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The 1 kHz real part �0 of the dielectric constant of a structural glass (a-SiO2�xC1�yHz) was
measured at low temperature T. Reducing the sample thickness h below 100 nm weakens the slope
j@�0=@Tj for T & 0:1 K, for all measuring fields E. This contrasts with the predictions of the two-level
system (TLS) model but is in agreement with the recently proposed delocalization of excitations derived
from a field-induced TLS-TLS interaction mechanism. For small h this interaction is screened, which
explains the h effects on �0. Hence, interactions must play a key role in standard thick samples as soon
as T & 0:1 K.

DOI: 10.1103/PhysRevLett.90.205501 PACS numbers: 61.43.Fs, 72.20.Ht, 72.20.My, 77.22.Gm
below 100 nm strongly affects the real part �0 of the 1 kHz
dielectric constant. The �0�T� minimum, which occurs at

ment. The sample was glued inside a copper box con-
nected to the mixing chamber of the He= He dilution
For more than 30 years, amorphous solids have been
widely investigated at low temperature T [1]. Their
properties turn out to be both ‘‘universal’’ (i.e., quasi-
independent from their chemical composition) and
strongly different from their crystalline counterparts.
This is explained within the tunneling two-level system
(TLS) model [2] where some atomic systems fluctuate
between two neighboring energy minima separated by a
potential barrier, which, at low T, is crossed by tunneling.

Even if the low density of glasses (in comparison with
their crystalline counterpart) may justify [3] the exis-
tence of ‘‘voids’’ and thus the TLS framework, the ability
of the standard noninteracting TLS model to account for
experiments is very intriguing. Indeed, by extracting
from measurements the coupling strength of a TLS to
phonons, one finds [4] that TLS’s are strongly coupled via
virtual phonons. A tunnel transition on a given TLS de-
forms elastically the neighboring matrix, thus inducing
an energy change U / 1=r3 for a TLS located at a dis-
tance r. For two neighboring TLS’s [5] one gets U�r �
1 nm� ’ 10 K. Similarly, since many TLS’s are charged,
they interact through dipolar interaction, mediated by
virtual photons, giving an interaction energy [5] in the
same range of 10 K between neighboring TLS’s. This
large energy scale contrasts with the (very few) experi-
mental results that suggest weak interactions between
TLS’s. In the 100 mK range, only the small nonequili-
brium effects of the kHz dielectric susceptibility � [6], as
well as its small unexpected H dependence [7], have been
related to interactions. In the mK range, somewhat larger
effects, such as the ultralow T plateau [8] of the dielectric
constant, and the internal friction behavior [9], were
ascribed to TLS interactions.

This work provides strong evidence of the key role
played by TLS’s interactions in the 100 mK range. We
show that reducing the thickness h of our glassy samples
0031-9007=03=90(20)=205501(4)$20.00 
a given Trev for h > 100 nm, progressively shifts to lower
T as h is decreased (and finally disappears for h ’ 12 nm).
We show that this behavior contradicts the noninteract-
ing TLS model and is most likely related to TLS inter-
actions. Many theories dealing with interactions in the
TLS model have been proposed. In Ref. [10], it is sug-
gested that interactions are renormalized to zero by frus-
tration, whereas in Ref. [11] interactions are assumed to
supersede disorder. More recently Burin et al. [12] pro-
posed a mechanism that accounts for the reported data,
once properly factored in the numerical determination
of �0 [13].

The samples were all produced similarly: on a vitreous
a-SiO2 0.1 mm thick substrate, a layered Cu=glass=
Cu=glass structure was deposited, by using a multicham-
ber system excluding exposure to air during the whole
process [14]. The 15 nm thick Cu electrodes were evapo-
rated (at 0:1 nm=s). The glass layers of a-SiO2�xC1�yHz
(with x ’ 2:9, y ’ 0:9, z ’ 1:2) were made from
TetraEthylOrthoSilane with a 13 MHz vapor plasma,
and x-ray analysis confirmed their amorphous nature
[15]. The autopolarization was set to 	100 V, the incom-
ing flux to 2 sccm, and the pressure to 0.80 Pa. The
resulting glass deposition rate was 0:1 nm=s, allowing
one to select the thickness h of the internal glass layer
by choosing the deposition time. Since the value of h is
crucial, it was independently measured by three other
methods that all gave compatible results: (i) in situ laser
interferometry was realized onto a Si substrate placed
close to the sample during the glass deposition; (ii) the
glass layer grown onto the Si substrate was irradiated
by a deuteron 0.91 MeV beam allowing, using the nu-
clear reaction on 16O, an h estimate; (iii) the value of the
capacitance C / �0 was checked to scale with the ex-
pected h. The 15 nm thick top glass layer hinders any
spurious atmospheric effect during the cryogenic experi-

3 4
2003 The American Physical Society 205501-1



P H Y S I C A L R E V I E W L E T T E R S week ending
23 MAY 2003VOLUME 90, NUMBER 20
refrigerator. Semirigid coaxial wiring was ensured from
the cold copper box up to the 2500-Andeen capaci-
tance bridge. A capacitance cF, twice as large as that
of the sample, was set in parallel of each cable, so as to
filter high frequency parasitic fields. The data remained
unchanged when cF was halved, proving the filtering
efficiency.

The �0�T; E� behavior of six samples, with h ranging
from 12 to 800 nm, is reported in Figs. 1–3, where
�C�T� � C�T� 	 C�0:5 K� and �Cmax � C�0:5 K� 	
Cmin, while Cmin is the minimum value of C in our T
experimental range (14 mK; 0.5 K). Figure 1 shows that,
for a given measuring field E � 40 kV=m, the tempera-
ture Trev, where �0�T� is minimum, gradually shifts to-
wards lower values as h is decreased. For the thinnest
sample, the minimum is suppressed for fields lower than
250 kV=m. At E � 40 kV=m, the simplest way to de-
scribe the �C�T� behavior of the thinnest sample is
�C�T� / T�, where � is equal to 1:35
 0:15 above
70 mK and to 2:75
 0:4 below. This strongly contrasts
with the usual logarithmic behavior �C�T� / 
 lnT,
valid for thicker samples as well as for all previously
studied glasses [16]. Figure 2 shows that the lowering of
Trev when decreasing h occurs for all E (except for E �
1 MV=m where some heating arises; see below). However,
this decrease occurs only for h & 100 nm since the 200
and 800 nm samples behave similarly. Finally, Fig. 3
shows, for the smallest h, that a minimum of �0�T� is
recovered when E * 1 MV=m, but the value of the slope
j@�0=@Tj below Trev is smaller than that of thick samples.

The above properties of �0�T; E; h� are intrinsic to the
glassy state. Indeed, as we show below, they come neither
from a heating effect nor from a variation of the glass
composition with h:
0.01
0.1

10

100

1000

-1

0

 h [nm]

δC
(T

) 
/ δ

C
m

ax

T [K]

0.0 0.4
-1

0

 T [K]

 δ
C

/ δ
C

m
ax

 12nm
 24nm

FIG. 1. Relative variation with T of the capacitance, for a
given measuring field E � 40 kV=m. As the sample thickness
h decreases the minimum shifts towards lower T and disap-
pears for the smallest h. This contradicts the standard non-
interacting TLS model. Inset: same plot (T in linear scale); the
24 nm curve is vertically moved ( � 0:2) for clarity. Note that
for h � 12 nm, the standard lnT behavior is not obeyed.

205501-2
(i) The E-induced dissipated power P might heat the
sample to a temperature above the measured T. This
explanation is ruled out since the data of Fig. 1 are taken
at constantE. Note that one has P / E2h; i.e., P increases
with h at a given E. Thus, if the measurements were
affected by heating, the observed trend would be the
opposite of that of Figs. 1 and 2. The presence of heating
can be suspected only for the two thickest samples and
for E * 1 MV=m, where Trev is slightly lower at h �
200 nm than at h � 75 nm. To check this point, the
thermal resistance R between the sample and the cryostat
was estimated as follows: first for E > 10 kV=m, the law
Trev / E1=2 was assumed to hold (see below) for a per-
fectly well thermalized sample; second, the (small) dif-
ference between this law and the measured Trev in the
range 10–300 kV=m was attributed to a (small) heating
effect. From the two thickest samples one gets R ’
50 MK=W at 100 mK: this is the good order of magnitude
to account for the above-mentioned behavior of Trev when
E * 1 MV=m and h � 200 nm. Finally, one finds R /
T	3, as expected for boundary Kapitza resistances.

(ii) Besides, one may imagine that the effect of Figs. 1–
3 comes from the fact that the glass composition depends
on h, even for a given set of plasma parameters. The
components of the plasma may be mixed with the Cu of
the first electrode and yield a ‘‘boundary’’ layer, of thick-
ness b0, with a chemical composition that strongly differs
from the rest of the ‘‘normal’’ glass (of thickness h	 b0).
Since the value of Trev slightly depends on the glass
composition [16], one may wonder if the data could be
explained by combining the susceptibilities of these two
dielectrics in series. This is not the case. Indeed, taking
for the boundary layer the 12 nm sample, and for the
normal glass the 800 nm sample, one finds, for the 22 nm
thick sample, that �C�T� should, by far, be dominated by
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FIG. 2. Temperature Trev of the minimum of �0�T� / C�T�, as
a function of E, for various h (labeling the curves). The main
point is that for E � 10 kV=m, Trev decreases with h (except for
E * 1 MV=m; see text). The minimum of �0 even disappears
for h � 12 nm and for E � 250 kV=m, which is indicated by
‘‘Trev < 18 mK.’’ For clarity, the 
4 mK error bar is shown
only for a few lowest Trev.
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FIG. 4. �0�T; E� was computed in Ref. [13] by solving Bloch
equations. The noninteracting TLS model is shown in dotted
lines: due to the quantum saturation effect, �0 / C is strongly
depressed when raising E at low T. This suppresses the mini-
mum of �0�T� for experimental fields E > 40 kV=m and could
model the 12 nm sample where TLS’s interactions are strongly
reduced. Including TLS’s interactions through the E-induced
mechanism of Ref. [12] restores the �0 increase with E (at any
given T), as well as that of Trev. This models the usual �0�T; E�
of thick samples. Finally, since strong E’s decrease the distance
� between interacting TLS’s, one recovers the usual behavior of
�0�T� when ��E�< h. This explains, for h � 12 nm, the ap-
pearance of a �0�T� minimum for strong enough E, as in Figs. 2
and 3.
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FIG. 3. Relative variation of the capacitance with T, for
various E and for h � 12 nm. No minimum occurs in �0�T�
down to 14 mK for the four smallest E’s, but a minimum
reappears for larger E’s. At E ’ 0:4 MV=m (gray symbols) one
may have Trev � 19 mK. The vertical scale is reduced com-
pared to that of Fig. 1, since the variation of �0�T < Trev� is
weaker than in thick samples.
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the ‘‘thin’’ T� behavior, for any E. This is clearly contra-
dicted by Fig. 1 where the standard lnT trend holds for the
22 nm thick sample. Even if the 12 nm thick sample is
discarded because of its unusual T behavior, the scenario
of two dielectrics in series can be further tested by using
the 22 nm sample as the new ‘‘boundary layer.’’ For any
given E, the resulting Trev for the 75 nm thick sample
should be only 5 mK below that of the thickest sample.
This is clearly contradicted by the data of the 100 kV=m
range of Fig. 2.

At this step, it is clear that decreasing h below 100 nm
qualitatively changes the physics of the glass sample. This
contradicts the standard (i.e., noninteracting) TLS pic-
ture. This model accounts for the decrease of �0 above Trev
by the progressive freezing of the diagonal (or relax-
ational) part �0

z of the susceptibility, whereas the increase
of �0 below Trev comes from the off-diagonal (or reso-
nant) part �0

x (see Ref. [17]). Because of its purely quan-
tum nature, �0

x grows when T decreases, as do all
quantum effects. In other words, according to the stan-
dard model, �0 is dominated by the dynamics of individ-
ual TLS’s (see Ref. [18]). Since the TLS’s size is below
1 nm, no h effect can be explained in the range of tens of
nm, contrary to the data reported above.

This failure of the standard TLS model strongly con-
trasts with its former success, in particular, its ability to
account for the �0 / 
 lnT behavior as well as for the
order of magnitude of Trev [1,16]. In fact, it has been very
recently discovered that the agreement holds only in the
‘‘linear regime’’ (i.e., small E’s) where �0, and thus Trev,
do not depend on E. Indeed, as shown in Ref. [13], the
standard TLS model does not account for the nonlinear
behavior of �0�T; E� (such as that reported in Ref. [16] and
that of our h > 100 nm samples). Indeed, due to the
205501-3
quantum nature of �0 below Trev, �0 is strongly depressed
by a strong measuring electric field E at a given T. This is
due to the quantum saturation phenomenon coming from
the fact that increasing E decreases the population differ-
ence between the two energy levels. As the Rabi oscilla-
tions produced by E on the upper level are in phase
opposition with respect to those produced on the ground
level, the quantum response, once averaged on many
independent TLS’s, tends to zero when E is increased.
This was checked by solving numerically the Bloch
equations of TLS’s [13] with a nonperturbative method
(see the dotted lines in Fig. 4).

Both the nonlinear measurements and the h effect on�0

can be accounted for by using the field-induced TLS-TLS
interaction proposed by Burin et al. [12]. The idea is to
consider a thermally excited TLS of gap � and to seek for
the probability � that such an excitation delocalizes by
hopping to another TLS of gap �0 located at a distance �
from the first one. The probability � is large only if
j�	 �0j � U���, where U��� is the interaction coupling
the two TLS’s. With the usual density �PP(independent on �)
of gaps in glasses, one finds that � is extremely small at
E � 0, but that a finite E strongly favors the delocaliza-
tion of excitations. This is due to the fact that E modulates
any � by an amount edip � pE=�r, where p ’ 1 D is the
TLS dipole and �r ’ 5 is the glass dielectric constant
[6,16]. Thus, all the TLS’s whose gaps differ from each
205501-3
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other by less than edip form an ‘‘infinite cluster’’ within
which the delocalization of excitations occurs.

As far as the nonlinear behavior of �0 is concerned, this
mechanism leads to the following predictions: (i) Energy
diffusion enhances the diagonal part �0

z of the suscepti-
bility, by decreasing the associated relaxation time �1.
This is of great qualitative interest since, as stated above,
�0
x is mainly depressed by E and thus cannot account for

the increase of �0 with E at low T. (ii) The rate of
delocalization (i.e., 1=�1) increases with E, and the asso-
ciated increase of �0

z with E overcomes the E-induced
depression of �0

x. (iii) The rate 1=�1 grows when T
decreases, since quantum coherence is needed for the
delocalization of excitations. Figure 4, drawn from
Ref. [13], shows that the mechanism of Burin et al.
allows one to recover a nonlinear �0�T; E� behavior in
qualitative agreement with that of our two thickest
samples (or that of Ref. [16]). Along the same lines
[13], one predicts Trev /

����

E
p

, as seen in Fig. 2 in the
nonlinear regime (E � 10 kV=m).

The delocalization of excitations also accounts for the
thickness effects reported here. Indeed, dipolar interac-
tions are strongly screened by the electrodes [19], i.e., by
the fact that their numerous electrons intercept and cancel
the electric field responsible for the interaction between
TLS’s. This weakens U��� for distances � * h. Since
the distance � � � �PPedip�	1=3 between two neighboring
TLS’s of the infinite cluster is typically 60 nm for E �
40 kV=m, the mechanism of Burin et al. is expected to be
progressively switched off as h decreases in this range.
Since this mechanism is responsible for the behavior of
�0�T � Trev�, one understands that Trev should decrease
with h, as seen on Fig. 2. As an extreme consequence, just
as in Fig. 1, Trev could even disappear for the thinnest
sample due to the complete suppression of the delocal-
ization of excitations (and to the E-induced depression of
�0
x valid at any h).
Besides, due to the E-induced modulation of �, in the

scenario of Burin et al., � decreases for strong E, opening
the possibility to recover � < h for large enough E. This
could account for Fig. 3 where, even for h � 12 nm, one
recovers a minimum for �0�T�.

In conclusion, decreasing the thickness of glass
samples below 100 nm changes the physics of the real
part of the kHz dielectric susceptibility. This experimen-
tal result strongly supports the key role of dipole-dipole
interactions up to 100 mK. The main features of the
reported data can be accounted for by assuming that
TLS’s interactions occur via an E-induced delocalization
of excitations between quasisimilar TLS’s.
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