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Taming the resistive switching in Fe/MgO/V /Fe magnetic tunnel junctions:
An ab initio study

J.M. Aguiar-Hualde
IPLT, CEA/Saclay, Orme des Merisiers, 91190 Gif-sur-Yvette Cedex, France.

M. Alouani
IPCMS, UMR 7504 CNRS-UdS, 23 rue du Loess, Strasbourg 67034, France.

A possible mechanism for the resistive switching observed experimentally in Fe/MgO/V /Fe junc-
tions is presented. Ab initio total energy calculations within the local density approximation and
pseudopotential theory shows that by moving the oxygen ions across the MgO/V interface one ob-
tains a metastable state. It is argued that this state can be reached by applying an electric field
across the interface. In addition, the ground state and the metastable state show different electric
conductances. The latter results are discussed in terms of the changes of the density of states at
the Fermi level and the charge transfer at the interface due to the oxygen ion motion.

INTRODUCTION

Bipolar nonvolatile Resistive Switching (RSw), is one
of the most largely studied phenomena [1-4] for the de-
velopment of next generation of random access memory
(RAM) devices. Some of these devices have a metal-
insulator-metal (M/I/M) structure like graphene oxides
(GO) of the form Cu/GO/Pt. In these systems, the RSw
was explained [5] in terms of desorption/absorption of
oxygen-related groups on the GO sheets and the diffusion
on the top Cu electrodes. MgO-based magnetic-tunnel
junctions (MTJ) are also good candidates for RAM mem-
ories since it was shown that they have good RSw repro-
ducibility [6]. One of the aspects that makes them partic-
ular, is that they can exhibit two kinds [7] of switching:
magnetoresistive and structural (RSw). This enlarge the
scope of applicability of these memories.

Despite the great interest on the tunneling magnetore-
sistance (TMR) features of these kind of junctions due
to the large values predicted by Butler and coworkers for
Fe/MgO/Fe [8], the mechanism for the RSw phenomenon
remains to be elucidated. However, in the last few years,
several possible mechanisms have been proposed [9]. For
example, to explain the bipolar RSw, three different ef-
fects are mentioned in the literature. The first one is
the electrostatic/electronic effects, the second the elec-
trochemical metalization (ECM) effect, and the third the
valence change memory (VCM) effect. The first effect
is based on purely electronic phenomena, like those in-
duced by charge traps [10, 11]. The other two effects
involve oxidation-reduction (redox) processes. In ECM,
ions travel across the insulating spacer from the active
electrode to the inert electrode, developing dendrites,
while in VCM, the migration of anions takes place when
applying a voltage pulse and produces reduction or oxida-
tion reactions depending on the polarity [3, 4]. According
to the theory of filamentary conduction [12], the redox
reactions take place across the filaments grown along de-
fects in the insulating spacer. The size of the MgO spacer

seems also to play an important role [7], e.g., thin MTJs
usually exhibit RSw from the virgin state, while thick
ones go through an electroforming process (in which fila-
ments are developed) before displaying the phenomenon.
Some models [13] have been proposed to simulate the
filamentary conduction on transition-metal oxides.

The models that describe the RSw, rely usually on an
assumption of two local minima in the energy profile.
Recently, a double well model for trapped electrons in
MgO-based tunnel junctions [14] confirm the power law
dependencies of resistance observed experimentally [15].

Using first principle transport calculation[16, 17], it
is shown that the tunneling magnetoresistance “TMR”
of Fe/MgO/Fe junctions is strongly diminished by small
oxygen concentrations in a single partially oxidized FeO
interface layer. This reduction is attributed to the reduc-
tion of specular contributions to the conductances of the
parallel configuration of the lead magnetizations high-
lighting the importance of ordered interfaces for large
TMR ratios. This later conclusion is also in agreement
with that of Wortamnn et al.[18] regarding the interplay
between electronic structure, atomic structure and the
tunneling process. The barrier thickness in the limit
of coherent tunneling is also shown to be important[19]
since it is shown that at large barrier thicknesses, only
a small amount of states contributes to the overall cur-
rent. Another important issue concerns the interchannel
diffusive scattering by disordered oxygen vacancies lo-
cated at or near the Fe/MgO interface which is shown
to drastically reduce the tunnel the TMR from the ideal
theoretical limit to the presently observed much smaller
experimental range.[20]

In the Fe/MgO/Fe junctions, the effect of the in-
clusion of different transition metal atomic species at
one of the Fe/MgO interface has been studied. For
example, chromium or vanadium were inserted as an
electron symmetry filter in the system, [6, 15]. Both
chromium and vanadium can be easily polarized by prox-
imity with a magnetic material such as iron. The mem-



ristor model [21] was shown to be good for explaining
the hysteresis-like I-V characteristics. The conductance
of Fe/MgO/V /Fe was shown to oscillate with increasing
the number of vanadium layers [22]. Another reason for
including vanadium at the Fe/MgO interface, lies in the
higher oxygen affinity of this element compared to iron.
This would make it possible for the appearance of oxygen
vacancies at the interface and would break the symmetry
of the sample defining the active electrode. This is one
of the aspects which lead to the bipolar behavior of the
switching.

Usually, V is assumed to lie on top of O when grown on
MgO substrate, however this was shown not to be always
the case by Ikuhara and coworkers [23]. In a study of the
atomic and electronic structure of V/MgO interface, they
showed that the best matching between experiment and
simulation corresponds to the case when V is located on
top of Mg. This geometry allows the oxygen ions to move
in straight line across the interface when redox reactions
take place.

In this work, we focus on the study of the RSw on
Fe/MgO/V /Fe with the goal of gaining insight into the
mechanism of this interesting phenomenon. To this end,
we performed our study by computing the total energy
of the system for various motions of the oxygen ions at
the MgO/V interface and restrict ourselves to the case of
ferromagnetic alignment of the iron electrodes. The main
goal pursued in this work is to show whether it is possi-
ble to find two local minima in the total energy profile
by identifying two possible positions for an oxygen ion
moving across the MgO/V interface. This will simulate
the oxidation which is assumed to take place in the RSw
phenomenon as suggested by experiment in the case of
KNbO3/[3].

The geometrical configuration of the system with the
oxygen ion in the MgO layer, is referred to as the initial
state configuration, while the final configuration corre-
sponds to the oxygen in the position identified by the
minimum of the total energy. To achieve this goal, we
tried several types of atomic arrangements in order to
contrast the results and optimize the way to simulate
the oxidation. The zero bias electrical conductance is
then computed and the results are discussed in reference
to those obtained experimentally. Notice however that
the experimental thickness of the MgO insulating bar-
rier of about 3 nm is much larger that the one used in
our calculation which is less than one nm. Due to this
sever limitation, our calculations can only be compared
qualitatively to the experimental results.

COMPUTATIONAL DETAILS

The electronic conductance was calculated using the
SMEAGOL [24] package where the non-equilibrium
Green’s function formalism is employed. In this code,

the ballistic regime is assumed so the Landauer-Biittiker
formula for the current is valid for computing the elec-
tric current. To compute the conductance, we have used
400x400 k points in the two dimensional Brillouin zone
as used in Ref. [22]. This high mesh is required for
the good convergence of the conductance. The electronic
structure required for the calculations, is performed by
means of the SIESTA code [25] which is a density func-
tional theory (DFT) code based on the pseudopoten-
tial approximation and localized numerical orbital ba-
sis set. Apart from specifying the structural parameters
of our system, we have to chose the type of exchange-
correlation (XC) functional, the pseudopotentials (PPs)
for the atomic species, and the size of the basis set. For
this study, the PPs were generated using the improved
Troullier-Martins scheme[26]. The local density approx-
imation (LDA) was employed for both the generation
of the pseudopotentials and the exchange-correlation po-
tential [27]. Non-linear exchange-correlation core correc-
tions were used for iron, vanadium and magnesium and
no core corrections for oxygen. The electronic population
and the cutoff radii for each atomic species and angular
momentum are listed in Table I.

Orbital Fe Vv Mg 0]
s 45?2 2.00 452297 352250 252 1.25
P ap® 2.24  4p° 3.50  3p° 250  2p* 1.25
d 3d°1.78 34159  3d° 250  3d° 1.25
f 4f°2.00 4f°217  4f°250 45°1.25

TABLE I: Electronic configuration (left) and cutoff radii for
each atomic species and angular momentum.

For the basis set, a split-valence type was used with
a split norm value of 0.15. Double-C type was employed
for all the atoms and angular momentum while polar-
ization functions was used only for iron, vanadium and
magnesium. The values chosen for the cutoff radii of the
first ( are summarized in Table II. The values for the
cutoff radii of the second { were left to be determined by
the split norm value. The electronic temperature and the
mesh cutoff are set to 300K and 350 Ry, respectively. The
structural parameters were those of Butler and cowork-
ers [8]: iron sits on top of oxygen with a distance of 2.16
A, vanadium occupies the place of iron in the interface
V/MgO. The iron lattice constant is 2.866 A and MgO
lattice constant is v/2 times that of the Fe. As mentioned
before, following the work of Tkuhara and coworkers on
V/MgO interfaces [23] we have also studied the position-
ing of V on top of Mg.



Fe A% Mg 0]
4s: r. =6.0 4s: r. =60 3s:r.=6.0 2s:7r.=4.0
3d: . =5.0 3d: r. =5.0 2p: re = 4.5

TABLE II: Cutoff radii for the first ¢ basis function for each
atom and angular momentum.
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FIG. 1: Initial and final unit cells for the two cases considered:
the vanadium is on top of oxygen (top drawings) and V on
top of Mg (bottom drawings). The motion of oxygen ion is
shown by an arrow. The first and second layer of vanadium
(V1 and V3) are identified for further reference. For clarity,
the interface at the vanadium 1 is shown on the right in zy
plane for the initial and final states.

RESULTS AND DISCUSSION
Total energy local minimum due to oxygen motion

The motion of oxygen ions may take place when de-
fects or oxygen vacancies are present [3]. This could be
the reason for the none existence of resistive switching
in Fe/MgO/Fe systems: introducing vanadium in one of
the Fe/MgO interfaces, defects and dislocations are more
likely to appear, and in this way, negatively charged oxy-
gen ions have more space where to migrate under an ap-
plied electric field.

Fig. 1 depicts the initials and final configurations on
the 2 cases considered in this work: vanadium on top
of oxygen and vanadium on top of magnesium. Fig. 2
shows the results for the average total energy per atom as
a function of the oxygen position (only the Z component,
orthogonal to the interface planes) for all the cases con-
sidered. In order to compare the results, all the curves
are relatives to the energy of the initial configuration, i.e.
when the oxygen ion is in its initial state. Curve (a) cor-
responds to the case taken as a reference for the other
possible paths. In this case, we considered a relatively
small unit cell (24 atoms) and the oxygen ion in front of
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FIG. 2: Average total Energy per atom in eV as a function
of oxygen displacement in (A) for the several cases of oxygen
motion : (a) small unit cell; (b) large unit cell and only one
oxygen is allowed to move; (c) large unit cell, V vacancy; (d)
small unit cell, V on top of Mg. Cases (b) and (c) are ampli-
fied 5 and 10 times respectively. All the cases are performed
within the LDA approximation. The origin of the displace-
ment corresponds to the position of the last MgO layer, the
dashed line at 2.16 A refers to the first vanadium layer and
the dashed line at 3.593 A to the second one.
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FIG. 3: Calculated average total Energy per atom in eV as
a function of oxygen displacement in (A) with total atomic
relaxation (black dots) compared to the unrelaxed structure
(red dots). Notice that the atomic relaxation reduces drasti-
cally the energy barrier height.

the vanadium layer is moved to oxidize that layer. It is
worth noticing that the motion of the oxygen ion, is not
along Z direction but diagonal when there is a vanadium
atom in front as is shown in figure 1. Here we observed
one of the main results of this work: somewhere near
1.85 A from the initial position, the total energy exhibits



a minimum. It can be argued that the barrier energy is
very high of about 0.37 eV but this is a consequence of
this kind of motion, where one oxygen ion is moved in this
small unit cell. This will correspond to moving the whole
oxygen layer in the last MgO layer to simulate the oxida-
tion of vanadium. In order to validate this hypothesis, we
calculated the same kind of motion but in a larger unit
cell (215 atoms in total) by moving one out of 9 oxygen
ions. The result presented by curve (b) shows that the
barrier’s height diminishes by an order of magnitude to
41 meV or when converted to temperature is about 476
K. This is a realistic barrier that can be overcome easily
by an electric field. We will now explore other possible
oxygen motions to reduce further the barrier height.

In Fig. 2 (c), we have considered the same large unit
cell as in (b) but a vanadium vacancy in front of the
oxygen. Finally, in Fig. 2 (d) we have used the same
small unit cell as in (a) but V on top of Mg (case 2
in Fig. 1). In these two cases, the oxygen moves in a
straight line and the last case corresponds to the geome-
try which Tkuhara et coworkers [23] consider more likely
for a MgO/V interface. It is worth noticing that in both
cases the energy barriers height diminish drastically be-
ing (c) the lowest, closer to realistic values (0.017 eV or
about 197 K). Vanadium vacancies make the minimum to
shift deeper into the vanadium layers while considering
V on top of Mg (as suggested by Ikuhara and coworkers
[23]) lowers the potential barrier. However, the second
minimum at 1.5A, is very shallow and is about 4 meV
lower that the barrier height of 66.5 meV (see 2d). This
shallow minimum of about 46 K can trap an oxygen ion
only at low temperatures. The comparison of all these
total energy calculations as a function of the position of
one of the oxygen ions suggests that case (a) and (d) are
the most representative of oxygen ion migration across
the interface. Despite the different ways that the oxygen
ion might migrate across the interface or how its motion
is computed, a general feature emerges. There is a lo-
cal energy minimum when an oxygen ion is moved across
the interface. We argue that because the oxygen ion is
electrically charged, such a motion can be triggered by
an applied strong electric field pulse. The trapped neg-
atively charge oxygen ion in this minimum can reverse
motion when the electric field is applied in the opposite
direction.

There are two major factors that might reduce drasti-
cally the calculated energy barrier heights. The first one
is the atomic relaxations around the displaced oxygen
ion which are not taken into account due to high com-
putational cost. Nevertheless, we have performed atomic
relaxation for the small unit cell in absence of an applied
electric field, which is not so computationally difficult to
implement. We compare in Fig. 3 the average total en-
ergy per atom as a function of the oxygen displacement
for the relaxed and the not relaxed calculations. We can
see that the atomic relaxations reduce drastically the en-

ergy barrier by enhancing the electronic screening around
the displaced oxygen ion. However, we believe that such
huge relaxation are overestimated because in presence of
an applied electric field, the atoms around the displaced
oxygen atoms will have less time to relax. We expect
therefore that the atomic relaxations will not play a very
important role. The Second factor that might reduce
the barrier height involves oxygen vacancies. Experiment
shows that positively charged oxygen vacancies are also
important for the oxygen ions diffusion under an applied
electric field [3, 4]. One therefore expects that an oxy-
gen vacancy distribution would significantly reduce the
energy barrier since the negatively charged oxygen ions
will have enough space to move. Such calculations are
computationally expensive and are therefore beyond the
scope of the present study. Since the non optimized oxy-
gen motion produces large energy barrier heights, it is dif-
ficult to estimate a realistic electric field that will move
the oxygen ions (02-). If we consider that AV = dF
(where AV is the potential corresponding to the energy
barrier, E the applied electric field, and d the displace-
ment of oxygen ion) then for AV of 1 volts and d of the
order of 1 A | we need a field of at least 108 V/m. This
is a large electric field and defect pathways and other re-
laxation effects are therefore necessary for reducing the
energy barrier height. Notice however that experimen-
tally the applied voltage is about 1 volt and since the
potential drop will occur only through the insulating re-
gion of the order of 1 nm (see Ref. [14]), the produced
electric field in MgO is of the order of 10° V/m which of
about the same order of magnitude than the estimated
electric field.

Transmission and Conductance

In Fig. 4 we present the results for the transmission as
a function of energy at the initial and final configurations
of the oxygen motion in both studied junctions, i.e., V on
top of O (left column) and V on top of Mg (right column).
Top row corresponds to the total transmission while the
spin decomposition is shown in the other two columns:
spin majority (G4) in the center and spin minority (G})
in the bottom. Comparing the rows, we notice that the
total transmission has almost the same shape of the G4
component. This is a consequence that in ours calcula-
tions we are considering the ferromagnetic alignment for
studying the RSw of the junction. If we observe the to-
tal conductance (transmission at the Fermi level) we find
that it increases when the system goes from the initial
state to the final one in the case of V on top of O, but
it has the opposite behavior in the case of vanadium on
top of magnesium. This resistance change would be a
good test for distinguishing experimentally between the
two geometries, i.e., correlating the sense of the switch-
ing and the orientation of the sample with respect to the



applied electric field.
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FIG. 4: Transmission as a function of energy for the initial
(solid red curves) and final (dashed green curves) configura-
tions. Left column: V on top of O; right column: V on top of
Mg. Top row shows total transmissions; central row the spin
majority components; and the bottom row the spin minority
components. In all cases, the conductance shows a switching.

The total conductance and their spin dependent val-
ues, are summarized in table III. The labels correspond
to each case in Fig. 2. Apart from case (c), where the
total conductance has the same order of magnitude in
both initial and final states, the total conductance of the
system is one order of magnitude lower in the initial con-
figuration than in the final one when V is on top of O,
while for V on top of Mg the values are reversed. We
notice also that the main spin component of the conduc-
tance is reversed when comparing vanadium on oxygen
and vanadium on magnesium.

Case G+/Go G,/Go Grota1/Go
(a) Initial| 5.83e-05 3.02e-04 3.60e-04
(a) Final | 9.48e-04 1.98e-04 1.15e-03
(b) Initial| 1.18¢-03  4.84e-06  1.19e-03
(b) Final | 3.51e-02 7.98e-06 3.51e-02
(c) Initial| 4.59e-03 3.28e-06 4.59e-03
(c) Final | 2.84e-03 5.13e-06 2.85e-03
(d) Initial| 1.45e-02 4.52e-05 1.45e-02
(d) Final | 5.90e-04 1.24e-03 1.83e-03

TABLE III: Conductance values in the initial and final con-
figurations for all the LDA calculations in the ferromagnetic
alignment. Labels correspond to those of Fig. 2
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FIG. 5: ds,2_,2 component of the PDOS for the vanadium
atom in front of the moving oxygen (figure 1): V; for V on
top of O (left panel) and Va for V on top of Mg (right panel).
The Fermi level is at the zero of energy.

Density of states

From the analysis of the local density of states (PDOS)
of the MgO, the highest occupied states are at about -
4 eV below the Fermi level and the lowest unoccupied
states are at about 2 eV above it. That gives an MgO
band gap of about 6 eV. This value is much smaller than
the bulk value of 7.8 eV but it seems that thin films
have much smaller band gaps [28]. When the RSw takes
place, the changes in the partial density of states (PDOS)
occurs mainly for atoms located at the vicinity of the
displaced oxygen ion. The most appreciable change, cor-
responds to the ds,2_,2 orbital of the vanadium in front
of the oxygen in the initial position: referred to as V;
for V on top of O and Vy for V on top of Mg (see fig-
ure 1). The results for such PDOS are shown in Fig. 5
and explain the behavior of the conductance discussed
previously. The spin majority component of the PDOS
around the Fermi energy (taken as the energy zero), is
relevant here due to the ferromagnetic alignment of the
leads. It increases in V on top of O when the oxygen
moves from the initial to final position but decreases in
the same situation for V on top of Mg. We can interpret
this result in terms of the magnetic moment and charge
transfer at the MgO/V /Fe interfaces as we will see.

Magnetic moment and charge transfer

Fig. 6 shows the charge transfer and the spin magnetic
moments at the Fe/MgO/V /Fe interfaces. It is clear that
at the Fe/MgO interface there is a net charge transfer
from the last Fe layer towards the first MgO layer (panels
(a) and (b)), and the interface iron magnetic moment is
about 3 pp much larger than the bulk moment of 2.2 up
(panels (c) and (d)). This moment is typical of an iron
surface and is due to a lower iron coordination. However,
the MgO/V /Fe interface is much more interesting. First,
when the V atom is on top of O, it is much oxidized,
i.e. there is a net charge transfer from the vanadium
layers towards both MgO and Fe (initial case in panel
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FIG. 6: Magnetic moment M and charge transfer AQ across
the system; The left (a) and (c) panels are for V on top of
O and the right (b) and (d) panels are for V on top of Mg.
A positive AQ corresponds to a charge accumulation on the
layer and negative one to a charge depletion. In the initial
configuration X is an empty site and Y is an oxygen ion,
while in the final configurations it is the other way around.

(a)). But, when one oxygen ion passes into the first V
plan (final case in panel (a)), the first V layer adjacent
to Mg gains about 0.25 electrons and the Mg0 layer loses
about -0.3 electrons. This is essentially due to the extra
charge of the displaced oxygen ion. When V is on top of
Mg (panel (b)), the situation is a bit more complex in the
final state. Due to the extra charge of the oxygen ion, the
interface vanadium layer gains about 0.4 electron while
the adjacent MgO layer loses about the same amount
of charge and the second MgO layer gains about 0.15
electron. The oxygen in the vanadium layer plays the
role of an impurity and creates a Friedel charge oscillation
around it.

The opposite behavior observed in the conductance for
both configurations in Table III, can be understood by
analyzing the charge transfer presented in Fig. 6: for V
on Mg (panel (a)) we have less charge oscillation in the
initial configuration than the final configuration. This
qualitatively favors a higher conductance for the initial
configuration as shown in Fig. 4. For V on top of O, the
situation is different since the charge oscillation is about
the same for the initial and final configuration. How-
ever, we notice that both in the initial configuration both
vanadium layers have a charge depletion which amount
to higher potential barrier than in the final configuration.
This might qualitatively favor a higher conductance for
the final conductance and can be the origin of the op-
posite switching in the conductance mentioned in Fig.
4.

CONCLUSION

In this study we determined some possible paths of
oxygen ions migration across the MgO/V interface of the
Fe/MgO/V /Fe junction. In particular, we have shown
that there is a local minimum of the total energy of the
system as a function of the oxygen position at the inter-
face. This gives an interesting scenario about how oxygen
ions get trapped in a local minimum upon the applica-
tion of a strong electric field pulse and how the motion
of oxygen get reversed when the field is applied in the
opposite direction and its connection to RSw. Moreover,
it is shown that switching is different depending on how
the vanadium layer is placed on top of the MgO layer
(V on top of O or on top of Mg). This would establish
an easy experimental way of determining the structure
of the junction. In any case, the migration of the oxygen
makes the RSw in MgO-based MTJ more plausible. We
hope that the mechanism presented in this work clarifies
somehow the RSw in MgO-based MTJ, and complements
other model studies and will be useful for the elaboration
of new models based on realistic calculations.
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