Nonresonant Spectral Hole Burning in the Slow
Dielectric Response of Supercooled Liquids
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Large-amplitude, low-frequency electric fields can be used to burn spectral holes in the
dielectric response of supercooled propylene carbonate and glycerol. This ability to
selectively modify the dielectric response establishes that the non-Debye behavior
results from a distribution of relaxation times. Refilling of the spectral hole was consistent
with a single recovery time that coincided with the peak in the distribution. Moreover,
refilling occurred without significant broadening, which indicates negligible direct ex-
change between the degrees of freedom that responded to the field. Nonresonant
spectral hole burning facilitates direct investigation of the intrinsic response of systems

that exhibit nonexponential relaxation.

When subjected to an external perturbation,
many materials, including polymers (1), pro-
teins (2), and supercooled liquids (3), exhibit
nonexponential relaxation. The response of
thousands of different substances (4) has been
characterized by the Kohlrausch-Williams-
Watts  (KWW)  stretched  exponential,
expl—(t/T)P], where B < 1, t is time, and 7 is
a characteristic relaxation time. It has long
been debated (5-8) whether this dynamical
complexity is intrinsic, with all regions of the
sample exhibiting a similar non-Debye re-
sponse, or whéther it is the result of hetero-
geneity, with localized degrees of freedom
relaxing exponentially but with a distribu-
tion of relaxation times that yields the net
behavior. Several studies (9—I1) of super-
cooled liquids near their calorimetric glass
transition temperature T, have concluded
that heterogeneity occurs on length scales of
1 to 5 nm. Recent magnetic resonance mea-
surements (12) have shown that these do-
mains are not static, but that their distinct
relaxation rates persist long enough to cause
the broadened response. Such dynamic het-
erogeneity, which evolves as the sample re-
sponds, has not previously been observed
directly in the slow dielectric response.
Spectral hole burning (SHB) may be the
most direct technique for investigating the
constituents in the net response of a mac-
roscopic sample. Observation of SHB gen-
erally requires a heterogeneously broadened
spectrum, a strong external signal that can
modify selected parts of the spectrum, and a
resulting “hole” that is persistent enough to
allow subsequent measurement of the mod-
ified response. An important advantage of
the technique is that the responding de-
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grees of freedom are used directly as their
own local probe. SHB was first observed in
magnetic resonance spectroscopy (13, 14)
but is now most commonly applied to opti-
cal resonances (15) by means of the intense
monochromatic fields available with mod-
ern lasers. Here, we report direct measure-
ments of dielectric SHB in nonresonant
relaxation.

The basic idea of nonresonant SHB
(NSHB) in supercooled liquids is easiest to
picture in the context of dielectric loss €'’
as a function of frequency (Fig. 1). Ob-
served loss peaks are generally broader than
that of a simple Debye response. According
to the Boltzmann superposition principle
(16), linear macroscopic measurements
cannot distinguish between intrinsic broad-
ening (Fig. 1A) or a distribution of response
times (Fig. 1B). Although nonlinear satura-
tion of the dielectric polarization in a static
field is usually precluded by dielectric
breakdown, dielectric heating in an oscil-

log(Q2)

Fig. 1. Sketch of the dielectric loss as a function of
logarithm of frequency from the intrinsic degrees
of freedom in a sample exhibiting (A) homoge-
neously broadened response and (B) response
resulting from a distribution of relaxation times. In
(A), when a pump field is applied at frequency (),
energy is absorbed homogeneously, vielding a
uniform shift in the spectrum of response. In (B),
however, domains with absorption at () are selec-
tively modified, and a spectral hole develops.
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lating electric field (which is quadratic in
the amplitude of the field) can be used to
modify the frequency of response. If energy
from the field were absorbed homogeneous-
ly (Fig. 1A), the entire spectrum would
simply be shifted to higher frequencies,
whereas in the case of a heterogeneous re-
sponse (Fig. 1B), the energy absorbed would
depend on the local response, and a spectral
hole would develop. If the excess local en-
ergy simply heated the thermal bath, it
would diffuse out of a typical domain (as-
suming diameters of =5 nm) in less than a
nanosecond. Instead, we have found that
local modifications induced by the electric
field persist long enough to reveal the het-
erogeneity in the slow relaxation and to be
observed with time-domain spectroscopy.
To measure time-dependent dielectric
polarization, we used a Sawyer-Tower
bridge (17) consisting of a parallel-plate
sample capacitor and an integrating capac-
itor connected in series across a computer-
controlled high-voltage supply. The dis-
tance d between the sample plates was
maintained at 50 pwm with quartz fibers,
yielding a nominal empty-cell capacitance
of 30 pF. The sample capacitor was im-
mersed in the dielectric liquid, whose tem-
perature was controlled by a closed-cycle
refrigeration system to an absolute accuracy
of =1 K, with a relative stability of =3 mK.
A high-impedance amplifier was used to
monitor changes in voltage across the inte-
grating capacitor, which are proportional to
changes in the polarization of the sample.
To measure NSHB, we devised a pump-
and-probe procedure that combines the fre-
quency selectivity of an oscillating field
with the advantages of inducing the entire
spectrum of time-dependent response after
a single step in the applied field (Fig. 2). A
sinusoidal pump voltage of amplitude V,
and frequency ) was used to selectively
modify the sample. After a recovery time ¢,
a probe step of amplitude -+v was applied,
yielding the time-dependent polarization of
the locally modified sample P*. The large
but uninteresting linear response from the
pump field was removed by means of a
phase-cycling technique in which an iden-
tical pump oscillation and recovery time is
followed by a negative probe step — v, yield-
ing P*. The difference P* — P* is propor-
tional to the transient dielectric permittiv-
ity €*(t) of the locally modified sample,
which can be compared with the usual bulk
response €(t) « P, — P_. Another advan-
tage of the phase-cycling procedure is that
it removes all extrinsic nonlinear effects
from the pump oscillation (18); such effects
often interfere with the intrinsic nonlinear
dielectric response when measured by con-
ventional techniques (19). The results we
report occurred reproducibly in the raw



data, but because of occasional slight tem-
perature drifts, some of the data have been
corrected by a small factor (<0.1%) times
the response from the pump field (P* +
P*).

Most data shown here are for propylene
carbondte (PC), which was chosen for its
extraordinarily large dielectric loss and highly
temperature-dependent relaxation rate near
T, ~ 156 K (20). We also studied glycerol,
which has a smaller dielectric loss and less
pronounced temperature dependence near its
T, of 190 K and exhibits weaker but otherwise
similar  NSHB behavior. Figure 3 shows
NSHB in PC taken at a temperature T of
157.4 K. Close inspection of the raw data (Fig.
3A) reveals that the 2-Hz oscillation modified
the spectrum most at short times, whereas the
0.01-Hz oscillation modified the spectrum
most at long times. The result is amplified by
taking the difference in the dielectric permit-
tivity at each time Ag(t) (Fig. 3B); this shows
that the response that is modified most by the
2-Hz oscillation is virtually unchanged by the
0.01-Hz oscillation, and vice versa. Such seg-
regated response clearly establishes the heter-
ogeneous nature of the dielectric loss. Near
T,, PC has a relatively narrow distribution of
re‘laxatlon times, with a net spectrum of re-
sponse from bulk samples that is only 1.3
times the Debye width. Still, the spectral hole
is significantly narrower than the net re-
sponse, which indicates that the intrinsic lo-
cal response is effectively single exponential.

A more physically meaningful way to
show how the pump oscillation has
changed the relaxation times of the re-
sponding degrees of freedom is to plot the
change in the logarithm of the relaxation
times as a function of time A(t), as defined
in the inset of Fig. 3A. If the response
were homogeneous, the response rates of
all domains would be modified uniformly,
yielding a constant value for A(t). Instead,
different frequencies are found to modify
different parts of the spectrum (Fig. 3C).
This result provides a direct demonstra-
tion that the slow dielectric relaxation was
heterogeneously broadened.

We have modeled the observed behavior
assuming that the sample contains discrete
domains that relax exponentially according to
exp(-t/t,), with each distinct relaxation time
7, enumerated by index i. The distribution of
relaxation times g, was determined empirically
by fitting the net unmodified response -, g
exp(—t/7;) to the measured bulk response &(t);
these same g, were then used to characterize
the spectral hole. NSHB involves adding en-
ergy to selected domains, thereby selectively
modifying their local response rates. As noted
above, thermal diffusion would prevent obser-
vation of NSHB if the induced energy imme-
diately flowed into the thermal bath. There-
fore, the energy must persistently modify the

local dynamics, possibly by modifying the
density (21) or size (9, 22, 23) of the selected
domains, which may be described in terms of
a local fictive temperature Ty, (24). In ergodic
liquids, the fictive temperature is equal to the
thermodynamic temperature, but quenched
samples often exhibit aging in their response
as the fictive temperature approaches T. Over
the temperature range of our study, changes in
relaxation times may be approximated by an
Arrhenius law, 7, « exp(B/T;,), which for
bulk fictive temperature is known as the
Narayanaswamy-Moynihan equation. We as-
sume a uniform effective energy barrier B,
which is determined empirically from the
temperature dependence of the characteristic
relaxation time 7. Thus, for small changes in
local fictive temperature, changes in the local
relaxation times may be written as Aln(t,) =
(-BIT*)AT,.

After N oscillations of an electric field of
amplitude E and frequency (), the total heat
absorbed in a system characterized by di-
electric loss

O,
"1+ (On)?

is Q; = Nweye,'E?, where €, is the permit-
tivity of free space. If all this heat remained
in the individual domains that absorbed the
energy, their local fictive temperatures
would increase by ATy, = Q/Ac,, where
Ac, is the specific heat of the responding
degrees of freedom (which can be deduced
from the difference in c, from above and
below T,). For PC with T~ Ty = T =
1574K Acp—77><105]m‘3K1 nd
B/T = 230 (20). The internal field in-
duced by the pump voltage is influenced by
depolarizing effects. We used the Lorentz
formula for spherical domains in a thin

1

(1)

&

Fig. 2. Voltage sequences that yielded modified
(P}, P") and unmodified (P, , P_) time-dependent
polarizations. For the data reported here, the am-
plitude of the probe step was -+v = 150 V. Unless
otherwise indicated, the amplitude of the pump
oscillation was V, = 900 V. Care was taken to
allow full recovery of the sample after each relax-
ation. If not for dielectric heating during the pump
oscillation, the differences P, — P* and P, — P_
would be identical.

SCIENCE »

VOL. 274 « 1 NOVEMBER 1996

| REPORTS |

sample between parallel plates, E = (V/d)
(e’ + 2)/3¢’, where the net in-phase dielec-
tric response is

§1+uzy+& (2)

with €, =~ 5. There are no adjustable
parameters in this model. The good agree-
ment with the observed spectral holes
(Fig. 3C) therefore provides quantitative
evidence that NSHB in PC involves local
dielectric heating. Discrepancies between
calculated and observed behavior, espe-
cially after the 0.01-Hz modification, re-
sult mainly from recovery mechanisms in
the sample, as discussed below.

We found that spectral modification was
more strongly dependent on the power than
on the energy from the electric field. The
size of the spectral hole increased quadrati-
cally with increasing field amplitude (Fig.
4), indicating linear dependence on the
power from the pump oscillation. However,
the size of the spectral hole saturated with
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Fig. 3. (A) Time-dependent dielectric permittivity
of PC at 157.4 K. Solid curves are the unmodified
response; dashed curves are the response after
modification by a single oscillation of 900 V at 2.00
Hz (upper curves), 0.05 Hz (middle curves), and
0.01 Hz (lower curves). The upper and lower pairs
of curves are offset for clarity. Results obtained
from the data of (A) [as shown in the inset of (A)]
are presented in (B), the difference between mod-
ified and unmodified dielectric permittivities, and
(C), the difference in the logarithm of the relaxation
times at each time point. In (C), homogeneously
broadened response would yield horizontal lines.
The smooth curves in (C) were calculated from a
distribution of relaxation times with no adjustable
parameters. Discrepancies, most visible after the
0.01-Hz pump oscillation, are mainly a result of
neglecting recovery effects.
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increasing oscillations at fixed amplitude,
indicating that energy flowed out of selec-
tively heated domains during their re-
sponse. NSHB, where measurements are
made as energy flows out of the selectively
heated domains to the thermal bath, is
therefore consistent with specific heat spec-
troscopy (25, 26), where measurements are
made as energy flows from the thermal bath
to the slow degrees of freedom.

The spectral hole refilled as a function of
the recovery time (t.) as the locally modi-

fied relaxation times returned to their er-.

godic distribution (Fig. 5). Although similar
to traditional bulk aging experiments (27),
NSHB has some distinct advantages. First,
the minimum time for measuring a modified
spectrum is limited only by the speed of the
high-voltage supply, not a thermal quench
rate. Our apparatus has a minimum ¢, of ~2
ms, allowing local aging experiments at
temperatures above T,. NSHB also provides
details about spectral shape during recovery,
and specific constituents can be emphasized
by changing the frequency at which the
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Fig. 4. Time-dependent modification of the relax-
ation times in PC at 159.6 K after a 1-Hz oscillation
with various amplitudes V,,. When V,, was dou-
bled, from 0.5 to 1.0 kV, A(t) quadrupled. An ac-
curate value for each maximum spectral hole size
A .« was obtained by fitting to several points in

the spectrum near the maximum modification (ar-
row), yielding A, = 4 X 1078 V2.
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Fig. 5. Time-dependent modification of the relax-
ation times in PC at 157.6 K after a 0.2-Hz pump
oscillation for various recovery times. Each value
of A, was obtained from several points in the
spectrum near the maximum modification (arrow).
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sample was modified. Within experimental
resolution, all parts of the sample recover at
the same rate v, and this recovery rate is
independent of the pump frequency €.
Moreover, the general shape of the spectral
hole is preserved during recovery (Fig. 5),
which indicates that the locally modified
domains do not significantly modify their
neighbors. Thus, on the time scale of the
response, direct exchange between domains
does not have to be taken into account.
The distribution of relaxation times in the
linear dielectric response was compared with
the single recovery rate of spectral hole refill-
ing (Fig. 6). Assuming A~ exp(—yt,), we
obtained y = 0.083 57! and 4.2 s™! for PC at
161.0 and 157.6 K, respectively, and y = 0.73
s7! for glycerol at 194.7 K. Characteristic
relaxation times for the linear response 7,
which for these liquids are within about 10%
of the peak in the distribution (28), are 0.082
and 4.1 s for PC at 161.0 and 157.6 K, respec-
tively, and 0.71 s for glycerol at 194.7 K. Such
similar values for ¥ and 1/y may be con-
trasted with the photobleaching of probe
molecules in orthoterphenyl (11), where an
average probe molecule must rotate more
than 100 times before the equilibrium dis-
tribution of rotation rates was recovered.
Our measurements indicate relatively fast
recovery of the ergodic distribution of re-
laxation times in PC and glycerol, possibly
explaining why traditional aging experi-
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Fig. 6. Normalized dielectric relaxation as a func-
tion of time [g(®) — &t))/[e() — &(0)) (dashed
curves) and A, as a function of recovery time
(symbols) for (A) PC at 161.0 and 157.6 Kand (B)
glycerol at 194.7 K. Symbols are for recovery after
maodification by 10 Hz (¥), 1 Hz (O), 0.3 Hz (X),
0.06 Hz (+), and 0.5 Hz (4). Solid curves are the
best single-exponential fits to the symbols that
characterize spectral hole refilling.
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ments have never been reported for these
substances.

We have shown that a pump-and-probe
procedure can be used for SHB in the non-
resonant dielectric response of supercooled
liquids. The procedure could also be applied
to other techniques—such as magnetom-
etry, viscoelastometry, or photon correla-
tion spectroscopy—on any system that ex-
hibits nonexponential relaxation.
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