presented in the previous chapter.

A model based on the reduction of interface cogpknproposed.

6.1 Long range exchange bias: an open question

In 1997 Gokemeijeet al.[1] studied the exchange bias properties of NiB&Tayers
in presence of a noble metal spacer (Cu, Au and @gjte surprisingly, the loop shift was
maintained even in presence of a few nm thick spaicthe interface (see Fig. 6.1a). T
evolution as a function of the interlayer thickné#gd with an exponential decrease of the
interface coupling, whose decay was spacer depéntleis result was the first evidence that
exchange bias can be a long range interaction.

Since then, numerous experiments have been castiedo analyse the long range
effect of exchange coupling, with contradictory ules Thomaset al. [2] measured a
vanishing ofHex for 1nm thick spacers. Because of the reducedlayer thickness, they
asserted that exchange bias is not a long rangdicguand the loop shift persistence for few
Angstrom interlayer was due to pinholes. Waatcal. [3] measured a blocking temperature
decrease in FeMn/Cu/Co with increasing Cu thicknasd a non-monotonic bias dependence

of spacer thickness at low temperature. Yansvml. [4] confirmed theHex exponential
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decrease for Cr interlayer together with a coetgidrop, but no blocking temperature
dependence on the spacer thickness. Oscillatortyagge interaction for thick interlayer has

been reported for FeNi/Cu(Cr)/FeMn structures i avhen Cu is inserted in the FeMn layer

[6].

, Hg, (Oe)
b

H,

50 70

Spacer Layer Thickness (A)

Fig. 6.1 —Exchange bias curves as a function of interlayiekttess in [1] and [9].

All the cited articles are focused on the exchab@es properties in presence of a
(relatively) thick interlayer, in order to studyetdong range behaviour of exchange bias.
Nonetheless, some studies analysed the exchangeiaperties in presence of an ultrathin
interlayer ( < 1 nm), showing an enhancement ohtysteresis loop. Akt al.[7] measured it
for Pt and Cu ultrathin interlayers in IrMn/Co bdspin valve structures; Liet al.[8] for Pt
spacer in NiFe/FeMn layers. Whereas Pt may formrPalthe interface, the effect of Cu was
not clear, also because other studies [1,9,10] stiabias drop (see Fig. 6.1b). An ultrathin
Ta interlayer is sufficient to drop the exchangeping to zero [7,11]. By combining Pt and
Cu interlayer, it has been observed that excharagedould persist for an interlayer thickness
up to 6 nm [12]. Finally, atlex enhancement has been observed by doping the IdF&/C
interface with Mn [13,14].

In our study, a Cu interlayer at the IrMn/Co int&d has been inserted for thicknesses
ranging from 0.1 to 1 nm, in different conditioridain attention will be focused on the
ultrathin spacer regime, when the Cu layer is mbtcpntinuous but simply a dusting layer.

6.2 Cu interlayer in IrMn/Co bilayers

Cu interlayer effect was first studied on IrMn/Gtapers, for different buffering layer
thicknesses and IrMn thicknesses. In this chaptermicrostructural analysis, the effects on

exchange bias and on blocking temperature willdsedbed.
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6.2.1 Effects on exchange bias

The stacks considered were:slau/IrMn12/Cu/Cos/Pt, for a 2 and 12 nm thick Cu
buffer layer and T#Cuw/IrMn4/Cu/Cos/Pt; with a Cu interlayer thickness ranging from 0 to 1
nm. Thick IrMn layer was chosen to facilitate themstructural analysis by AFM, whereas
4nm IrMn layer was chosen to be compared with @t{®0)/IrMn/Co trilayer structures in
the exchange bias enhancement regime. All sampbes annealed at 200°C for 30’ under
2000 Oe applied in-plane field.

Fig.6.2 shows the evolution of exchange bias angfobaty as a function of Cu
interlayer thickness in the thick IrMn regime abmo temperature. Error bars on thexis
take into account the incertitude due to the opgmind closing of the shutter during the Cu
deposition. It can be observed how, for Cu intetapicknesses below 0.3 niey increases
up to 50%, with a maximum reached at 0.1 nm. Tégme of exchange bias enhancement
takes place for Cu thicknesses so low that theespzannot be considered yet a continuous
layer [7] (since a Cu monolayer is around 0.2 niokdh but simply a dusting layer. For this
reason, it will be defined as teisting regime

100

(a) & = TayCu,/iMn,,/Cu /Co, | (b) ~  —m TajCuyiMn,/Cu /Co,
200 / F,;:\ —®— Tay/Cu,,/IrMn_,/Cu,/Co | 1 —e— Ta,/Cu,,/ItMn_,/Cu /Coy |
1.// © | 754 -
1504 %/ \”P
_ w0} SN 1 ]
S - 125
~ 100+ 12 / AN
) O \ RO
T 1T e +\ T —
50- 254 T -
\@4_ i \+///
O T T T T T + O T T T T T T T T T T T
00 02 04 06 08 10 00 02 04 06 08 1.0

Cu interlayer thickness (nm) Cu interlayer thickness (nm)

Fig. 6.2 —Exchange biabl, (a) and coercivityc (b) as a function of Cu interlayer thickness fomh2 IrMn layer, for two
Cu buffer layer thicknesses (2 nm in square blackl#ghnm in round red).

Compared to the study of [9] shown in Fig.6.1b, ckhpresents a very similar stack
with 15nm thick IrMn layer, our samples includerther Cu interlayers (between 0 and 0.3
nm), allowing observing the exchange bias enhanoemehe dusting regime. Once the Cu
thickness is increased, exchange bias drops, gbasg to zero at 1nm thickness. No buffer
layer effect is observed, as well as no trend ercigity.

In Fig.6.3a, the exchange bias and coercivity i shown as a function of Cu
interlayer thickness for the 4 nm IrMn case, atmaemperatureey, follows the same trend,

with an enhancement in the dusting regime and p tréhe continuous regime. On the other
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hand, coercivity has a similar behaviour comparethe exchange bias, with an important

decrease in the continuous regime (see Fig.6.3b).
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Fig. 6.3 —(a) Exchange biasl., and coercivityHc as a function of Cu interlayer thickness for a 4thiok IrMn layer.
(b) Corresponding hysteresis loops for different @arayer thicknesses measured at room temperature.

Samples with thick IrMn layer were measured in disedeposited state, in order to
observe the influence of the Cu spacer on the I@dnihterface before pinning the F layer
through the annealing field cooling procedure. &:4).shows the hysteresis loops for three
different Cu interlayer thicknesses. For the cagh no interlayer and in the dusting regime
(Fig.6.4a and Fig.6.4b), the loops present thecilshape of biased IrMn/Co bilayers before
annealing: the AF domains, oppositely oriented,rinton the F layer during the deposition
[15]. On the other hand, in the continuous regiffig.6.4c, black squares) the loops become
more and more rectangular. In this continuous regittme measured loops become similar to
the loops measured on a single Co layeg/J@/Cos/Pt) (in red in Fig.6.4c), thus marking a

progressive decoupling between IrMn and Co layecabse of the increased Cu thickness.
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Fig. 6.4 —Hysteresis loops of as deposited samples for molayer (a), 0.3 nm (b) and 1 nm (c) Cu interlajyre(c) the
M(H) loop of a sample without IrMn layer is shown jpen red circles.
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6.2.2 Microstructural analysis

In order to understand the variation of exchange im presence of Cu interlayer, the
effect of the Cu insertion on the microstructurabpgerties of the AF layer has to be
investigated. Whereas its presence has no reasaffietd the IrMn crystallographic growth,
its effect on the grain size population and disttiign is not known and has to be investigated.
In order to do that, Atomic Force Microscope (AFlQans were taken on IrMn/Cu/Co
structures, for two extreme cases: no interlayerfamm thick Cu spacer. Measurements were
performed on samples with 12 nm thick IrMn, aftean@aling. The same technique used in
Chapters 4 and 5 has been followed for these measunts. Fig.6.5 shows the normalized
grain distribution after measuring over 200 grgies sample. It can be observed how, despite
the large thickness of the Cu interlayer the IrMerage grain size is not particularly affected

(10.1 £ 0.1 nm for 0 nm Cu, 10.5 £ 0.1 nm for 1 @m), neither is the distribution width.

«3:;‘"
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025+ ICu,/

Distribution
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o o o o
1 n 1 " 1 & 1

0.00 : -.
0 10
Graln diameter (nm)

Fig. 6.5 -Normalized grain distribution for IrMg/Cu,/Cos bilayers for x = 0 and 1 nm (on the left), witletAFM scan for
the Cy sample (on the right).

It results that the presence of a thin Cu layéhatrMn/Co interface has minor effects
on the grain size population in the AF layer. Tit@sult is coherent with the one published in
[16], where the distribution of sputtered IrMn grsiin presence of different Cu impurity

percentages appeared unchanged.

6.2.3 Effects on blocking temperature

As for the exchange enhancement of Chapter 5s iinteresting to observe the
consequences of théde, variation at room temperature on the thermal Btabat higher
temperature, in particular on the blocking tempegat Moreover, this is a controversial
subject in the long range exchange bias domainraevbecillations in temperature di

variations in presence of a spacer have been dxerv

Pagel37



Chapter 6 Cu dusting at IrMn/Co inteface in bilayer and trilayer structures

Samples were measured in temperature with the mami blocking temperature
procedure, as already described in Paragraph b.@ade of samples with 12 nm thick IrMn
layer, because of their higher blocking temperatompared to thinner IrMn layers, we
expected values ofg too high to be measured by the VSM used in Chaptefrhus,
measurements were performed with an ADE VSM, whatlbwed reaching a maximum
temperature of around 250°C under an Ar gas flowarting from a room temperature
measurement. Fig.6.6 shows the evolution of exohangs and coercivity as function of
temperature for the BECWw/IrMn1,/Cu/Cos/Pt series, for different Cu interlayer thicknesses.
It can be observed how, in the dusting regime & 4&nm), the exchange bias decrease in
temperature follows a slope similar to the one gme$or the case with no spacer. The larger
exchange bias at room temperature gives thus aeased blocking temperature increases. It
can be observed quite clearly from Fig.6.6b, wtibeacoercivity peak for the samples with
Cu dusting is shifted at higher temperatures, fog @ariation of about 50°C.
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_(a). —m—/[Cuy/ | (b) ]
e
200{ A /Clo.a! 1 180
] \A{I}x\ A [Cug o |
v A —w—ICuy, o/
~ 1504 g 0.3 ] | 160 _
[} ~ ICuq 4 ()
o 2 . 11 O
~ \' \ /CUO.G/ ~
=100+ B - 140 o

Im - P [Cuqy g/ T

] ) 4 —e—/Cu,/ 1]

\ 1
504, \ ] 17 120
i > | g > N\ i
0 ‘”‘77""”""77777>':;; — 0
25 50 75 100 125 150 175 200 225 250 25 50 75 100 125 150 175 200 225 250
Temperature (°C) Temperature (°C)
Fig. 6.6 —Exchange bias (a) and coercivity (b) evolution &snation of temperature for IrMgCu,/Cos bilayers at high
temperature.

On the other hand, when the continuous regimeashed (x > 0.4 nm), thidex decrease in
temperature is much smoother. As a consequencgitelése lowerH at room temperature,
theTg in this range is close to the one of the case matmterlayer.

When considering the temperature range from 0K, this tendency is confirmed
in the whole curve. From Fig.6.7 it appears thatha dusting range they decrease in
temperature follows the same slope of the simplaybr case, whereas in the continuous
regime a slow reduction of exchange bias takesepBecause of the large valuesTgf this
temperature range is not large enough to obsermectlercivity peak, which would help

determining the maximum blocking temperature.
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Fig. 6.7 —Exchange bias (a) and coercivity (b) evolution &snation of temperature for IrMaCu,/Cos bilayers.

In the case of thin (4 nm) IrMn this behaviourtémperature for the dusting regime
appears less clearly. By considering a full ranfjeemperatures from 5 to 400 K, it can be
observed from Fig.6.8a that in the Cu dusting regitheHex enhancement compared to the
simple bilayer case decreases constantly with testyre instead of remaining quite constant
like in the thick IrMn case of Fig.6.7a.
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Fig. 6.8 —Exchange bias (a) and coercivity (b) evolution &snation of temperature for IrMfCu,/Cos bilayers. In (a) the
inset shows thél., evolution close tdg.

The inset of Fig.6.8a shows how the exchange liasali thicknesses tends to
converge to zero at similar temperatures; this Webais confirmed by the coercivity curves
in temperature of Fig.6.8b.

In order to understand better the differences atkihg temperature in the thick IrMn
case, some samples were annealed at 200°C for ibS@ad of the usual 30’. The aim of a
longer annealing is to favour the interface couploetween IrMn and Co spins, despite the
presence of the Cu interlayer. As it can be notitech Fig.6.9, the longer annealing has no
effect for the thinnest Cu interlayer, whereashlueking temperature is increased for thicker

spacers. Fig.6.9b shows the case correspondinget0.8 nm thick Cu interlayer, withTg
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shift of around 30°C. Similar behaviour is obseryed thicker Cu interlayers. The longer
annealing process has thus stabilized the intexdaopling also in presence of a continuous
Cu interlayer. Concerning the discrepancy of thérpehaviour between the bilayers with 4
and 12 nm of IrMn layer thickness, it has to bearhded that the blocking temperature for
the 12 nm case often overpasses the annealing tetape In those range of temperatures it
becomes difficult to evaluate the contribution he £xchange due to the coupling set during

the annealing process. The origin of the incredgedith a Cu dusting layer remains thus

unclear.
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Fig. 6.9 —Exchange bias dependence on temperature for,fg/Cos bilayers, for 0.1 nm (a) and 0.3 nm (b) Cu
thicknesses after 30’ (full squares) and 150’ (ogiecies) long annealing at 200°C.

6.3 Cu interlayer in (Pt(Pd)/Co)/IrMn/Co trilayers

Due to the positive impact of the Cu dusting layeHex andTg, we wanted to verify
if the same beneficial effects could be obtainesb ah the case of the (Pt(Pd)/Co)/IrMn/Co
trilayer structure, in order to couple the increas@xchange bias given by the Cu dusting
layer with the positive effects given by the admh&l coupling with the perpendicular
multilayer.
6.3.1 Effects on exchange bias

Cu dusting was thus inserted into the trilayer dtimes presented in Chapter 5. The
corresponding stacks were (thicknesses in nm):
Tag/(Pt, d Cy 6)3/IrMn4/Cu/Cos/Pt, and Ta/(Pd, g Cay 6)3/IrMn4/Cu/Cos/Pt,, with X ranging
from 0 to 1 nm.
After an in-plane applied field annealing at 20G%€ 30’ with an in-plane cooling field of
2000 Oe, the VSM measurement of hysteresis loopecah temperature gave the,(tcy)
curve shown in Fig.6.10. In the figure, these carae compared with the corresponding ones
obtained for the bilayer stacks.
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Fig. 6.10 -Exchange bias (a) and coercivity (b) evolution &snation of the Cu interlayer thickness.

If the maximum value of exchange for the trilayrcks with Cu interlayer (i.e. for a
Cu layer thickness of 0.1 nm) is compared to tHeevaf the initial IrMn/Co bilayer stack, the
Hex value has been increased of three times withcangihg the thickness of either the F or
the AF layers. When a thin Cu interlayer (below i3 thick Cu, i.e. in the dusting regime) is
added at the IrMn/Co interface, the exchange maseases for all the three stacks: the effect
is then confirmed also in the trilayer structurer Fhicker Cu spaceklex decreases down to
vanishing for a 1 nm thick Cu interlayer. Concegnihe coercivity, trilayer structures present
reducedHc compared to the bilayer case in absence of Culagtr. In the Cu dusting and
continuous regime, no particular trend Hiy is observed, in contrast to the bilayer case.

Fig.6.11 shows the corresponding hysteresis loopsramm temperature for the

Tag/(Pt.d Cy 6)3/IrMn4/Cu/Cos/Pt, series.
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Fig. 6.11 —Hysteresis loops of B4Pt; Cay ¢)3/IrMn/Cu/Cos/Pt, series at room temperature for different Cu inyenla
thicknesses.

For the trilayer systems, because of the identidéh grain population compared to
equivalent bilayer systems, it can be assumed #sator the bilayer case shown in Fig.6.5,
the presence of Cu at the IrMn/Co interface dogsafiect the micromagnetic structure of the
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AF layer. So, also for the trilayer series, thelatson of Hex in the dusting regime cannot be

due to a variation of the IrMn grain distribution.

6.3.2 Effects on blocking temperature

The exchange bias properties of the/{R g Caye)3s/IrMn4/Cu/Cos/Pt, series were
then analysed as a function of temperature. Fig.hbws the evolution of the corresponding
exchange bias and coercivity values as functiorteafperature. Théde(T) behaviour is
similar to the one observed for the correspondiilgyer case of Fig.6.8: the exchange
enhancement in the dusting regime is importanbwattemperatures, and tends to disappear
when approaching the blocking temperature, asiitbeaseen in the inset of Fig.6.12a. This is
confirmed by the coercivity curve shown in Fig.@12ven if the coercivity peaks cannot be

observed because of the hitl) they start appearing at similar temperaturesfiasamples.
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Fig. 6.12 —-Exchange bias (a) and coercivity (b) evolution &asnation of temperature for
Tag/(Pt; Cay.¢)3/IrMn/Cu,/Cos/Pt, trilayers. In (a) the inset shows tHg, evolution close tdg.

One final important remark is that, in the dustmegime, theHe(T) curve maintains its
concave shape, as in the case with no Cu interl&gereported in the previous Chapter, this
characteristic in temperature is one of the keyaathges of the trilayer structures,
particularly interesting for technological applicais. The fact that the same shape is
maintained in presence of the Cu dusting layer nthkeimplemented stack suitable for
applications. The effect is much less pronounceth@é continuous regime, where the low
loop shift makes the concave shape less notable.

When comparing trilayer and bilayer structurese tlolocking temperature
enhancement is confirmed for all Cu interlayer khigsses. This means that the stabilizing
effect of the out-of-plane layer is not affected thg reduced interface coupling due to the

presence of the Cu spacer at the IrMn/Co interface.
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6.4 Discussion

This paragraph will focus on the Cu interlayer thgstregime, analysing different
hypothesis on the origin of the exchange bias asgecompared to the IrMn/Co interface
case.

Firstly, one of the reasons of the good exchanggpesties in presence of a Cu
interlayer is relatively its good crystallograplpimperties. As shown in Chapter 4, Cu, IrMn
and Co all present a (111) fcc structure. The @icéaparameter is in between those of IrMn
and Co (Fig.4.23), thus it is a good buffer laylsodor Co, whose crystalline growth is not
affected by the additional layer. This would not the case for example for Ta, whose
amorphous structure does not allow the followingeta to correctly grow (Fig.4.24). Indeed,
in case of Ta interlayer the exchange bias drogsdtically to zero [7,11].

Together with its crystallographic properties, Qiisaas a diffusion barrier for Mn
between IrMn and Co. Despite the complexity of ufobn barrier phenomena [17], some
considerations can still be done. Mn and Co arklfigniscible [18]: indeed intermixing takes
place already during deposition and worsens afteealing [19]. A reduction of the diffusion
has shown to increase the exchange bias propertiperpendicular structures; this was done
by adding a thin Pt layer at the (Pt/Co)/IrMn ifidee [19,20]. It can be assumed that a similar
benefit can happen in this case, with Cu actingpasier diffusion interlayer for IrMn/Co
in-plane structures. Concerning Co and Cu, they amost immiscible [22], thus no
additional diffusion of Cu into Co has to be taketo account. On the other hand, Cu and Mn
are miscible [23], and the possibility of creatilityin,«Cu diluted structures has already
been studied in the literature [16,24]. Howevereduction ofHex was observed in case of
diluted structures deposited by sputtering [16htrily to the case of samples deposited by
molecular beam epitaxy [24], where exchange biasased on diluted structures. It has to be
underlined, anyway, that in the epitaxial samples drain size was way larger than the one
present in sputtered systems, and the diluted ssmpksented smaller grains compared to
the reference sample. The difference between tlesiystems (sputtered [16] and epitaxial
[24]) has been modelled in [25,26]. Returning omtsed systems, the study of ref.[7]
addressed systems containing an interlayer witmenAF layer at a varying distangegrom
the F/AF interface. If the interlayers (Cu, Ta,adPtd Au) were deposited few Angstroms far
from the F/AF interface, exchange bias presentédop compared to the value obtained if
they were deposited at the interface. For thessorsa we can assume that the Cu-Mn
intermixing and diffusion in the Cu dusting regitaées place close to the interface, giving a
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very low IrMm4Cu dilution rate in the whole IrMn thickness. Finallit has to be
remembered that the formation of Cu and Mn clusétrghe interface can create, for Mn
percentages over 80%, a different AF phase, hazinguch lower Néel temperature, below
300 K [27].

Another possible explanation can be taken from ghenular model presented in
Chapter 1 and applied for the trilayer systems aer 5. The presence of a dusting non-
magnetic layer at the F/AF interface locally reduttee interface coupling between IrMn and
Co, thus reducing the critical volumé: in a manner similar to the canting effect, as
schematized in Fig.6.13. In the case of the trilastaucture, the coexistence of spin canting
and reduced interface coupling would both contebiat stabilize the AF grains during the
magnetization reversal.
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Fig. 6.13 —-On the left, sketch of the interface coupling iegemce of a non-magnetic dusting layer at thefager Dusted
curve arrows mark reduced interface coupling. @nritpht, the granular model with Eqg.1.26.

The possibility of increasing the exchange in pneseof a non continuous layer at the
interface has been observed and simulated for Ni@WA structures [27], where the stability
condition Kag tap >> Jex Of the Meiklejohn model (see Paragraph 1.2.1)uissstuted by
Kar tar >> Jex (1 - Suste), With Suuster defined as the fraction of the interface covergdib
cluster (which correspond to the orange Cu receangt the F/AF interface in Fig.6.13). A
similar model can be used in this case. When thé&a@ar is further increased so that the Cu
layer becomes continuous the interface couplingsstiecreasing. In this case, the reduced
local interfacial coupling yields a reduction oktloop shift. This is due to the fact that the
interfacial coupling gets so small that the AF lajpecomes less efficient in pinning the F
layer during magnetization reversal.

Finally, another possible effect is a reductionirderfacial frustration of the IrMn

spins due to the presence of Cu clusters. As destidy Malozemoff [28], the interfacial
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roughness between F and AF spins may lead to maginestration, as schematized by

Fig.6.14a.
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Fig. 6.14 (a) Example of a F/AF bilayer with rough interfa@é&e red crosses mark the magnetic frustrationgabemps,
steps and holes. (b) The same rough F/AF intesaitenon-continuous nF interlayer, which removegiply the
frustrations. (c) F/AF interface with continuous inkEerlayer. The resulting total coupling is reddicempared to case (a).

This frustration not only affects the value of eabe bias, but also has consequences
on coercivity [29] and on the asymmetry of the bByssis loop [30]. Maximum magnetic
frustration is likely to occur at the interfacepgeWhen the Cu particules are deposited on the
IrMn layer, they diffuse on the terrace of the rowsyirface and stick at steps and in the holes,
i.e. at zones of maximum magnetic frustration. V@e even imagine that the removal of the
magnetic frustration can be a driving force in dliffusion of the Cu atoms and that the latter
get stabilized wherever the gain in magnetic eneggociated with the frustration removal
would be the largest. This reduction of interfadraltration would have positive effects on
the effective coupling between F and AF (see Figl). Once the Cu layer becomes
continuous, the positive effect of reduced frustrats overpassed by the reduced coupling all

along the interface, thus causing the drop of exgbdias (see Fig.6.14c).

6.5 Conclusions of the chapter

The present chapter has been focused on the exlaag) properties in presence of
an ultrathin non-magnetic spacer, nominally a Gedavhose thickness ranges from 0.1 to
1nm.

In presence of a non-continuous interfacial laggchange biased samples showed an
increase of exchange bias compared to the origimafiguration. This behaviour has been
observed independently on the buffer layer thickaesand IrMn thicknesses for the IrMn/Co
bilayer structure and confirmed also on the tritasteuctures (Rtg/Coy 6)s/IrMn4/Cu/Cos and
(PdLgCay.e)3/IrMNn4/Cu/Cos. The combination of trilayer system and Cu dustagr led to
an exchange bias valubree times larger than the one present in the original IrMn/Co

bilayer.
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In case of thicker Cu layetc{, > 0.3 nm), i.e. in presence of a continuous lagér,
structures showed a sharp decrease of exchangey glmse to zero of 1 nm of Cu spacer,
coherently with the results present in the literatu

Concerning the behaviour in temperature, wherelydis with 12 nm thick IrMn
showed a variation ofg in presence of Cu dusting layer, bilayers anéyeats with 4 nm
IrMn layer did not show any changeTs. This difference may be attributed to the highof
the 12 nm IrMn case, which approaches the annedkngperature thus affecting the
evaluation of th itself.

The increase 0Oy in the Cu dusting regime has been then discusgezbimparing
the measurements with the different analysis pregos the literature. Despite the
complexity of the interfacial interactions and tia@ge of different parameters playing a role
in the quality of the coupling, some hypothesesehbeen proposed. Cu acts as a good
interlayer because of its crystallographic charsties, compatible with the ones of Co and
IrMn. It is also a good barrier against diffusiagparating Mn and Co (highly miscible)
without mixing with Co. The creation of CuMn intestimg may create diluted IrMnCuy
structures, but in the dusting regime the effechanly interfacial thus no real diluted system
is created. Finally, by using the granular modetady described in Chapter 1 and used in
Chapter 5, a reduction of the interfacial couplimgroposed. The reducdg at the interface
stabilizes AF grains which otherwise would only trdoute to the coercivity of the loop; the
larger number of stabilized grains thus enhancesvilue of exchange bias field. Another
possible effect responsible of the increased exgddmas on the Cu dusting regime is
attributed to a reduction of the interfacial frasiton due to Cu particles on bumps and holes
at the interface.

This study has been presented at MMM 2013.
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Conclusions and perspectives

The PhD thesis presented along these pages was idothe framework of a
collaboration between Spintec laboratory and Crobeshnology, start-up which develops
TA-MRAM. As shown in Chapter 3, this kind of MRAM emory uses exchange bias
properties in both reference and storage layerttismreason, the main objective of the thesis
was tounderstand the working principles of exchange bipatterned systems and tailor the
exchange bias thermal properties, key aspects fatiroizing a full TA-MRAM stack

Two main aspects were studied: fir8f),(the scalability and variability of exchange
bias field among identical patterned dotnd secondR) the improvement of exchange bias
properties in temperature through innovative matariimprovements (trilayer system for
reinforced grain coupling and dusting layer at thaterface. Both of this type of studies had
the aim of providing indications for improving ratility, data retention and writability of the
exchange biased storage layer in TA-MRAM stacks.

The choice of taking into account simple F/AF bdesywithout a full MTJ stack was
done with this purpose: isolating the exchange prenomenon in order to better observe its
behaviour under particular conditions. Exchange ptaenomena were analysed on a granular
model, which has shown to correctly describeHbgfeatures on sputtered systems.

(A)

First, we have shown that the variabilitytef, on arrays of IrMn/Co exchange biased
square dots was performed in collaboration withfed#nt partners in Grenoble: PTA
cleanroom for the process steps, L_Sim laboratoryife atomistic simulations and focused
Kerr measurements in Institut Néel of CNRS, andcibiaboration with Crocus Technology.
Different lateral sizes, ranging from 200 down @ rim, were patterned on three different
series of samples, each varying one different layekness according to the kind of study
taken into account.

The first one consisted on IrMn/Co square dots wliiferent Co thicknesses. The
variation of the F thickness led, because of thep=tition between dipolar and exchange

energies, to the observation of two different medras of magnetization reversal. In the thin
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F regime, dots showed on MFM measurements undeituinapplied field a coherent
magnetization reversal; in the thick F regime, dgassed through a multidomain
configuration, whose spin configuration was deteedi by atomistic simulationsThe
presence of two different micromagnetic regimes hadportant consequences on the
exchange bias variabilityDots in the multidomain regime showed a largethexge energy
variability compared to those in the single domaegime. This increase in variability
becomes even more important if the lateral sizeeduced. The origin of this increased
variability has been analysed by atomistic simafai Dots in the thick F regime showed
instability of the AF grains at the borders, dudhe dipolar interaction with the F spins and
to the earlier torque exerted by the F spins aarence. The results of the study showed how
the formation of multidomain configurations in thd- layer has detrimental effects on the
exchange variability, due to an increasing instabyl of the AF grains in the borderskFor
this reason, the F layer in the storage layer bdsetsufficiently thin to avoid multidomain
states.

The second study on patterned systems concerneckfteets of microstructural
properties of the IrMn layer on exchange bias \mlitgt, in a coherent reversal regime. IrMn
grain size distribution was varied by considerinffedent thicknesses of buffer layer and
IrMn layer. We observed an increase of grain awerage and distribution width with
increasing buffer and IrMn thicknesses. When pattgy samples showed similar trends to the
ones of the full sheet samples and no scalabitigcts concerning the average exchange bias
values. Regarding exchange variability, on the ro¢igke, two main effects were observEsh
one side, reducing dot lateral size led to an irmse of exchange variability. This was
attributed to IrMn grain cutting at the dot edgesyhich increases the instability of part of
the dots present on the dot. Secondly, variabilitgreased with increasing grain dot size
and distribution width. This was attributed to thfact that on dots with lateral sizes below
200 nm the number of grains per dot is not suffinity large to cover the whole grain
population. Thus, in case of widely distributed grain sizé® IrMn grain composition may
vary a lot from one dot to another one, leadingrioncrease of exchange bias variability.

The focussed Kerr measurements on patterned dimweal having a qualitative
evaluation of exchange bias variability. The stughowed that both micromagnetic and
microstructural properties have consequences orhagge variability. For applicative
purposes, in order to reduce instabilities and iease dots magnetic properties
reproducibility and reliability, multidomain configrations have to be avoided and grain

size distribution has to be homogenized in order teduce the variability of grain
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population from dot to dotAnother possibility for reducing exchange varidypils the use of
synthetic antiferromagnets instead of simple F rfay&he reduced dipolar field would
stabilize the magnetization state at remanenceratdce the detrimental dipolar coupling
with the AF layer, which showed to induce an inseeaof grain instability during

magnetization reversal.

(B)

The second part of the thesis was focused on tindy of thermal properties of
exchange bias systems, another central aspece afdiking principle of TA-MRAM. First,
the introduction of a secondary F layer with out-glane magnetization, coupled with the
IrMn/Co bilayer, led to a series of improvements ekchange bias properties in a wide
range of temperatures(Pt/Co) and (Pd/Co) multilayers were selected Far &dditional F
layer. The obtained trilayer structures showerkduction of the IrMn critical thickness,
together with shift toward thinner thickness valuesf the exchange bias peak, which
resulted larger to the one present in the originaMn/Co bilayer. Samples in the range of
IrMn thicknesses where (Pt(Pd)/Co)/IrMn/Co trilaygtructures showed enhanced exchange
bias properties confirmed their improvements atstemperaturéVhereas bilayer structures
showed a linear, convex §T) dependence, trilayers showed a concave curvatand, for
IrMn thicknesses below 5 nm, an increase of the ¢king temperatureThis combination of
results was explained through a granular model xah@nge bias. The presence of the
additional F layer with out-of-plane magnetizatisnresponsible of two effects. Firstly, an
indirect IrMn grain coupling during the whole hyssis loop, which creates a uniformed
effective grain size more stable in temperature @andmore homogeneous blocking
temperature distribution. Secondly, a canting ef ttMn spins through its thickness because
of the propagation of the out-of-plane couplinghet opposite interface of the IrMn/Co one
with the (Pt(Pd)/Co)/IrMn one. This canting induaeseduction of the interface coupling,
thus stabilizing grains which otherwise would haweatributed to the coercivity. The systems
of F/AF coupled spins used for atomistic simulasion the scalability and variability study
can be further enriched with the introduction o therpendicular F layer of the trilayer
structure. This would allow verifying the cantingdaindirect coupling effects through a
Heisenberg spin model, continuing the study donbilayer systems.

The combination of these two effects leads to tla¢reffects which are of great interest for
implementation on TA-MRAM systems, specifically thre storage layer, specifically because

the benevolent effect of the additional layer isintened after an annealing process
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equivalent to those used on MTJ stackbe concave curvature of the §&T) curves
guarantee a good reliability on a large T range atige exchange drop close tasTs ideal
for a good writing process, being the whole curvegumore suitable than the linear one of
the initial bilayer stack. These thermal propertiese moreover good for application in
TMR heads, giving advantages terms of total stagkckness and stability of pinning at very
small dimensions.

Finally, exchange bias properties were further mapd with the introduction of a
dusting layer of Cu at the IrMn/Co interface. Iectfadespite exchange coupling is mainly an
interface phenomenon, the coupling is maintainecprieésence of an ultrathin Cu layer.
Exchange bias field showed an increase at room @mtye if the Cu interlayer had a
thickness value lower than 3 nm, i.e. it was ndtgeontinuous layer but a “dusting” one.
Also in this case it can be foreseen a seriesmitilsitions with rough F/AF interface and a
non-magnetic dusting layer at the interface, alyeddveloped in the past by L_Sim for
similar systems. Thislex enhancement was confirmed for different bufferetathicknesses
and IrMn thicknesses, which means it is independerthe IrMn microstructural properties,
and also for the trilayer structuréghe combination of trilayer stack and Cu dustingyer,
for 4 nm IrMn layer, led to 300% enhancement of dnange bias field at room temperature.
Both bilayer and trilayer samples confirmed th&héviour in temperature. This means that
(Pt(Pd)/Co)/IrMn/Cu/Co stack with optimized IrMn ah Cu thicknesses is an exchange
biased stack with maximised exchange biased valugocam temperature and a concave
thermal dependence, two characteristics that maigngficative improvements from the
initial IrMn/Co bilayer, with characteristics that are ideal for implementation on

technological applications.
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Appendix |

Macrospin model in Mi_Magnet
simulations

As presented in Paragraph 3.3, atomistic simulativere performed by grouping
single spins into macrospins to achieve systemssimenparable to those of experimental
patterned dots and for calculation speed purpoBes.ferromagnetic (F) macrospins were
formed by 8x8x8Xxyxz) spins, whereas, to preserve the alternating @iiems along of
the AF layers, the antiferromagnetic (AF) macrospirere formed by 8x8x1 spins. The use
of such cells implies a renormalization of the metgninteractions from the simple single

spin interaction of Eq.3.7 here reproduced:
82
Ecouping = J 8 15, = J 88,0089 [ J 5152(1‘7J (1)

whereJ is the nominal spin coupling. The passage fromsthgle spin representation to the

macrospin one is shown in Fig.l.1 in a 2D represstant.

1,0
I R
single spin case macrospin case

Fig. 1.1 —Series of couplingd and coupling angle®for the single spin case (left) and resultingriattion after macrospin
grouping (right).

The model considers a homogeneous rotation ofgims snside the macrospin, which
means that the angle variati@ninside the macrospins is the same for all the geduspins. It

is a linear approximation, which allowed linearzithe cosine. As a result, once spins are
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grouped into macrospins, the resulting coupliggand coupling angléy between the two
macrospins has to take into account the angle timigf, andéd, inside the macrospins, and
the interfacial anglé,, with their respective coupling, J, andJ,.
The F/AF structures studied during the thesis dersihree different macrospin—macrospin
interactions, and this for each directiqry, orz
- Coupling between macrospins of the same materiabr(lAF) in the same grain
(§5=9,0=0,,0=%=7)
- Coupling between AF macrospins at the grain bouesdl =Jar or J, = 0)
- Coupling between F and AF macrospins at the F/AErface § # S, 01 # 0>,
Nz-F # Nz-AF)
In the two first cases, where the cell sizes aentidal, the macrospicoupling energy

formula should be of the form (equivalent to Eq.i8.&hapter 3):

EMacrospin = 'JM S1 |:52 = ‘JM S1SZCOSQM = 'JM (n xn ynz )2 SJ.SZ COSHM u
2 2)
2, ss{1-%

where the modul§ of the macrospinis nynyn,.
Because of the regrouping, this energy interadietmeen two macrospins will be equalized
to the energy between equivalent successive sgpgtetotal energy (independently for each

axis) in order to get the couplidg:

c+ EMacrospin = E(ot (3)

singlespin

where the constautis an energy term, which is independent of the spientation.

Al.1 Coupling between macrospins of the same matexi

In this first simple cas& =S = S with 6, = 6, = 0 in all three axis. This means that
the angle variation inside each macrospin is thmesér both macrospins. Considering a
linear variation of the angle of rotation insidee timnacrospin, the relation between the
macrospin angléy and the single spin anghe along thex-axis is:

g, =% (4)
n

whereny is the number of spins per macrospin alongxthgis.
If we consider the-axis, the equivalent total single spin energyaBreed as:

2 2
Essx =JN,n 0, si3=Jnnn,s’cosd 0JInnn, s{l—%) =Jnnpn, s{l—%g—“gj (5)
nX
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Equalizing Eqg.5 with Eg.2 through Eq.3 we obtain:

226 _ 16,
Ju (n,nyn,) 527 =Jnn,n, szzn—xz (6)
so thatJ,, , = 3‘] :
Toonngn,
The corrective term, can be calculated as:
c +Jy (nxnynz)zs2 =Jnnn, s’ (7)
1
so thatc, =nnn, s°J|1-= |.
nX
. . . - . _J
The same type of calculations is valid for thandz axes, giving respectively, , =———
7onnin
X'y 'z
. . . 1
andJ,, , = 3. With the corresponding corrective terngg =n,n.n, §J 1_F and
X'y 'z y
c,=nnhn, s’J (1—n—12j.

This configuration is present for F-F coupling ahlB-AF coupling along the three axes. In
the case of AF-AF intergrain coupling and if the éfains are considered uncoupled, then the

macrospins at the boundary halye 0 (see Fig.l.1), i.e. they are not interacting.

Al.2 Coupling at the F/AF interface

A particular case, due to the different numbermhs along the-axis for the AF and
F cells, is the coupling at the F/AF interfaceohder to maintain the AF spin ordering along
z, the system presemntgar= 1 whereas, = 8.
The passage from single spins to macrospins canespto the schematic shown in Fig.l.2.

; F | AF | AF | | ?’V"e_"if\AFiAFg

e [ /; A i LERE

B L8 | I
single spin case macrospin case

Fig. 1.2 —Case of F/AF coupling along tlzeaxis in the single spin case (left) and macrospse (right).

Pagel57



Appendix | Cell model in Mi_Magnet simations

Because of the different number of atoms alongzb&is of the two macrospingy is

defined as:
6, = (”Z;_l)eﬁa ®)
The total single spin energy along thaxis results:
Ees, 0J; (nZ'FZ_l)nynZ,F sf[l—%lzjhlznynLF stAF(l—%ZZj 9)

By solving FEss _ 0 we obtain:
96,

=2 g, (10)
n.-1
Shtse 5
2
Substituting Eq.16 into Eq.15, the equivalent tetagle spin energy is defined as:

2

n,--1 2
ESSZ = Jl ( Z’F2 )nynz,F SF2 1- Sar ;]]2 1 87'\/' +
Se J; Sy Z’FZ Jz
) (12)
s J; O
+INN, e §S,e|1- Y
’ nz,F -1 2
Se J; Sy T J5
Solving Eq.3 with Eq.17, the following value df, ._,. ,is obtained:
n.-1
Z’FZ S Sar ‘Jl‘]zz + Sé ‘]12‘]2
J M,F-AF.z — 2 (12)
n,e -1
r]><nynz,F|:SF ‘]l + Sar T ‘]2:|
with a corrective term:
n,e—
Cz :SI§ - nynz‘]1+nynz,F s:SAF‘JZ _naniris:SAF‘]M,x (13)
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Scalabilite et amélioration des
propriétés de couplage d’échange
pour TA-MRAM

All.1 Introduction

Le magnétisme est un phénomene physique fascitéerii pour la premiere fois par
Wang Xu dans le quatrieme siécle av. J-C dansltareuChinoise et par Pline le Vieux en 77
apr. J-C. dans la culture occidentale. Les deuxumients décrivent la capacité de la
magnétite a attirer le fer. La premiére applicatimechnologique” date de 3000 ans, en Chine,
ou la magnétite était utilisée dans les arts divinas. L'application dans le domaine navale
commence entre le IX et le XI siécle en Chine,last reporté pour la premiére fois en
Europe en 1187 par Alexander Neckam. Il s’agit d'aguille de magnétite flottant dans un
bol d’eau; elle agit comme une boussole qui porets les péles magnétiques terrestres.

Les premiéres descriptions des propriétés magresidiattraction et répulsion étaient
plus métaphysiques que physiques, autant dans ltarecwchinoise que dans la culture
grecque. Avec la diffusion des boussoles magné&iglens les bateaux commerciaux et
militaires, I'étude des propriétés physiques daslieg magnétiques devint fondamental pour
améliorer la qualité des voies de navigation. Lenper rapport scientifique sur les propriétés
magnétiques fut écrit par Pierre le Pelerin de ttanit en 1269 dansHpistola de magnetet
il marqua le point de rupture avec les descriptiodsaphysiques et superstitieuses d’avant,
en préférant une attitude plus scientifiqgue. JumgWXXIXe siécle, toutes les descriptions des
phénomenes magnétiques étaient basées sur I'obearda comportement de 'aguille de

magnétite par rapport aux pbéles magnétiques tezgest
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Jusqu’aux équations de Maxwell, les principes dwmdtisme tels que nous les
connaissons aujourd’hui, resterent inconnus mdkgrdiffusion d’'instruments magnétiques.
Avec la description atomistique des phénomenesrelataommence la vision moderne des
effets magnétiques. Pendant le dernier siéclejd&ties propriétés magnétiques a toujours vu
une forte liaison entre I'étude théorique et I'apgiion technologique. Des études de Louis
Néel sur les propriétés physiques de la matierelesée, en particulier sur les matériaux
antiferromagnétique, jusqu’a la découverte degsffeagnétoreésistifs et leur application dans
le stockage et I'enregistrement de données, I'étiede propriétés magnétiques a vu une forte
évolution pendant le siécle dernier.

Le laboratoire Spintec et Crocus Technology regrtesit a Grenoble un excellent
exemple de coexistence entre étude fondamentalepéitation technologique basées sur les
matériaux magnétiques. Crée en 2006 comme staxtpaptir de Spintec, Crocus Technology
développe des mémoires a acces direct magnétijmes @olatiles thermiquement assistées
(TA-MRAM, de I'anglais Thermally Assisted — MagnetRandom Access Memory). Il s’agit
d’'une évolution des MRAM de premiére générationtréms sur le marché en 2006 avec
Freescale Semiconductor. Le lien entre Crocus Taohg et Spintec est toujours étroit a
travers un programme de collaboration dans le doendé recherche et développement. L'un
d’entre eux est la thése Cifre, une these de daictmblée sur une étude applicative des
phénomenes physiques.

C’est dans cet esprit que I'étude présenté dameagmiscrit a été menée pendant les
trois années de these. Le mécanisme de fonctiomiedee TA-MRAM est basé sur les
propriétés de couplage d’échange dans les couchesf@ence et de stockage. Le couplage
d’échange est un phénomene découvert en 1956 phlielMan et Bean; il décrit le décalage
du cycle d’hystérésis due au couplage d’interfatteeeune couche ferromagnétique et une
couche antiferromagnétique. Comme pour l'aguille ndagnétite au Moyenne Age il est
exploité dans nombreuses applications technologigaas étre compléetement compris (mais
sans le contour de superstitions, bien sar).

Le but de la thése est donc double: d'un c6té ametlies performances des systemes
couplés par échange, de l'autre comprendre les nigdoas fondamentaux a la base de ce
phénomene. En particulier, les paramétres clégigispr dans les systemes TA-MRAM sont
le control de la dispersion des valeurs de décathbege cycles entre d’'un plot a l'autre,
'optimisation des propriétés thermiques dans langa de températures d’intérét, et la

maximisation d’échange.
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Dans le Chapitre 1, les différents modeéles de @mgd’échange sont présentés, en
montrant la complexité du phénomene et les efemt®mplis par la communauté scientifique
pour essayer de le comprendre. Le chapitre commpacde premier modeéle intuitif de
Meiklejohn et Bean et termine par les derniers rfesidasés sur l'influence de la taille de
grain dans la couche antiferromagnétique et sessedin température. Il présente aussi I'état
de I'art des études expérimentales sur systemgdapar échange a I'échelle nanométrique.

Le Chapitre 2 décrit les applications les plus ingrts du couplage d’échange, a
partir de la vanne de spin jusqu’'a TA-MRAM déveléppar Crocus Technology.

Dans le Chapitre 3 le lecteur peut trouver la dpSon des étapes suivies au
laboratoire Spintec pour fabriquer et caractérdiseréchantillons, a partir des dépositions par
pulvérisation cathodique jusqu'aux étapes de shlenche pour la création de plots
nanométriques, plus les différentes méthodes decigaisation physique et magnétique. Le
chapitre décrit aussi le model de spin utilisé pendes simulations atomistiques développées
en collaboration avec le laboratoire de simulatioBim, utilisées dans le Chapitre 4.

Le Chapitre 4 est dédié a I'étude du couplage @egk dans systéeme IrMn/Co a taille
réduite. Trois parametres ont été pris en compépaisseur de la couche de Co, I'épaisseur
de la couche d'IrMn et l'influence de la couche pam. L’étude des systemes graveés était
conduite par mesures d’effet Kerr focalisé. C’astappareil de mesure qui permet d’analyser
le comportement magnétique en focalisant le faiscear quelques plots. Cela permet
d’obtenir une évaluation directe et qualitativeldevariabilité du couplage d’échange entre
différents plots, un parametre trés important pauabilité des points mémoire TA-MRAM.
Avant de passer a la description des résultatéesuplots, le chapitre présente I'analyse des
propriétés physiques sur des échantillons pleimactre, en particulier les propriétés
cristallographiques et la distribution de taillesgtains en fonction des différents paramétres.
Le chapitre montre aussi les résultats des sinomsthitomistiques, en particulier les modes de
renversement et les configurations magnétiquesoectibn de I'épaisseur de la couche
ferromagnétique et la stabilité des grains anti@agnétiques.

Le Chapitre 5 décrit 'amélioration de la structwtassique couplée par échange par
lintroduction d'une seconde couche ferromagnétigagec une forte anisotropie
perpendiculaire. Ces tricouches présentent unectiédude I'épaisseur critique d’'IrMn et une
augmentation de la température de blocage par mappdes systemes bicouche classique
égquivalents. Ces deux caractéristiques constituaat amélioration des performances des
propriétés de couplage d’échange avec un intémdicafif direct dans la couche de stockage
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de systemes TA-MRAM. Ces deux effets sont expligpéas un modele granulaire du
couplage d’échange.

Le Chapitre 6 montre une deuxieme possibilité daegter les performances de
couplage d’échange, par I'insertion d’'une couchrafihe non-magnétique entre I'lrMn et le
Co. Cette augmentation est également mesurée damsstructures tricouches. Le

comportement en température des différents systéstemalyseé.
All.2 Couplage d’échange: principes physiques et at de

I'art

Le couplage d’échange est un phénomeéne physiquengbexpérimentalement la
premiere fois en 1956 par Meiklejohn et Bean [1{3&ns leur expérience, un matériau
composé par une couche de Co (couche ferromagré(i)d oxydée en surface (couche
antiferromagnétique (AF) de CoO) présentait un ldéeadu cycle apres avoir été refroidie
sous champ magnétique au-dessous de la tempéddulNgel de la couche de CoO. Ce
phénomene, décrit initialement comme une nouvelisosropie unidirectionnelle, prend le
nom de couplage d’échange (exchange biag [4,5]. Le modéle intuitif du couplage
d’échange est schématisé sur la Figure 1.5. Eni@rerieu, le systéeme est recuit au dessus
d'une températureT (nommée température de blocadg) suffisamment grande pour
débloquer les spins de la couche AF, qui devieneeperparamagnétiques. Le systeme est
ensuite refroidit sous un champ magnétique jusga@&température de mesure. Au-dessous
de Tg I'AF s’ordonne magnétiquement, et se couple adiiface avec la couche F selon la
direction du champ appliqgué. Quand le cycle d’hésti§ est mesuré, le couplage d’interface
entre I'AF et le F force les spins dans la couch& fester dans la direction du champ de
recuit, et décale ainsi le cycle d’hystérésis ejnaente le champ coercitiic du cycle. Le
premier modele de couplage d’échange proposé pakldydn et Bean était basé sur
I'introduction d’'un terme additif d’anisotropie uhiectionnelle dans le model de Stoner-
Wohlfarth [6] (Equation 1.11). Ce terme donne uakeur deHe inversement proportionnelle
a I'épaisseur de la couche F. Malheureusement, dednes de grandeur séparent les valeurs
expérimentales des valeurs obtenues par ce mddeldeuxieme modeéle proposé par Néel
[7] et repris par Mauri [8] considere I'introduatiales parois de domaine dans I'épaisseur de
la couche AF (Figure 1.8). L’énergie dépensé pdotemation de la paroi (Equation 1.17)
réduit la valeur d’échange (Equation 1.20) et pérrnde s’approcher des valeurs

expérimentales. Pendant que le modele de Mauti gaiié, Malozemoff [9] proposait un
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modele basé sur la théorie des champs aléatoirasd@m field theory”) d’Imry [10]. La
présence de rugosité a l'interface entre le FASE lest la cause de décompensations de la
couche AF (Figure 1.9), qui, pour minimiser I'éniergse divise en domaines avec des parois
perpendiculaires a I'interface (Figure 1.10), camément aux domaines de Mauri et Néel. Ce
deux modeles, encore de référence aujourd’huipnsiderent pas la structure granulaire des
couches, facteur particulierement important dasséehantillons déposés par pulvérisation
cathodique, comme c’est le cas dans les applicatechnologiques et pour les échantillons
déposés pendant la these. Dans ce cas le modEldatener et Charap [11] est pris comme
référence. Il considére une distribution de gralfsF indépendants entre eux. Selon leur
volume, les grains peuvent étre considérés themmgnt instables, couplés par échange ou
non couplé. Ce modele a récemment été développprdirmé expérimentalement par
O’Grady [12]. Le nombre de spins non compensésnéetface est dépendant de la taille
latérale des grains [13]. Les évolutions Hie et Hex €t température ont été développés par
Stiles and McMichael [14] en combinant le modelgédeoi de Néel avec le modéle de grains
de Fulcomer et Charap. Ce modele permet de déterriarigine de 'augmentation de la
coercivité dans un modele de grains.

Pendant les derniéres dizaines d’années, I'évaludies techniques de lithographie en salle
blanche a permis I'étude des propriétés de couplagdange sur des réseaux avec une taille
latérale de quelque centaine de nanometres. Darégicee, de nouveaux parametres comme
les effets de taille et de forme doivent étre pnscompte [15,16]. Un exemple de la richesse
d’effets que présentent a I'échelle nanométrigiieéssimé dans le Tableau 1.

All.3 Couplage d’échange: applications technologiges

Dans I'évolution du marché technologique, la rémurctde la taille latérale des
transistors est une des étapes que les indusbitesnd suivre. Aujourd’hui la limite physique
de cette réduction est proche d'étre atteinte. Rette raison, beaucoup de recherche est
focalisée sur la réalisation de systemes altematik transistors pour le stockage de données.
C'est dans ce contexte (connue comme “More than r&fpoque la spintronique
(I'exploitation des propriétés du spin dans syster@kectroniques) se place, en particulier
avec les mémoires a acces aléatoires magnétigueAlNl Ces mémoires regroupent
plusieurs phénomenes physiques trés importantpréiniére lieu, la magnétorésistance, qui
est la propriéeté des multicouches magnétiques dmnger leur résistance selon leur
aimantation relative. Ce phénomeéne, était en pmemieu découvert par Fert [17] et

Grinberg [18] pour des couches F séparés par wnehemon-magnétique, et il est connu
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comme Magnétoresistance Géante (GMR), et il estéhisgddans Figure 2.4. L'application
technologique de cet effet est la vanne de spopgsé par Dieny [19]. En couplant une des
deux couches F avec un AF, c’est possible avoiramehe fixé (dite de référence) et une
libre (Figure 2.5). En changent I'aimantation decdéaiche libre on obtienne deux valeurs de
résistance qui correspondent a deux valeur nunmesiti’ et “1”. Ces systemes sont utilisés
dans les tétes de mémoire de disques dures.

La difference en résistance devient encore plusoitapte quand la couche non-
magnétique entre les deux couches magnétiques ésblant. Dans ce cas un effet tunnel de
I'électron a travers la barriere prend place (FégW.7); cet effet prend le nom de
Magnétorésistance Tunnel (TMR) [20] ; son applaratiechnologique, sur le méme principe
de la vanne de spin, est TIMRAM. Les premiéres gatens de MRAM étaient basé sur
I'utilisation de deux champs perpendiculaires I'anl'autre (Figure 2.9). La premiére
amélioration a ce modele est connue comme togglé&Migure 2.10). La couche libre est
constitué par un ferromagnétique synthétique, gunget I'écriture de la couche de stockage
par étapes, en augmentant la fiabilité de I'écagitiigure 2.11). Pendant les derniéres dix ans
deux autres technologie ce battent pour conqueénnarché : les MRAM a transfert de spin
(STT-MRAM) et les TA-MRAM. Ce dernier exploite leogplage d’échange aussi dans la
couche de stockage, qui est écrite en chauffanbilg de mémoire par une courent [21]. Ce
méthode augmente la rétention des données et pdwwdture de plusieurs points de

mémoire en paralléle (Figure 2.13) [22].

All.4 Préparation des échantillons, analyse expérientale

et simulations atomistiques

Tous les échantillons ont été déposés par puitéis cathodique (Figure 3.1). Apres
déposition, ils ont été recuits dans une chambrieé sous un champ constant, dans le plan,
de 2000 Oe. Le recuit typique était de 200°C pdumthutes. Les échantillons a taille réduite
ont suivi un proces de lithographie en salle blan@higure 3.2). lls ont été couverts par une
résine négative dite FOX qui, aprés recuit, a é€gsseée par lithographie électronique. La
résine est apres développée dans un bain acidenkfie la couche de résine dans les parties
de I'échantillon non insolées par le faisceau éeitjue. L'échantillon est ensuite gravé par
gravure ionique (IBE) ; la résine protege les cascimagnétiques, qui sont gravées tout
autour. La qualité des procedeés est verifiee paMioroscope Electronique a Balayage

(MBE, Scanning Electron Microscope SEM en angl@&jure 3.4).
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Les échantillons ont été caractérisés avec undgoape a Force Magnétique (MFM),
un instrument qui permet, au travers de deux s@@m&n mode tapping pour la topographie
et un en mode non contact pour les propriétés niiggies), d'imager le champ dipolaire
rayonné par les échantillons (Figure 3.6). Les splomt été mesurés localement par des
mesures d’effet Kerr focalisé. L'effet Kerr défitiinteraction entre un faisceau lumineux (un
laser) polarisé et un matériau magnétique. Penldatihese, un instrument Kerr focalisé
(Figure 3.8) (spot laser de 600 nm sur I'échant)lla été utilisé pour pouvoir avoir des
mesures de cycle d’hystérésis sur quelques plagsig-3.9). Sur les couches continues une
étude de diffraction des rayons X a également étéwite dans le mod&26 pour obtenir le
parameétre de maille et la structure cristalline diiérentes couches.

En parallele des études expérimentales, des s#issnulations atomistiques ont été
conduits pour toute la durée de la thése danstwadtoire L_Sim grace a des codes Python.
Le systeme est modélisé par le modele de Heiserigation 3.4) [23], qui considére
'énergie Zeeman, I'énergie dipolaire, I'énergieectiange et I'énergie d’anisotropie. Les
couches F-AF sont modélisées avec les parameéetrdEgieation 3.5. La couche AF est
considérée non compensée ; aucune rugosité dacterh’est prise en compte. Pour des
raisons de simulation, les spins F et AF sont gtodans des “macrospins” de 8x8x8 et
8x8x8 respectivement (Figure 3.12). L’énergie thl systeme est minimisée par le logiciel
Mi_Magnet sous différents champs magnétiques pauuler un cycle d’hystérésis. La

simulation a lieu par la méthode du gradient comgu(i-igure 3.11) [24].

AlL5 Variabilité de couplage d’échange dans des seaux

de plots carrés d’'IrMn/Co

Deux études principales ont été menées sur leaugsde plots. La premiére était
fonction de I'épaisseur de la couche F pour analyse effets micromagnétiques sur la
variabilité de I'échange ; la deuxiéme était foxddi sur les effets microstructurales de la
couche AF sur la variabilité de I'échange.

Epaisseur de la couche Cloes échantillons avec compositionslaus/ IrMne/Co,/Pt,
avec x = 2.5, 3.7, 5, 10, 15, 20 and 25 nm ontcétssidérés. Les images MFM sur les
couches continues ont montré un reversement dadigation par nucléation et propagation
des parois (Figure 4.1). Pour les réseaux de ptiesx cas se sont présentés. Pour des
épaisseurs fines de Co, le reversement s’effecpaitrotation cohérente (Figure 4.4) alors

gue pour des grandes épaisseurs le reversemest gessn état micromagnétique complexe
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(Figure 4.5). Les mesures d’effet Kerr focaliséfoament ces deux comportements, avec un
cycle décalé dans le premier cas et un cycle daldxtalé dans le deuxieme cas (Figure 4.7).
La valeur deHegy est inversement proportionnelle a I'épaisseur aleduche Co, avec des
valeurs plus faibles pour les couches gravées caapaa la couche continue. Cela est
attribué aux différents modes de reversement.

Concernant la variabilité dele, alors que les couches continues montraient une
déviation standard autour de 10 Oe, dans les ptwcteur devient trés important (Figure
4.8). En particulaire la variabilité d’énergie d@ngeAEe, augmente sensiblement dans le
régime de grandes épaisseurs de Co pour les @di® dm de taille (Figure 4.11).

Les deux configurations magnétiques ont été coefsn par les simulations
atomistiques. En premier lieu, la validité du modhit vérifiée pour des plots F en
comparaison avec les résultats expérimentaux deo@ow25] (Figure 4.12). Les simulations
ont montrées trois configurations magnétiques péssi le renversement cohérent (Figure
4.13), le renversement par état multidomaine (lEigud4) et le vortex (Figure 4.15), aussi
confirmées en présence de couplage F/AF. Les demi@res correspondent aux mesures
expérimentales pour la forme des cycles d’hystéréspour les images MFM simulées. La
variabilité d’échange a été étudiée avec un coepiag entre F et AF pour pouvoir simuler la
formation de parois de domaine dans 'AF. Les satiohs ont montré une instabilité majeure
des grains dans le cas de F épais, di a un avancel@ephase aux bords du plot a la
rémanence. Cet effet devient plus important enisédt la taille latérale des plots. Ces
résultats ont été présentés a Intermag 2012 etésubdhns Journal of Physics D: Applied
Physics [26].

Effets microstructurales de la couche IrMmans des systemes a taille réduite le
nombre de grains AF dans chaque plot peut se edwjuelques dizaines. Pour cette raison il
est important de voir quel est l'influence de ceapzétre dans la variabilité d&.,. Entre les
différentes méthodes possibles pour changer It td#é grains, deux ont été choisis: le
changement d’épaisseur de la couche AF [27] eadeuliche tampon [28]. La distribution de
taille de grains était mesurée par Microscope ad-Atomique (AFM) [29]. Les empilements
choisis étaient :

- Série couche tampon: FEu/IrMn1,/Cos/P, avec x =1, 2,6, 9 and 12 nm ;

- Série couche IrMn: TACWw/IrMn,/Cos/Pt, avec x = 3, 4, 5, 6.5, 10, 12 and 15 nm.

Les mesures ont montré une augmentation de l& tabyenne et de la distribution avec
'augmentation de I'épaisseur de la couche tampagufes 4.21 et 4.22) et de la couche IrMn

(Figure 4.26). Une fois graves, les échantillonscamfirmé un reversement cohérent (Figure
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4.27) et une importante variabilité (Figure 4.2Bn concernante, les deux séries ont
montré des valeurs d’échange moyen qui suivenvaésurs de la couche continue. Aucun
effet de taille n’était observeé (Figure 4.29).

Pour ce qui concern@dE., deux tendances ont été observées (Figure 4.30). L
premiere est une augmentation de la variabilitéésluisant la taille latérale des plots. Ce
résultat est attribué aux effets de coupage dengraiix bords de plots [30], qui réduit la
stabilité du couplage. La deuxiéme tendance estaugenentation de la variabilité avec la
taille de grains. Quand la taille des plots esb@daexm, le nombre de grains dans chaque plot
est d’'une trentaine environ, donc différents plmsvent avoir des populations de grains trés
différentes. Si la distribution de taille est imfamte, cet effet devient plus évident. Ces

résultats ont été présentés a JEMS 2013.

All.6 Amélioration du couplage d’échange: la structire en
tricouche (Pt(Pd)/Co)/IrMn/Co

Les multicouches (Pt/Co) et (Pd/Co) sont des r@btéravec une aimantation hors
plan [31,32]. Cette caractéristique est due a plusifacteurs tels que les contraintes dans les
couches de Co et I'hybridation des orbitales ébedtues [33].

Dans le Chapitre 5 les bicouches classiques IrMrg@u comparées avec des tricouches
(Pt.gCay.e)/IrMn,/Cos et (Pd.¢/Cap 6)/IrMn,/Cos, avec x entre 2 et 15 nm.

Les mesures pour différentes épaisseurs d’'IrMmepéeature ambiante montrent deux
propriétés principales. En premiére lieu, I'épaisseitique d’IrMntc, qui est I'épaisseur au-
dessus de laquelle le décalage du cycle commenrmgparaitre, est réduit comparé a la
bicouche. Deuxiemement, la valeur d’échange maxrobhtenue dans les tricouches dépasse
celle de la bicouche (Figure 5.5).

Les échantillons ont été étudiés en température dge mesures de température de
blocage maximale et des distributions de températle blocage [34]. Pour la premiére
méthode de mesure, les bicouches ont montré uneisance linéaire didey (Figure 5.9),
avec une augmentation dg avec I'épaisseur d’'IrMn, comme reporté dans tariture [35].
Dans le cas des tricouches, les échantillons ameapaisseur d’IrMn inférieure a 5 nm ont
montré une augmentation dg comparés a des bicouches équivalentes (Figure 5de
plus, les courbedH(T) présentent une courbure concave (Figures 5.16.k¥t). Ce

comportement a été confirmé par les mesures deabdisbns de température de blocage
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(Figure 5.15). Ce comportement a également étéiramifaprés un recuit a 340°C de 90
minutes, recuit typiques des jonctions pour des WRA&igure 5.19).

Ces résultats ont été expliqués par un modeleala du couplage d’échange (Figure
5.2), comme décrit dans le Paragraph All.2. LesumessAFM ont montré que la distribution
de taille de grains ne change pas sensiblemené dmntouches et tricouches pour une
épaisseur d’lIrMn donnée (Figure 5.20). Les popoieti de grains peuvent donc étre
considérés similaires. Les mesures de diffractierrajjons X montrent un décalage du pic
d'IrMn dans les tricouches, ce qui représente urarpatre de maille plus serré. Ce
changement a des conséquences sur 'anisotrodie cmiche AF, et est une des causes de
ces phénoménes. Deux autres effets sont tenus mesponsables du changement de
comportement de la tricouche par rapport aux tibes. En premiere lieu, kanting des
spins AF a l'interface IrMn/Co due au couplage haen (Pt(Pd)/Co)/IrMn (Figure 5.24).
Cet angle a l'interface réduit le couplads (Equation 5.3) en stabilisant des grains qui
auraient contribués a la coercivité autrement.eCsttbilisation réduit I'épaisseur critiqtie
et retard le renversement des grains en températraugmentants. Le deuxieme effet est
un couplage indirect des grains AF par la couches-plan (Figure 5.22), qui reste
perpendiculaire pendant les cycles d’hystérésis danplan. Ce couplage crée une taille
effective de grains plus grande que la taille pipysj et augmente ainsi la stabilité des grains
pour des épaisseurs fines d’'IrMn. Le couplage egu@ns homogénéise également le
comportement en température, donnant une distoibuteTg plus serrée (Figure 5.16) et une
décroissance em plus douce (Figure 5.26). Ces résultats ont étigmidans deux articles
[36,37].

AllL.7 Insertion d’'une “poudre” de Cu a l'interface

IrMn/Co dans des structures bicouche et tricouche

Le couplage d’échange est généralement considémgneaun phénomeéne d’interface.
Néanmoins, il a été montré [38] que le décalageyd est maintenu, avec une décroissance
exponentielle, en présence d’'un couche non magretgtre le F et I'AF pour un’épaisseur
qui peut monter jusqu’a quelques nm [39]. Le semtencore controversé et peu étudié, en
particulier pour des épaisseurs de la couche irteiaire de quelgues Angstroms.

Pendant la thése, une insertion de Cu a été ajautiEe I'lrMn et le Co dans les
structures bicouche et tricouche. Dans le cas déctauche, deux épaisseurs d’'IrMn ont été

prises en compte, 12 et 4 nm, pour des empilenfegt€w,/IrMn/Cu,/Cos/Pt,, avec x entre 0
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et 1 nm. Dans les deux cas, pour une épaisseurudaf€ieure a 0.3 nm (i.e. pour une
couche non continue de Cu) les échantillons présenine augmentation d&y (Figure 6.2,
6.3), suivie par une décroissance qui approche wn® 1 nm de Cu. Cet effet se manifeste
également dans les systemes tricouche pour unssépaid’lrMn de 4 nm, ce qui permet de
tripler la valeur de I'échange par rapport a laeualobtenue avec la bicouche de départ
(Figure 6.10). Les mesures par images AFM montyeet la couche de Cu n’affecte pas la
distribution de taille de grains (Figure 6.5).

Le comportement en température a également été&éans le cas de 4 nm d’IrMn,
les bicouches et les tricouches avec insertion depf@sentent la méme température de
blocage indépendamment de I'épaisseur de la codeh€u (Figure 6.8, 6.12). Par contre,
dans le cas de 12 nm d’IrMn en structure bicouaHgugmentation d’échange a température
ambiante correspond une augmentation Tge (Figure 6.6) pour toute la gamme de
température (Figure 6.7).

Difféerentes hypotheses ont été proposées pouirdéarigine de I'augmentation de
'échange en présence d'une couche non continu€uweEn premier lieu, la structure
cristalline du Cu favorise une bonne croissanc€duce qui n’est pas le cas pour le Ta. De
plus, le Cu est une bonne barriére de diffusioiMdudans la couche de Co. Co et Mn sont
tres miscibles, et une réduction de leur interdifin améliore la valeur d’échange. Par
ailleurs, le Cu n’est pas miscible avec le Co etrization de CuMn antiferromagnétique a
l'interface n’est possible que pour des hauts pentages de Mn. Enfin, cet alliage a une
température de Néel de 300 K. Dans la littérateseétudes sur AF dilué du type IrM&uy
montrent une réduction de I'échange pour des éitloaust déposés par pulvérisation
cathodique; la diffusion a donc lieu essentiellengefinterface.

Une possible explication de l'augmentation d'éclmrest la réduction du couplage a
l'interface due a la présence d’'une couche non étagre et non continue. Dans le modele
présenté dans le chapitre précédent, une rédudiiocouplage d’échangé.x permet la
stabilisation de grains qui auraient sinon congildula coercivité du cycle d’hystérésis. Une
autre possibilité est une réduction de la frugiraties spins F et AF a l'interface. Dans le cas
d’'une interface rugueuse, les spins F et AF prés¢rtes couplages défavorables dans les
parties irrégulieres (bosses ou trous). Dans len@gle couche de Cu non-continu, si les
particules de Cu ce placent dans les zones a drasitlation, le couplage résultant devient
plus grand que dans la configuration sans Cu. Geitgnentation disparait une fois que la
couche de Cu devient continue: dans ce cas, lelagaif--AF est réduit et le décalage du

cycle d’hystérésis diminue.
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All.8 Conclusions et perspectives

La thése a été réalisée en collaboration entrealb®ratoire Spintec et Crocus
Technology, start-up impliquée dans le développéndes mémoires TA-MRAM. Comme
montré dans le Chapitre 3, ce type de mémoires MRAilke les propriétés de couplage
d’échange dans la couche de référence et égalatapstla couche de stockage. L'objective
principale de la these a étédampréhension des principes fondamentaux du phénomde
couplage d’échange a I'échelle nanométrique et I'alimration des propriétés thermiques.
Ce sont deux aspects clé pour optimiser un empilehiéA-MRAM complet
Deux aspects ont été étudiés : (Akcalabilité et la variabilité du couplage d’échge entre
différents plots nanométriqueset (B) 'amélioration des propriétés de couplage d’échange
en température avec l'introduction de couches sufgpkentaireg(systémes en tricouche avec
une couche perpendiculaire pour renforcer le caglantre les grains et insertion d’'une
couche non-continue de Cu a l'interface IrMn/Cag.Hut de ces deux études était d’indiquer
des voies pour améliorer la fiabilite, la rétentides données et la facilité d’écriture de la
couche de stockage couplée par échange dans temsgsTA-MRAM.

Le choix de focaliser I'étude sur la simple bicoai¢hAF plutét que sur un empilement MTJ
complet a été pris pour isoler la problématique cdwplage d’échange et ainsi mieux
comprendre son comportement dans différentes dongit Le couplage d’échange a été
étudié avec un modeéle de grain, qui a déja démamtrBon accord avec I'expérience pour
modéliser le phénoméne du décalage du cycle pauécteantillons déposés par pulvérisation
cathodique.

(A)

L’étude de la variabilité d’échange sur réseauyldés carrés IrMn/Co a été conduite
en collaboration avec difféerents partenaires a Givkn la salle blanche PTA, le laboratoire
L_Sim pour les simulations atomistiques et I'IndtiNéel du CNRS pour les mesures d’effet
Kerr focalisé, plus la collaboration avec Crocushirmlogy. Différentes tailles latérales, entre
200 et 50 nm, ont été fabriquées pour trois difftae séries d’échantillons, chaque série
présentant une variation de I'épaisseur d’'une cewgecifique dans I'empilement, selon le
type d’étude pris en compte.

La premiére étude concernait des plots carrés/lEdravec différentes épaisseurs de
Co. La variation de I'épaisseur de la couche Faase de la compétition entre énergie
dipolaire et énergie magnétostatique, a condimb&ervation de deux differents mécanismes

de renversement magnétique. Dans le régime d’épaifise de F, les plots ont montre, dans
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les images MFM sous champ magnétique, un renverdeztobérent de I'aimantation. Dans le
régime de grande épaisseur de F, I'aimantationpltes est passée par une configuration
multidomaines, reconstruite par simulations atoopiss. La présence de deux régimes
micromagnétiques a d'importantes conséquences suvariabilité du couplage d’échange.
Les plots dans le régime multidomaine présentertuariabilité plus importante comparés
aux plots monodomaines. Cette augmentation deweanbre plus importante si la taille
latérale du plot est réduite. L’origine de cettgraentation de variabilité a été analysée par
simulations atomistiques. Les plots avec une colckpaisse montrent une instabilité des
grains AF aux bords du plot, due a l'interactiopadaire avec la couche F et au couple exercé
par les spins F a la rémanence. Ces résultats amirén quela formation d’états
multidomaines dans la couche F a des conséquencégatives sur la variabilité du
couplage d’échange, a cause d’'une plus grande ihdit des grains AF sur les bord®our
cette raison, la partie F de la couche de stocKageétre suffisamment fine pour éviter des
états multidomaines.

La deuxieme étude sur réseaux de plots a concerséeffets des propriétés
microstructurales de la couche IrMn sur la varigbille couplage d’échange, dans le régime
de renversement cohérent. La distribution de tdile grains IrMn a été ajustée en changeant
I'épaisseur de la couche tampon et de la couch®id:lll a été observé une augmentation de
la taille moyenne et de la largeur de la distrimutavec I'augmentation de I'épaisseur de la
couche tampon et de la couche IrMn. Une fois grapésir ce qui concerne le décalage
moyen, les échantillons ont montré une tendancdasien aux couches continues et aucun
effet de taille. Concernant la variabilité d’échandeux effets ont été observés. D’un cfae,
réduction de la taille latérale des plots impliguene augmentation de la variabilité de
I'échange. Cet effet a été attribué au coupage desins d’IrMn aux bords des plots, qui
augmente l'instabilité du couplageLa deuxiéme tendance est uaegmentation de la
variabilité avec la taille des grains. Pour des fdavec une taille latérale inférieure a 200
nm, le nombre de grains par plots n’est pas suffisgpour couvrir toute la distribution de
taille des grains.Si la distribution est trés large, la composita grains d'IrMn peut étre
tres différente entre différents plots, ce qui donme plus grande variabilité de couplage
d’échange entre plots.

Les mesures au Kerr focalisé sur réseaux de parteéont permis d’avoir une évaluation
gualitative de la variabilité du couplage d’échan@ette étude a montré comment les effets
micromagnétiques et microstructuraux ont un imp@at ce parameétre. Dans une vision

applicative,la réduction des instabilités et 'augmentation d reproductibilité et fiabilité
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des propriétés magneétiques sont possibles en évitas eétats multidomaines et en
homogénéisant la distribution de taille de grainglne autre possibilité pour réduire la
variabilité est l'utilisation de matériaux antifemagnétiques synthétiques au lieu des F
simples. La réduction du champ dipolaire rayonnérgait stabiliser I'état magnétique a la
rémanence et réduire le couplage dipolaire aveolahe AF, qui induit des instabilités dans
les grains.

(B)

La deuxieme partie de la thése a été focaliséb&ude des propriétés thermiques des
systemes couplés par échange, autre theme ceatrallel fonctionnement des TA-MRAM.
L'introduction d’'une deuxieme couche F a aimantatio perpendiculaire ((Pt/Co) ou
(Pd/Co)), couplée a la bicouche IrMn/Co, a apporigne série d’améliorations des
propriétés d’échange dans une large gamme de tem@pge. Les structures en tricouche
ont montré une réduction de I'épaisseur critiqueldin et de I'épaisseur d’IrMn pour
obtenir un échange maximal, celui-ci étant plus @ que I'échange obtenu avec la
bicouche. Dans ce régime d’épaisseurs d’'IrMn, les tricoucliggPd)/Co)/IrMn/Co ont
également montré des améliorations en tempérafices que les courbes &(T) des
échantillons bicouches ont une dépendance linéagre température, les tricouches ont
montré une courbure convexe et une augmentation ldetempérature de blocageCette
combinaison de comportements a été expliguée pamadéle de grain du couplage
d’échange. La couche a aimantation perpendiculase responsable de deux effets.
Premierement, un couplage indirect des grains IsMiablit, ce qui crée une distribution de
taille effective de grains plus stable en tempéeat une distribution de température de
blocage plus homogéne. Deuxiemement, aamting des spins IrMn se propage de la
multicouche a aimantation perpendiculaire a traVémaisseur de la couche IrMn, jusqu’'a
l'interface IrMn/Co. Ce tilt des spins réduit I'erisité du couplage d’échange, ce qui stabilise
les grains d’IrMn qui auraient contribué a la coaté autrement. Ces effets pourront étre
vérifiés par des simulations atomistiques, avaxrdation de systémes en tricouche sur la base
des simulations développées pendant la tHeseombinaison de ces deux effets donne des
propriétés thermiques de grand intérét pour les MRAM, notamment pour la couche de
stockage, en particulier parce que ces propriétéatsconservées aprées un recuit standard
des jonctions pour MRAM. La courbure concave desuduwes H.(T) donne une stabilité de
la couche de stockage satisfaisante sur une largamgie de températures, et la

décroissance rapide en proximité deg €st idéale pour la phase d’écriture. Ces proprgté
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thermiques sont aussi d'intérét pour des applicatsodans des tétes de lecture TMR, en
donnant une grande stabilité de couplage pour daifles réduites.

Les propriétés d’échange ont été encore améliaees l'insertion d’'une couche de
Cu a l'interface IrMn/Co. Méme si le couplage d’@éobe est principalement un phénoméne
d’interface, le décalage du cycle d’hystérésisgestié en présence d’'une couche tres fine
entre le F et 'AF. Le couplage d’échange est audénen présence de la couche de Cu pour
une épaisseur inférieure a 0.3 nm (i.e. pour unglm® non-continue). Dans ce cas, il est
également possible envisager une série d’étudesipaiation atomistique avec I'ajout de
parameétres comme la rugosité d’interface et lagomés de particules non magnétiques de Cu.
Cette augmentation de¢.x a été confirmée soit pour différentes épaissearsodiche tampon
et de couche d’IrMn, ce qui indique qu’elle estdpdndante des propriétés micromagnétiques
d’IrMn, soit pour les tricouched.a combinaison de structure en tricouche et couchen-
continue de Cu a l'interface a permis, pour une égseur d’'IrMn de 4 nm, de tripler la
valeur d’Hex par rapport a la bicouche de dépaiicouches et tricouches ont confirmé leur
comportement en températutéempilement (Pt(Pd)/Co)/IrMn/Cu/Co, pour des épamsurs
d'IrMn et Cu optimisées, est un systeme avec un plage d’échange maximisé a
température ambiante et présentant une courbure cave en température, deux
caractéristiques qui donnent des améliorations sigratives par rapport a la bicouche
IrMn/Co de départ, caractéristiques idéales pourintégration dans des dispositifs

technologiques.
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Abstract

The interfacial coupling between a ferromagneticdfd an antiferromagnetic (AF) layer, known as
exchange bias, is a physical phenomenon largelpieg in technological applications as spin valves
and Magnetic Random Access Memories (MRAM). The F-#oupling is namely employed for
pinning the reference layer of the memory. In theovative Thermally Assisted MRAM developed
by Crocus Technology, the exchange bias is expladdix the magnetization direction in the storage
layer. For the functioning of this type of devicis which reliability and data retention are key
parameters, it is crucial to understand and cotitefinite size effects on exchange bias andatda

dot variability as well as the thermal variatiorisragnetic properties.

In this thesis, finite size effects on IrMn/Co eaoge biased dots were first studied on patterned
arrays of square dots of lateral dimension from @080 nm. The study was focused on two aspects:
the micromagnetic effects due to F thickness oromatric dots and the microstructural effects due to
the AF grain size distribution.

Second, a study on thermal effects was performedrMn/Co bilayers and (Pt(Pd)/CglyMn/Co
trilayers. The latter structure, thanks to the enes of the out-of-plane layer, shows several
improvements of exchange bias properties (IrMnaaitthickness, exchange bias maximum value,
blocking temperature and,(T) curvature) compared to IrMn/Co bilayer.

Keywords: exchange bias, patterned dots, variability, thetmehlaviour, structural properties

Résumé

Le couplage d’échange entre une couche ferromagré{F) et une antiferromagnétique (AF) est un
phénoméne physique largement utilisé dans descafiphis technologiques comme les vannes de spin
et les mémoires magnétiques a acces aléatoire (MRBM couplage est utilisé notamment pour fixer
l'orientation de I'aimantation de la couche de réfice de ces dispositifs. Dans une approche
innovante de MRAM a écriture assistée thermiquenddeloppée par Crocus Technology, le
couplage d’échange est utilisé pour bloquer lactive de I'aimantation de la couche de stockage.
Pour le fonctionnement de ce type de dispositifsir pesquels fiabilité et rétention des donnéed son
des parametres clé, il est crucial de comprendde ebntrdler les effets de taille finie sur le glage
d’échange, sa variabilité entre différents plotisisiaque la dépendance thermique des propriétés
magnétiques.

Dans le cadre de cette these, les effets de failke ont été étudiés sur des réseaux de plotgsarr
IrMn/Co couplés par échange, avec des taillesdigrallant de 200 & 50 nm. L'étude a été focalisée
sur deux aspects: les effets micro-magnétiques adu'®paisseur de la couche F et les effets
microstructuraux dus a la distribution de tailles deains dans I'AF.

Deuxiemement, les effets thermiques ont été étudas les bicouches IrMn/Co et tricouches
(Pt(Pd)/CoYIrMn/Co. Grace a la couche a aimantation perpendi® supplémentaire dans les
tricouches, plusieurs améliorations des propridtéshange ont été démontrées (I'épaisseur critique
d’'IrMn, la valeur maximale d’échange, la températde blocage et la courbure de la dépendance de
He avec la température notamment).

Mots clés : couplage d’échange, réseaux de plots, variabiigmportement en température,
propriétés structuraux



