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Nonlinear dielectric response of glasses at low temperature
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We have measured the dielectric response of amorphous insulators in the audio frequency range at tempera-
tures between 500K and 400 mK. We compare the measured superlinear behavior with a model incorporat-
ing higher order terms at low frequencies. Temperature independent dielectric response at low fields and low
temperatures has also been observed which may indicate a low energy cutoff in the two-level system distri-
bution of order 1 mK in some materials. We also find anomalously high sensitivity of the dielectric response
to rf noise.[S0163-18207)09817-3

[. INTRODUCTION rameter distribution of the TL$asymmetry energyi» and
tunneling parameted),
In 1971 Zeller and Pohlpresented data showing the uni-
versal anomalous thermodynamic properties of noncrystal- — _, [Ama
. ; x(w)=h
line materials at low temperatures. Instead of a Debye spe-

A N
cific heat these systems are dominated by a semilinear term . o , .
at low temperatureC= T2+ T3. Anderson, Halperin, and In the acoustic case the response manifests itself as a change

Varma and independently Phillp& developed a model at- " the speed of soundp) and internal friction Q™). while
tributing the additional term in the heat capacity to the exisIn the dielectric case one observes chan.g.es in the.capacnance
tence of defects due to the disorder which are not present if?€) and loss factor (tag). These quantities are given by

A Ymax
Tfo dvy(A,v,w). (1)

crystals. In the model the defects are represented by nonin- __ — -1_ —
teracting two-level systems with a distribution of energy ovlv 2CaRex(w),  Q 4Calmx(w), @
splittings and tunneling barriers. Assuming a flat distribution Sele=2C4Rex(w), tanp=4C my(w) (3)

of energy splittings and tunneling parametélat in A which

defines the tunneling elemett=%20e * where Q is the  with C,=Py?/pv? and Cy=2Pp%3ese. Here p=(|p|) is
attempt frequendy the model predicts a specific heat that isthe average magnitude of the electric dipoles in the material,
linear in temperature and & thermal conductivity, as is e the dielectric constant of the bull, the number of TLS’s
also observed. per unit volume per unit energy, the TLS phonon coupling

In 1972 Jakle* calculated the saturable acoustic absorp-constantp the density of the material, andthe bulk speed
tion of the TLS which soon thereafter was experimentallyof sound.
verified in a glass. Knowing the absorption, one can find the The paper by Stockburgest al® is concerned with the
nondissipative response by using the Kramers-Kronig relaacoustic response of an insulating reed at low frequency and
tion. The same formalism holds for the dielectric response ofemperature. We can compare our dielectric data to their
the system. In these calculations linear response of the symodel since both the acoustic and dielectric responses are
tem must be assumed, since the Kramers-Kronig relation ibased on the same mechanism. In the acoustic case all TLS’s
strictly a linear response theory. Recently other auftfors absorb phonons in a resonant or relaxational manner. In the
have used a different approach to calculate both the in andielectric case a subset of these TLS’s with permanent elec-
out of phase components of the response directly from theic dipoles interact with an external electric field in the
dynamics of the system, including nonlinear processes.  same fashion. The only difference is the number of TLS'’s

that are active.
Il THEORY: NONLINEAR RESPONSE The_ _authors of the pap6epalculate the generalized sus-
ceptibility from a rate equation. For low temperatiyreso-

The low temperature acoustic and dielectric response afiant tunneling regimethey find superlinear behavior of the
amorphous systems is described by the interaction of theesponse which turns into a drive independent plateau at very
TLS with the phonons and external fields. There are twdow temperature. The temperature scale is defined by the
limits for the response to an external field, the resonant androssover from the relaxational respon$egher tempera-
relaxational regimes. In the low temperature lifriésonant tureg to the resonant respondew temperaturg This cross-
regime TLS'’s are coherently driven by the external fields. over is reflected by a maximum in the speed of sound and a
At higher temperatures the system is dominated by oneminimum in the capacitive response. Below and above the
phonon relaxations of the TLS up to roughly 1 (kelax- temperature of the minimum the capacitance is predicted to
ational regimg where multiphonon processes become im-depend logarithmically on temperature with a slope ratio of
portant. Siow  Shigh= —2:1. The relaxational contribution does not

The acoustic and dielectric response of the glass is givedepend on the drive level and so the minimume6fT) is
by the integration of the single TLS response over the pashifted toward higher temperatures as the drive is increased,
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FIG. 1. This figure shows the superlinear behavior and satura- F|G, 2. This figure shows the saturation effect for three values
tion of the resonant contribution to the dielectric response calcuyf A . (top to bottom:iA,,,/k=10"7, 10°5, and 10° K) at a
lated from the Stockburger model. All logarithms in the plots areconstant drive of 10* K. The onset temperature of nonlinearities
base 10. The curves from bottom to top represent drive levelgjoes not change but their magnitude does, which leads to different
equivalent to 0.03, 0.3, 3, and 30 mK. The nonlinear behaviory|ateau heights.
becomes dominant whem E,is comparable t&T. The curve for ) ) ) )
the strongest drive shows the steepest low temperature slope afiiéar, but does determine the size of the nonlineaig-
reaches the temperature and drive independent plateau first. Th@au heightand the temperature where the capacitance be-
value for the plateau is set byCyIn(fiAm/2E gy - The low energy ~ €Omes independent of drive and temperatloes drive and
cutoff for the tunneling parameter was sefitd,,,/k=10"° K, the  |0OW temperature limjt
high energy cutoff of the TLS spectrum ,,,,/k=10 K, and the
other material constants are chosen for BK#=27500 Hz, . EXPERIMENTAL SETUP
y=0.65 eV,Pp?=7.36x10 ¥ CI *m™ 1, ¢u=7, p=2510 kg
m~3, v=4190 ms . The calculation is based on a extrapolation of
the tabulated integrals by Stockburgstral.

Our audiofrequency capacitance measurements were done
with a standard three-terminal brid§&or the ultralow tem-
perature data we used optical isolators to separate our analog
bridge from the digital data acquisition. We found the
Fig. 1. The figure also shows the drive independent plateasamples to be extremely sensitive to high frequency noise, rf,
of the capacitance at low temperature. The response becomesich is discussed in detail in a separate section. Good rf
temperature and field independent when the low temperaturshielding and heat sinking of the sample and leads was nec-
cutoff in the tunneling parametet,A ,/k , becomes com- essary to achieve the low temperature data presented. Our
parable to the temperature. The response becomes superlsemples include a variety of thin glass films. The samples
ear when the energy associated with the driving fielddiscussed in detail are the reactively sputtergdrB8thick
pPE,., whereE,.is the measuring field, becomes comparableSiO,, both 5% and 10% potassium doped SiGlasses
to kT. (Si0,:K,0) which were ground down from bulk to 20

The standard parameters of the linear dielectric responsem BK7 (a standard optical glasground to 50um thick,
model are the mentioned phonon coupling constagnan  and a 15um thick Mylar film (see Table)l
overall scale factoP p?, and the high energy cutoB,. In For the lowest temperatures discussed, we immersed the
the nonlinear model two additional parameters are importangamples directly inHe with two silver powder heat ex-
for the dielectric response: the size of the drigiven by  changers per electrode to heat sink the incoming leads and
pE,) and the low energy cutoff of the tunneling parameterthe sample electrodes to tiéle bath. The*He was linked
Anin- Figure 1 showed the effect of the drive with a constantto the nuclear demagnetization stage by a silver powder heat
low energy cutoff. Figure 2 demonstrates the effect of changexchanger (40 & similar to the one discussed in Ref. 9
ing A, at constant drive. The parametey,,,, does not Our thermometry consisted of 3He melting curve ther-
influence the temperature where the response becomes supetemeter, a paramagnetic salt susceptibility thermometer,

TABLE I. This table shows general properties of our sampleg.is the approximate temperature where
the samples deviate from the predicted [Bgpehavior. The temperature of the minimum is given for 5 kHz
and the low temperature slope is definedSas: 9(5C/C)/98(log; oT) X 10,

Sample T min Stemp Tsat Electrode Thickness
Mylar 50 mK 3.5 <1 mK CrAu 15 um
5% K:SiO, 100 mK 8.6 4 mK CrAu 20um
10% K:SiO, 100 mK 14.0 4 mK CrAu 20um
BK7 100 mK 22.0 5 mK CrAu 50um

SiO, 80 mK 60.0 8 mK Nb 3um
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FIG. 3. This graph shows the capacitance at 2.2 kHz vs tems FIG. 4. The Stockburgest al. model does fit the Mylar data in

perature for the 3um SiQ, sample mounted on sapphire in the this temperature range quite well, since we do not enter the satura-

top-load slug. The data show linear behavior in the field for smalltlon region. The data were taken at 5 kHz at driving fields of 1.25,

) . . 2.5, 5, 10, and 20 kVv/m. This plot shows the fractional change in
drive values. At high drive levels we see an enhanced low tempera- ! . .
capacitance compared to the 140 mK point, subtracting a tempera-

ture response that shifts the minimum toward higher temperature?. re independent but field dependent capacitive offset. The low field

There is also a low temperature saturation, but we have to negle %: : ) ) )
. P . L 9 % leads to a slope ratio of-2:1.1. The high field fit leads to a
these data for this vacuum mount since the heat sinking of the

sample is relatively poor. dipole moment of 1.9 Debye and a low energy -cutoff
A min/k=25 uK. Since we do not enter the saturation regime the
values of these two parameters are just one of many possible pairs
and a'%Pt pulsed NMR thermometer immersed in thide  and so it is not surprising that the dipole moment is considerably
bath. Each electrode of the glass sample had two heat ejarger than the one obtained by a nonequilibrium experiment with
changers which were thermally isolated from each other, anthe same materiak¢ 1 D). All parameters are the same as for BK7
we were able to cool the samples to below 508. The  except forp=1400 kgni 3, v=1.8 kms*, and e, = 4.
high temperature data were taken with the samples mounted .
in a top-load configuration with faster response times. Th&SSUMes that one-phonon Processes dominate the system be-
3He immersion cell has long thermal relaxation times abovdveen the temperature of the minimum and 1 K.

100 mK due to the increasing heat capacity and decreasini% Th.e rest”of theItQata discuassdttwe:]e at” t.at?” inF_the m;:
thermal conductivity of théHe. ersion cell, resulting in much better heat sinking. Figure

shows the dielectric response of the Mylar sample. The My-
lar does not show dielectric saturation in the temperature
IV. OBSERVATIONS regime accessible to Uslown to 500uK). The lines in the
figure indicate a fit to the Stockburger model which is quite

The observations are divided into three sections. First wguccessful. This result was obtained by fitting the low field
will discuss the nonlinear behavior of our samples and comdata with the linear response and then using these parameters
pare it to the Stockburger model. Next and most importantlyto fit the nonlinear behavior, resulting in numbers for the
we will discuss the drivéndependentlielectric saturation at  dipole moment and the low energy cutoff of the tunneling
low temperature and low drive levels, and finally the extremeparameterA,,,,. Since we do not enter the plateau region we
rf sensitivity of the dielectric response at low temperature. cannot determine the dipole moment and the low tempera-
ture cutoff independentlithe parameters are discussed in the
captior).

Figure 5 shows the attempted fit by the model to the BK7
Figure 3 shows the dielectric response of the,3@mple  data. The fit fails due to the qualitative difference between
at various drive levels. The minimum in dielectric responsedata and model. The data saturate in plateaus which are
is shifted toward higher temperatures as the drive is inmonotonically dependent on the measuring field while the

creased, which is the opposite of what one would expecinodel predicts one plateairive independeint The other
from heating. The shift of the minimum results from the discrepancy between the BK7 data and model is the onset
enhanced resonant contribution at low temperature. In thisemperature of the nonlinearities. In the models, the onset
data run the sample is mounted in vacuum and the low temtemperature is higher, but the nonlinearities are less steep.
perature, high drive data have to be neglected due to heating In the plateau region we cannot completely rule out heat-
concerns. ing, due to the presence of the superlinear behavior. The
Including the SiQ sample shown in Fig. 3 we always superlinear behavior will cause an increased slope at low
observed a slope ratio between the resonant and the relatemperature which can then turn over into a plateau if the
ational regime which is different from the theoretically pre- temperature of the sample is elevated above the temperature
dicted —2:1. We consistently see a steeper rise of the relaxef the 3He (which we measupedue to dissipative heating by
ational contribution and find slope ratios in the linear regimethe driving field. The fact that we observe frequency depen-
between—2:1 and —2:2. Other groups have also reported dence of the plateau at higher fields makes this argument
this discrepancy from the standard tunneling model, whiclplausible since dissipation is frequency dependent while the

A. Nonlinear dielectric response
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FIG. 5. This plot shows a least squares fit of the Stockburger
et al. model to our BK7 immersion cell data at 500 Hz and fields of 2F ]
0.2,0.4,1, 3,9, and 24 kV/m. The low field fit resulted in a slope s
ratio of —2:1.4 in contrast to the theoreticly predicted ratio of . N
e el s v 2 dboe momen o 30y s L e 30 vim sk -
’ min/ K= MR,
which is unreliable since the fit fails at high fields. Note the low o 660 V/m5kHz ~3F A
temperature, high field limit: the data saturate in multiple plateaus r 000l . s
in contrast to the Stockburger model. 1 10
T [mK]

capacitive response should be frequency independent. This o
Would |ead to a frequency dependent amount Of heat dlSSl_ FIG. 6. These two pIOtS show the drive Independent low tem-

pated in the sample, changing the point where the Samp@erature behavior of the Mylar and Si®ample. The SiQclearly
temperature began to differ from tHele temperature shows saturation while the Mylar stays logarithmic down to at least

We cannot rule out the heating model discussed in the Iasq00 KK

paragraph, but two other .argume_nts .have to be Cor]Sldere%dependent saturation which cannot be explained by heat-
As discussed below, we find a drive independent saturatio

fhg. This limiting case of the model and the observations are
for BK7 with a saturation temperature of 5 mK. If the low degscribed in thg next section

field plateau is not due to heating, the plateaus at higher
capacitance due to higher drive cannot be explained by heat-
ing (see Fig. 1 Second, if we assume that the low field
saturation is not due to intrinsic saturation but due to heating, We now describe the low temperature saturation of the
we would expect a much bigger spread in the high fielddielectric response at low drive levels; that is, the deviation
plateau capacitance in contrast to what we observe. To dofsom the log(T) behavior leading into a temperature inde-
worst case analysis we consider the interface with the strorpendent region. The temperature at which we observe sig-
gest temperature dependence between the sample and thiicant deviation from the “ideal” behavior varies from ma-
3He which is a phonon mismatdiproportional toT3). For  terial to material and Mylar does not show any saturation
the BK7, the ratio of the highest to lowest power input isdown to below 500uK (see Fig. & We also observe the
greater than 19 which would result in a saturation tempera- drive independent saturation to be frequency independent.
ture increase of at least one decade. In this worst case sce- We first address the question is saturation just due to heat-
nario for the boundary resistance, we would expect the higing of the sample above the temperature of thie which is
field data to deviate from its logarithmic rise at a temperaturaneasured by the Pt thermometer? We think we can rule this
at least a factor of 10 higher than for the low field data,out. First, the observed behavior does not depend on the
which is not the case. Considering the two arguments preamplitude of the ac measuring field. For all the traces shown
sented we think the heating model plausible but not likely. in Fig. 6 we have also used half the field across the sample
The Stockburgeret al. model describes the data in the and observed exactly the same behavior. For considerably
case of small nonlinearities and temperatures above the sathigher fields there is frequency dependent saturation which is
ration temperature quite successfu(Mylar in Fig. 4 and not field independent; as discussed above, this may be attrib-
also the potassium doped sampléd/e find discrepancies utable to heating due to the higher loss of the sample at
between our observations and the model at low temperaturdgwer frequencies. Second, we observe the Mylar to obey
and large drive levels. In contrast to the model we observéog(T) behavior down to below 50K in the same envi-
temperature independent but drive dependent regions at lovonment where the other samples show saturation. All
temperature and large fields. The other discrepancy betweesramples were heat sunk in the same fashion. We use two heat
the data and model is the fast onset of the nonlinearities atxchangers separated by a superconductor to ensure that no
temperatures around the minimum at high figBK7 in Fig. heat from the leads reaches the sample. We also checked for
5 as well as the SiQsamplg. At low fields we observe drive high frequency noise on our sample leads and injected addi-

B. Drive independent saturation
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TABLE Il. This table shows the resulting ,, of the fit to the drive independent low field data, com-
paring it to the saturation temperatufie,,, and the temperature slog@;= d(C/Co)/d[log,o(T)]x 10*. The
energy associated with the ac drive field was conservatively estimated by using a dipole moment of one
Debye. Note the monotonic dependence ofAhg, parameter on the density of TLS’s, which is proportional
to S;. The saturation temperature is higher than the expected onset of nonlinearities which occurs roughly at
a temperature four times larger than the drive field, ruling out a heating effect.

Sample Stemp Tsat A minlK E.c Drive

Mylar 3.5 <1 mK <0.5mK 330 VIm 80 uK
5% K:SiO, 8.6 4 mK 1.3 mK 500 V/m 120uK
10% K:SiO, 14.0 4 mK 1.4 mK 250 V/m 60uK
BK7 22.0 5 mK 2.2 mK 200 V/m 50uK
SiO, 60.0 8 mK 3.3 mK 250 V/Im 60uK

tional high frequency signals to quantify what rf levels are We note that the saturation temperature seems to be
necessary to cause heating. For all samples except thmonotonic in the slopeS; (Mylar to SiQ,), which is inter-
SiO,, we conclude that the saturation is not due to heatingsting since there is no relation between the barrier height
from external heat sources like rf. The extreme sensitivity ofand Pp? (which is proportional toS;) in the independent
the samples to high frequency noise is discussed in the nefiLS model, nor in our understanding of glass formation.
section. Another speculation for the low field saturation would be
We also ensured that we were in the linear response rehat interactions between the TLS create a cutoff in the TLS
gime for these low field saturation measurements. The exdensity of states at low energies. It is not trivial to describe
pected onset temperature for nonlinearities based on thiis theoretically since one has to consider the collective mo-
Stockburger model for the fields used is much lower than théion of these clusters of TLS’s which are expected to have
point at which we observe a departure from the “ideal” smaller tunneling barriers. We note, however, that there
behavior, even with a conservative estimate of one Debye fashould be no close relation between the strength of the inter-
the dipole moment of the sample; see Table Il. This suggestsctions andS;, sinceS; depends only on that fraction of
that superlinear behavior did not enhance the response in tHd.S’s with dipole moments.
temperature independent region, which might have been To study the importance of interactions on the density of
lowered due to heating. states cutoff, one needs a set of samples with a controlled
The low temperature saturation of the dielectric responseéensity of TLS’s in the same host environment. If the inter-
may be explicable in the framework of the theory discussedctions are dipole-dipoléelectrig based, just the subsystem
above by#AA,,/k which is comparable to the saturation with electric dipole moments contributes. Si®ith different
temperature. This means the density of states ends at thismounts of OH doping would be a good candidate since it
energy and lower temperatures will not reach any moréhas been shown that the temperature slope varies linearly
TLS's; thus we observe a constant dielectric response. Theith the amount of OH in the systent? For this system one
parameteri A i, refers to the largest tunneling barrier in the
system Q ,;i,=Qe ", with Aoc\V whereV is the height of

the barriey. In the low temperature, low field limit the TLS 406
saturation capacitance is given®by
405
€sat hAmin —_ e
T_CdanEmaer 1. (4 ué_ wil TV
O

We obtain the values for the parameter<,, andE,,, by 403
fitting the linear response model to the unsaturated part of
the curve. A fit like the one for SigOshown in Fig. 7 leads to
the quoted numbers df,,;, in Table II. We find values for 402 %) 53 5 =3 = Y 5
the low energy cutoffi A ,;,/k from 3.3 mK for the SiQ to ’ ’ ’
the Mylar sample where we do not observe any saturation in log T[K]

the low drive limit. It is reassuring to see a material depen-
dence in this parameter,_ since the maximum barrier height FIG. 7. This graph shows the low temperature saturation of
should depend on the microscopic structure of the sample. g yith a driving field of 250 V/m at 5 kHz. The linear fit is

In “te>_<t book” calculations for the dielectric response pased on temperatures above 10 mK excluding the saturation re-
fiAmn/k is often assumed to be on the order of 00 gion. The line indicates the saturation value of the capacitance. In
10°° K. However, the interpretation of both recent heatihe case of drive independent saturation we can rule out the heating
pulse experiment§ and heat capacity measurements by Lasproblem and the saturation capacitance can be translated jto
jauniaset al* by Strehlowet al!®*?find #A,,,/k to be on by using the results of linear fit. This procedure leads to
the order of 1 mK. KA min/k=3.3 mK.
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would expect to find a saturation monotonic in the OH

density. However, if saturation occurs because all TLS’s in- 404.0 - o\ 15 MHz—o—zero -
teract with each other, not just the ones with electric dipoles, [ A 8

g —o—35uV 7
OH™~ doping of the SiQ will only add to the small subset of 4038 T \—A— 70pV 7]
TLS'’s. To study interactions in this case all TLS’s have to be 1036 i \ ]

C [pF]

considered, including the ones without a permanent electric
dipole moment.

403.4

We intended to test the importance of the electric dipolar | SiO
interactions and performed the above experiment with doped 1032 * ) ) o
samples by using KO in Si0,,** but could not come to a T2 3 4 S 6 7 8 910
strong conclusion. Table Il shows that the two doping levels T [mK]

(5 and 10 % have almost the same value vy, although

the low temperature slope of the two samples does not differ FiG. 8. This graph shows capacitance vs temperature data of the
by a factor of 2 as expected from the doping level. We do nokio, sample at different rf levels. The top curve was obtained with-
think that this effect is due to the TLS with electric dipoles out an additional high frequency component, the lower ones at 35
that are not due to the $O doping, since the doping level is and 70 uV of the 15 MHz signal measured on top of the cryostat.
very high. This kind of composite glass is expected to formThe ac excitation used to measure the capacitance is 5 mV at 5 kHz.
networks between the two components which does not leapiote the appreciable effect due to 35V rf compared to the ex-

to the isolated TLS sites that we need for this experiment, 'Sting audio drive of 5 mv.

It is interesting to note that the observed saturation tem- . . . .
peratures and apparefit, are not consistent with a model ations observed in glasses. An interacting model, however,

: : . " could also explain the saturation and would still be consistent
that linksA ,;, with the glass transitiof The glass transition with long relaxations,

is defined by the viscosity of the glass, which can be mod-
eled by a hopping process. The largest barriers in the system
which defineA ., should scale withT ;. This model would
predict a smallA ;, for a system with a larg@&, (i.e., large During the measurements of the drive independent satu-
hopping barriers This seems to be inconsistent with our ration at low drive levels we noticed that the capacitance of
observation that Mylar shows no saturation down toOur samples was very sensitive to high frequencies. Figure 8
500 K, since one expects a loWy, for a polymer leading to  Shows capacitance versus temperature for the Satple at

a largeA ;. Furthermore, the OH content in SiQ is not low temperature with and without an additional rf field
connected to the glass transition of $j®ut several groups across the sample. Jusy3% at 15 MHz applied at the top of
have observed a strong dependence of the saturation teffle cryostat alters the _IOV.V temperature response at 5 .kHZ
perature on the OH concentration. Nishiyamat al® ob- strongly. The power d|s§|pated in the normal conducting
served a saturation temperature of 3 mK in Sigith 1200 leads of the sample and its electrodes is too small to explain

ppm OH in contrast to none down to 60K at 1 ppm. this effect.

. ) . At T=3 mK the capacitance of the Mylar sample de-
They studied the saturation of the 1200 ppm sample QUItR e ased the equivalent a 1 mKtemperature increase due to

gxtensively and shoyved that the saturation temperature wggq application of 235uV,, at 15 MHz with an audiodrive
field and frequency independent. . of 80 mV,, at 5 kHz, see Table IIl. The rf voltage is mea-
Another problem associated with explaining the low g,req on top of the cryostat and to rule out resonance effects
temperature plateau by a high valuelf;, is that nonequi- e changed the length of our coaxial cable outside the cry-
librium experiments in amorphous soltds’ have reported  ostat and saw no effect. One would not expect the glass to be
relaxations that last past 1Gec, indicating a maximum more dissipative at higher frequencies since fewer TLS’s can
relaxation time which is considerably too large to be con-respond to the applied field. Yet, a rf field a factor of 1/300
sistent with afAp,/k of 1 mK. Dielectric saturation or less in size of the audiodrive effects the dielectric response
is based on the lack of systems with an energy splittingn the audio strongly.
of less thankTg,. The energies of a TLS are given by  Another possible explanation of the decrease in capaci-
E=+#% A%+ 12, and the low energy cutoff iA proposed  tance due to rf is the saturation of a portion of the FLSve
in the discussed model is based on the assumption of a flaepeated the experiment in the relaxational regime of the
distribution in the asymmetryiv down to zero energyf audio responseT(>T,,, [5 kHz]) and applied 10 mV of rf
interactions create a low energy cutoff in the asymmetryacross the leads of the Mylar sample at 40 mK. For the 15
(represented by a local strain field or electric fiéfd%, the  MHz drive we are still well in the resonant regime at 40 mK.
low temperature saturation can be explained as a cutoff inWe observed an increase in capacitance, indicating a heating
v and is consistent with the lorgrm relaxations in these rather than saturation which would have caused a decrease in
systems capacitance. If the effect is based on enhanced dissipation, it
We observe the saturation temperature in the low drivés not surprising that we had to use more voltage in this case,
limit to be monotonic inS; for different materials. A nonin- since the boundary resistance between the glass and the
teracting TLS analysis leads to large valuegdf,,,,, which ~ 3He drops for increasing temperature. We could not study
is consistent with a recent interpretation of heat capacityhis anomalous dissipation for high frequency quantitatively
measurements but seems inconsistent with long term relasince in our setup we had no way of measuring the actual

C. High frequency saturation-heating effects
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TABLE Ill. The table shows the drop in capacitance due to the application of an additional field at 15
MHz across the 15um thick Mylar sample. The change in capacitance was translated into an effective
change in temperature. That drop in capacitance at temperatures below the temperature of the minimum and
increase above indicate a heating effect. The temperature of the minimum in response of the Mylar is 23 mK
at 1 kHz,S;y=d(CICo)/d[log,o( T)]x 10%.

T ST Vex fe>< V15 MHz oC/C oT

3.0 mK 5.40 80 mvV 5 kHz 23%V —-7.2x107° 1.0 mK
3.0 mK 5.40 80 mV 5 kHz 47QuV -1.1x1074 1.8 mK
6.5 mK 5.40 80 mV 5 kHz 235V —-1.6x10°° 0.5 mK
6.5 mK 5.40 80 mV 5 kHz 47QuV -3.0x10°° 1.0 mK
40.0 mK 2.12 40 mV 1 kHz 10 mVv +1.9x10°° 9.0 mK

voltage across the sample. All we have is an upper boundand heat pulse data resulting in a cutoff between 0.1 and 1
Our studies suggest that the samples are more dissipative @i but inconsistent with long time relaxations observed in
high frequencies than expected from the standard TL§jlasses. We suggest that a low energy cutoff in the asymme-
model, and it would be interesting to quantify this discrep-try energy due to interactions could also explain the obser-
ancy. vations and still be consistent with long-term relaxations.

V. CONCLUSION
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