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Evidence for the Importance of Interactions between Active Defects in Glasses
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We report new evidence obtained betwed®® K and 150 mK for the importance of interactions
between tunneling two level systems in structural glasses. After the application of a large dc electric
field we observed logarithmic relaxations #l(w) and €”(w) for up to 10* s. The frequency
dependence of the relaxation éi(w) observed at higher temperatures vanishes for temperatures well
below the minimum ofe’(w,T) and we finde”(w) « T below the high temperature plateau, both
qualitatively in agreement with models involving interactions.

PACS numbers: 61.43.Fs, 71.55.Jv, 77.22.Gm, 77.55.+f

For over 20 years our understanding of the anomalouteractions. This suggests that the formation of a hole in
universal properties of glasses at low temperatures, firghe density of states can indeed affect equilibrium proper-
recognized by Zeller and Pohl in 1971 [1], has been baseties of amorphous systems.
on a model of independent tunneling two level systems One can attempt to describe the nonequilibrium dielec-
(TLS), in which a broad distribution of thermally active tric response of TLS in amorphous solids to a dc field
defects in amorphous materials produces the heat capacityom two broad points of view: the interacting and non-
nearly linear inT and the thermal conductivity roughly interacting pictures. In the interacting picture Burin [5]
proportional to7T? seen in experiments. The measuredconsidered TLS coupled to one another by a weak strain-
exponents are closer t6'> and 7', however, and, mediated elastic dipolar interaction. He calculated the ef-
as Lasjaunias, Maynard, and Vandorpe [2] have pointefect on an initially flat density of states as a function of
out, attempts to correct these exponents by modifying théocal field due to this interaction and found that a hole
density of states of TLS cannot simultaneously accounin the density of states formed at zero local field. The
for both these differences. Recently, Yu and Leggett [3depth of the hole grew logarithmically in time as the TLS
have suggested that interactions between TLS mediateapproach thermal equilibrium. The appearance of such a
by their coupling to strain fields might resolve these andeature is understandable when one considers the familiar
other discrepancies between theory and experiment. stability argument used to explain analogous behavior in

In 1994 Salvinoet al.[4] studied the ac dielectric spin glasses [6]. One can explain the jump in the dielec-
response of structural glasses to large dc electric fieldstic response due to the applied dc field in the following
and observed that a local minimum developsitw, E)  way: When the external dc field is changed, the density
after the application of any dc field. Models have of TLS at zero local field is increased as thermal equilib-
been developed to explain the temperature and frequencium is destroyed. The number of TLS at zero local field
dependence seen in these results in terms of the formatiatecreases as equilibrium is reestablished.
of a hole in the distribution of TLS at zero local field Putting this “dipole gap” into the density of states
as equilibrium in the system is approached, owing toof the TLS, Burin used the equilibrium noninteracting
interactions between the TLS. It is these TLS whichTLS formalism [7] to calculate the dielectric response
contribute most to the dielectric response, and hence thie the interacting picture. This procedure predicts a
development of a hole in the TLS at zero field wouldjump and subsequent relaxation ¥l(w) due to the
produce the observed local minimuméf{w, E). Similar  application of the dc bias. The relaxation is frequency
mechanisms are known to exist in spin glasses. and temperature dependent Bt> T, but frequency

The existence of a hole in the density of TLS at zeroindependent forT < T, due to the fact that only
local field might have significant effects on equilibrium TLS relaxational tunneling, which disappears at low
properties of amorphous solids, and thus we have carrie@mperatures, is frequency dependent. Finally, the time
out a series of new experiments at much lower temperadependent density of states also leads to a jump and
tures to further test this hypothesis. In this work, we findlogarithmic decay in the imaginary part of the dielectric
that the frequency dependence seed'im, E) disappears responses” (w).
at low temperatures, in a manner expected from the mod- An approach similar to the above was employed
els. In addition, we have observed that the temperaturby Carruzzo, Grannan, and Yu [8]. This group also
dependence of the equilibrium dissipatiari/(w,T), at  performed a Monte Carlo simulation of a 3D nearest-
low temperatures varies linearly with temperature, conneighbor Ising spin glass with 1000 spins to model
trary to what is expected for noninteracting TLS, but ininteracting TLS. They found that the interactions cause a
accord with calculations based on a model including in-decreasing density of TLS at zero local field analogous to
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the one discussed in [6]. This relaxation is logarithmic in 8
time and is reflected as such ji(w). The temperature
and frequency dependence of this relaxation is in good«

agreement with thee/(w) relaxations presented in [4]. 2 6 Q
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In contrast to an experiment performed on an RKKY =*

spin glass [9] this model does not show a logarithmic ¢~
relaxation iny"(w). O 4
Carruzzo, Grannan, and Yu also tried to explain the ° 4 140mK 500Hz
nonequilibrium dielectric response to the application of [~ v 140mK 5kHz
a large dc field by assuming noninteracting TLS. In this 2 IR R T S B R T B R W R R T
framework the equations of motion obeyed by the indi- 10 100 1000 10000

vidual TLS are the Bloch equations (in the rotating wave th [sec]

ap.proximatior_l [101). Thu_s the TLS are a_n analpg 'to %G, 1. Relaxations ine’(w) of the SiQ sample at temper-
spin system in a magnetic field (NMR) with a distribu- atyres above and below the minimum &fw, T) demonstrate

tion of 7;. This model predicts logarithmic relaxations in the frequency independence of the response at low temperatures
€'(w) due to the rethermalization of the TLS after the bias(the two parallel lines).

application. The relaxations are temperature but not fre-

gquency dependent. Using the Landau-Zener criterion one

can define two regimes showing different behavior, adi- ) ) )

abatic and nonadiabatic, based on the switching time dfom this experiment on the SiGsample, one at40 mK

the dc bias field compared to the tunneling and relaxatio@"d the other ae0 mK using both500 Hz and 5 kHz

time of a given TLS. Since TLS have a broad distributionPridge excitations. The ratio of the slopes at the two differ-
of tunneling times, for a given dc bias rise time some frac &Nt frequencies is very close to unity at the lower temper-
tion of the TLS will always be in the nonadiabatic regime. 2ure (the two parallel lines). At the higher temperature
In the adiabatic regime this model predicts a jump upwardN€ ratio of the slopes is about 1.4 (the two intersecting
in €/(w) and a subsequent logarithmic relaxation. A COm_lmes). This behavior is common to all our samples, but the
pletely nonadiabatic response produces a jump downward0Ssover temperature to the frequency m_dependent regime
in €(w) and an upward relaxation back to equilibrium. Vares from sample to sample. 'I_'he ratios of the slopes
The experimental observation should be a combination o#d other parameters are shown in Table I. An important
both responses due to the distribution of times. This nonP&rameter for comparing temperature scales between sam-

. ' /3 e .
interacting model, also discussed in [5], does not predict R1€S 1S Tmin = w'/?, the temperature of the minimum in
logarithmic relaxation ire”(w). €'(w,T). The minimum results from a crossover between

Our samples included a 5% potassium-doped silicat@ regime whe_re (elaxation to the phonon bath dominates
(K, : Si0y) glass which was ground down from bulk the TLS contribution t&’(w) and one where resonant tun-
to 20 um thickness [11], a free standing wm Mylar neling dominates. Consideriy T, as the appropriate
film, and a3 wm thick SiO, sample that was studied temperature scale (see Table 1), it is not surprising that we
earlier by Salvinoet al.[4]. The Mylar and potassium have togotoa lower temperature for the Mylar than for
silicate samples had evaporated chrome-gold electrode®® SIQ to see the frequency independenceSpf We
The reactively sputtered Sidilm had sputtered niobium Qbse_rved logarithmic rellaxatlc_)ns for up to four decades in
electrodes. The techniques used are described by Salvifg'e in all our samples including the Mylar polymer sam-
et al.[4]. ple which is not a glass in the usual sense.

In our first set of experiments we applied a large dc bias W€ applied dc bias fields up t8 MV/m, although
field to our samples and then measured the ac dielectrif'® ratio of the relaxation slopes was independent of the
response after the application. We observed a jump i@PPlied dc bias, and used ac fields ranging from 5 to

¢'(w) followed by a logarithmic relaxation of the form 20 KV/m to measure the relaxation. The slope ratios
8¢’ = A — S,In(t — 1,). Figure 1 shows two data sets Were independent of the ac field amplitude up to the point

where we started to elevate the temperature of the sample

TABLE I. The ratio of the relaxation slopes &, = S,(500 Hz)/S;(5 kHz). The tempera-
ture slope below ,, is given asSy = 39(C/Cy)/dIn(T/mK) at 1 kHz, as forTy;,.

Tmin T T
Sample (mk) St (mk) R(T1) (mk) Ry(T))
SiO, 65 53 X 1073 20 1.03 £ 0.9 140 1.48 = .07
K: SiO, 55 8.6 X 107 13 0.92 = .10 140 1.49 = 17
Mylar 23 3.1 x 1074 10 0.97 £ .05 140 1.34 £ 24
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(E,c = 150 kV/m) even though at this field’(w) is  average dipole moment) as predicted by the interacting
no longer field independent. The results presented ammodel, in agreement with the continuous sweeps.

not influenced by nonlinear effects or by heating. We To test the theoretical models, we have compared the
used a series of relaxations to determine the ratio of theneasured temperature, frequency, and time dependence
slopes, and found that the scatter in the ratios cannot bef the relaxation ire’(w) ande”’(w) to the theories. The
explained by the uncertainty in the fits. We attribute thisbiggest discrepancy between the interacting and noninter-
scatter to the slow relaxations which cause hysteresis iacting models is that the noninteracting model does not
the samples. Hysteretic behavior in the glasses has beg@nedict any frequency dependence to the relaxation. This
observed earlier [4]. is not supported by the data; we see frequency depen-

We have also swept the dc field continuously using alent relaxation rates at high temperature for all samples.
triangular wave [0 kv m~!s™!), while measuring the ca- This frequency dependence vanishes at low temperatures,
pacitance. The change if(w, E) with dc field is shown as predicted by the model involving th/r? interac-
in Fig. 2 for the Mylar sample. At low temperatures onetions. It is surprising that it is possible to describe the
can see a sharp hole #1(E) in all our samples centered observed behavior well by calculating the dielectric re-
around zero~1 MV /m wide, similar to those reported sponse with a correction to the density of states due to
by Salvinoet al. This hole broadens and becomes shalinteractions and then treat the TLS as independent. It
lower at higher temperatures, and is almost undetectabis still possible, however, that some of the behavior ob-
in the sweeps at40 mK. At 140 mK the change ir’(w)  served arises from a subset of TLS which are independent,
due to the bias field is 1.4 times larger5®0 Hz than at  or from coupled TLS which still behave according to the
5 kHz, while at low temperatures the traces are almost th&loch equations. To distinguish further between the two
same. This shows that although the sharp hol€®) is  models we have tested additional predictions described
not visible at140 mK, a broad minimum remains. As dis- below.
cussed above, this also suggests that the chang&dn Probing the noninteracting model we looked for a
due to the bias field is frequency dependent at high temerossover from the adiabatic to the nonadiabatic regime
peratures and not at low temperatures. This again is truey applying the dc bias to the Mylar and Si®amples
for all our samples, provided the low temperature datawith rise times ranging fron3 us to 200 ms at low
were taken well belowW ;. temperatures. We found the jump and the slopesS,

We always saw hysteresis in the continuous sweepsf the relaxation ine’(w) to be independent of rise time
This is due to the fact that our sweep rate was slowwithin error bars (5%) for both limits. We also looked for
compared to the fast initial relaxation &i(w). To avoid a deviation from a logarithmic relaxation at large times,
this problem we performed a discreet sweep by rapidlyut could not find one up td0* s, despite the fact that the
applying a bias fieldE and recording the relaxation of rise times differed by up to 5 orders of magnitude and that
€'(w) for 1000 s repeatedly for different dc fields. Fitting the ratio of the rise time to the total measurement time was
the data at each bias point by a logarithmic relaxation, wes large ad0'?. The lack of rise time dependence seems
get the parameterd and S; mentioned earlier in terms to exclude a spin dynamical effect, which should manifest
of the bias field. We find the ratio betweénand S, to itself as a nonmonotonic relaxation #(w) after 1000 s
be independent dE, so that the relaxation can be written with a rise time around0 ms based on the prediction of
asde'(t) = f(|Eq)[A — S;In(t — t5)]. The functionf  the noninteracting model.
is approximately linear irE4. outside the zero bias hole  Since the noninteracting model does not predict a log-
and is consistent witlf « In*(pEq./kzT) (Wherep isthe  arithmic decay in the dielectric dissipation, we measured

long relaxations with the SiOsample while monitoring the
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FIG. 2. dc bias sweeps on the Mylar sample showing fre
guency independence at low temperatures and larger responQ
at 500 Hz above the minimum oé’(w,T). This frequency de-
pendence suggests that the minimun¥itw, E) is very broad.
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change intap) « €'(w). We observed ¢’ (w) to decay
logarithmically for more than four decades in time. The
fractional change ie” () due to the dc bias is much larger
than the fractional change observedeitiw) (by approx-
imately a factor of 100). Sweeps of the bias field while
measuring dissipation show a minimumefi(w) centered
around zero field similar to those é&\(w). The dissipative
response due to a dc bias decreases monotonically with de-
creasing temperature below the plateau mentioned below.
The temperature dependence of this effect does not scale
with the temperature dependence of the equilibréfitaw).
Furthermore, the frequency dependenceSef (w, E) is
complicated and does not scale as the equilibrium dissi-
tion. The fact that we see a logarithmic relaxation in
€"(w) contradicts the noninteracting model and supports
the interacting model that predicted this.
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LI I B I B I N S L tivated by low frequency acoustic measurements by Es-

100p |— B — quinazi, Konig, and Pobell [15].
/ In conclusion, the following observations strongly sup-
5 P 4 port a model involving a dipolar gap in the distribution
= of two level systems versus local field: frequency depen-
§ souf A 5% K:Si0 — dence in the relaxations ef(w) at high temperature and
[2e]

none at low temperatures, the lack of a dependence of
-/ these relaxations on the rise time of the bias field, and the
4 — 5kH|Z logarithmic relaxation ine”(w). Further, the importance
of interactions between TLS on the equilibrium dielec-
0 20 40 60 80 100 120 140 160 tric response is consistent with the anomalous behavior of
T [mK] the dielectric dissipation at low temperatureé(w) « T.

We expect the interactions will also manifest themselves
in other properties like the specific heat of disordered sys-
tems at low temperatures.
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