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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. 

W h e n  subjected to an  external perturbation, 
lnany materials, including polynlers (1) ,  pro- 
telns ( 2 ) ,  and supercooled liquids ( 3 ) ,  exhibit 
nonesponent~al relaxation. The  response of 
thousands of different sul~stances (4)  has been 
character~zed by the Kohlrausch-Will~a~ms- 
Watts (KWW) stretched exponential, 
exp[-(t/r)@], where 9 < 1, t is time, and 7 IS 

a character~stic relaxation t ~ m e .  It has long 
been Jehated (5-8) whether t h ~ s  dvnam~cal 
complexity is intrinsic, \ \ ~ t h  all repions of the 
salnole exhihitine a silllilar nor-Llebve re- 
sponse, or ~vhether it is the result of hetero- 
genelty, r i t h  localized degrees of freeilom 
relaxing exponentially hut w ~ t h  a distribu- 
tion of relaxat~on times that y~elds the net 
lxhavior. Several itudies (9-1 1 ) of super- 
cooled liquids near t h e ~ r  calori~netrlc glass 
transition tenlperature T,, have concludeii 
that heterogeneity occurs on length scales of 
1 to 5 nm. Recent lnagnetlc resonance mea- 
surements 11 2 )  h a w  sho~vn  that these do- 
mains are not static, but that their d~st inct  
relaxation rate. persist long enough to cause 
the broadened response. Such dvnalnic het- 
erogeneity, n h ~ c h  evolves as the saml?le re- 
sponds, has not previousl\- been observed 
directly in the slonr d~electric rebponse. 

Spectral hole burning (SHB) map be the 
  no st direct t e c h n i q ~ ~ e  for investijiating the  
constituents in the  net response of a mac- 
roscopic sample. O h s e r ~ . a t ~ o n  of S H B  ger -  
erally requires a heterogeneously broadened 
spectnlm, a strong external sigllal that can 
modify selected parts of the  spectrum, and a 
resulting "hole" that is persistent enough to 
allo\v subsequent measurement of the mod- 
ified response. A n  in-portant advantage of 
the technic~ue is that the responding de- 
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grees of treedoll1 are used directly as their 
own local probe. SHB nas  first observed in 
magnetlc resonance spectroscopy ( 1  3 ,  14)  
but is now most commonly appl~ed to opti- 
cal resonances (15) by means of the intense 
~nonochro~na t i c  fielils available n i t h  mod- 
ern lasers. Here, n.e rerort direct measure- 
lnents of dlelectr~c S H B  in nonresonant 
relaxation. 

T h e  b a s ~ c  idea of nonresonant SHB 
( S S H B )  in supercooled liquids is e,  aslest - '  to 
picture in the  context of dielectric loss E" 
as a f~lnct ion of frecluency (FIE. 1) .  Ob- 
served loss are generally hroatier than 
that of a simple Llebye response. Accordi~lg 
to the  Bolt-mann superposition principle 
( 1  6 ) ,  linear macroscopic measurements 
cannot d l s t ~ n ~ u i s h  het~veen intrmsic hroaii- 
ening (F1g. 1,4) or a distribution of response 
times (Fig. 1B). Although n ~ ~ n l i n e a r  satura- 
t ~ o n  of the  dielectric polariration in a static 
field 1s nsuallv r?recl~rJed hv d~electric , 

breakilnwn, dielectr~c heating in an  osc~l-  

Fig. 1. Sketch of the delectrc loss as afunction of 
logar~thm of frequency from the intrnsc degrees 
of freedom n a sample exhbiing (A) homoge- 
neously broadened response and (B) response 
resuling from a dsirbuton of relaxaton imes. In 
(A). when a pump f~eld IS  apped  at frequency a. 
energy is absorbed homogeneously, yielding a 
unform shft in the spectrum of response. In iB), 
however, domans wth absorpton at 0 are selec- 
tvey modfed and a spectral hole develops. 

latnlg electric f~el i l  ( ~ h i c h  is iluadratic In 
the  ampllt~riie of the field) can he used ti, 
modify the  frequency of response. If energy 
from the  fielil were absorbed homogeneo~~s-  
Iy (Fig. l A ) ,  the  entire spectrum n.ouli1 
simply be shifted to h ~ g h e r  frequencies, 
nhereas in the case of a heteroeeneous re- 
sponse (Fig. lB) ,  the energy absorbed n.ould 
depend o n  the local response, anti a spectral 
hole n.ould de\~elop. If the  excess local en- 
ergy simply heated the ther~nal  bath, it 
wo~lld diffuse out of a typ~cal  dona111 (as- 
sunling iiia~netcrs of 5 5  n m )  11-1 less than a 
nanosecond. Instead, we have found that 
local ~nodlfications iniiuced hv the  electric 
field persist lo11g enough to reveal the  het- 
eroneneitv in the slow relaxation and to be 
ohserved n.~th t~me-domam spectroscopy. 

T o  measure time-dependent d~electric 
polarization, n e  used a Sa~ycr -Tower  
hrtdge (1 7) consisting of a parallel-plate 
sanlple capacitor and an  integrating capac- 
1ti1r connected 111 series across a coml?uter- 
controlled high-voltage supply. T h e  dls- 
tance d hetneen the  sample plates n.as 

A 

maintained a t  5L1 IJ-m with quartz fibers, 
yielding a nolninal empty-cell capacitance 
of 3L1 PF. T h e  sample capacitor was im- 
~nersed in the  i i~e lec t r~c  liquid, whose t e n -  
perature n.as controlled by a closed-cycle 
refryeration system to an  ahsoh~te  accuracy 
of i 1 K, 1~1th a relative stability of i 3 mK. 
A high-impedance anlplifier was used to 
lllonltor changes 111 voltage across the  inte- 
grating capacttor, n.hic11 are p ropor t io~~a l  to 
changes 111 tlie polarization of the  sample. 

To lneasure S S H B ,  we devised a pump- 
and-nrobe ~,rocedure that colnhines the  fre- 
quency selectiv~ty of a n  oscillating field 
rv~ th  the  aii\~antages of ~niiucing the entlre 
spectrum of t~me-dependent response after 
a single step in the applieil f ~ e l d  (Fig. 2) .  ,4 
sunussoidal pump voltage of amplituiie Vc 
and frequency n was used to selectively 
modify the  sample. After a recovery time t , ,  
a step of amplitude St' nas  applieil, 
y~elcling the  time-dependent polarization of 
the  locally mod~fied sanlple P:. T h e  large 
but uni11teresting linear response fro111 the 
pump field nas  remo\~ed by lneans of a 
phase-cycling technique 111 nh ich  a n  iden- 
tical pump oscillation and reco17ery time is 
follonred by a negative step -'I#, yield- 
~ n g  P-. T h e  difference P" P ~ S  propor- 
t ~ o ~ ~ a l  to the transient dielectric permitti\,- 
ity E':'(c) of the  locally lnodified sample, 
n.hich can he compared with the  usual bulk 
response ~ ( t )  P+ - P-. Another ad\.an- 
t a e  of the phase-cycling procedure is that 
it r e m o x s  all extrmsic nonlinear effects 
from the  pump osc~llation (1 8);  such effects 
often ~nterfere n i t h  the  intrinsic nonlinear 
dielectric response when measured by con- 
ve~ltional techni i j~~es  (19) .  T h e  results we 
report occ~lrreJ reproJucibly in the r a n  
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data, but because of occasional slight tem- 
perature dr~f ts ,  some of the  data have been 
corrected by a small factor (<L?.l%) tlmes 
the  response from the  pump field ( P V  
P" ). 

Most data shown here are for propylene 
carbonate (PC),  lvhich was chosen for its 
extraordinarily large dielectric loss and high1)- 
temperature-dependent relaxation rate near 
T, - 156 K (22).  W e  also studied glycerol, 
xhich has a s~l~al ler  dielectric loss and less 
pronounced temperature dependence near its 
T,, of l9L? K and exhibits weaker but otherwise 
sikilar KSHB behavior. Figure 3 shows 
NSHB in P C  taken at a temperature T of 
157.4 K. Close inspection of the ran. data (Fig. 
3A)  reveals that the 2-Hz oscillation modified 
the spectrum most at short titnes, whereas the 
C.Cl-Hz oscillation modified the spectrum 
most at long times. T h e  result is amplified by 
taking the difference in the dielectric permit- 
tivity at each time A E ( ~ )  (Fig. 3B); thls sh0n.s 
that the response that is modified most by the 
2-Hz oscillation is virtually unchanged 1.y the 
C.L?l-Hz oscillation, and vice versa. Such seg- 
reeated resDonse clearly establishes the heter- 
o$eneous t;ature of thk dielectric loss. Near 
T PC has a relatively narrow distribution of 
reyaxatlon tunes. with a net suectrutn of re- 
sponse from bulk samples that 1s only 1.3 
times the Debye width. Still, the soectral hole 
is significantly narrower than the net re- 
sponse, which indicates that the i n t r ~ n s ~ c  lo- 
cal response 1s effect~vely single exponential. 

,4 Inore physically meaningful way to  
shon. how the  vumv oscillation has 
changed the  relaxation tirnes of the  re- 
sponding degrees of freedom is to  plot the  
chanee in the  l o ~ a r i t h m  of the  relaxation 
times as a function of titne h ( t ) ,  as defined 
in the  inset of Fig. 3,4. If t he  response 
were homogeneous, the  response rates of 
all dotnains ~vould be nlodified uniformly, 
yielding a constant value for A( t ) .  Instead, 
different frequencies are found to modify 
different parts of the  spectrum (Fig. 3 C ) .  
This result provides a direct demonstra- 
t ion that  the  s lo~v  dielectric relaxation was 
heteroeeneouslv broadened. 

l ieuhave mcheled the observed behavior 
assuming that the sample contains discrete 
do~nains that relax exponentially according to 
exp(-t/~,) ,  with each distinct relaxatloll time 
T enumerated bv index i. The distribution of 
relaxation tilnes g, was deterlnined empirically 
by fit t~ng the net unlnodified response 272 g 
exp(-t/~,)  to the nleasured bulk response ~ ( t ) ;  
these saine g, Lvere then used to characterize 
the spectral hole. NSI-IB involves addine en- - 
ergy to selected domains, thereby selectively 
modifyi~lg their local response rates. As noted 
above, ther~nal diffusion would prevent obser- 
vation of NSHB ~f the induced energy imtne- 
diately flo~ved into the thermal bath. There- 
fore, the energy rnlrst persistently modify the 

local dynamics, possibly by modifying the 
density (21) or size (9 ,  22, 23) of the selected 
domains, whlch may be described In terms of 
a local fictive temperature Tf,, (24).  In ergodic 
liquids, the fictive temperature 1s eclual to the 
thermodynamic temperature, but quenched 
sa~nples often exhtbit aging in t h e ~ r  response 
as the fictive telnperature approaches T. Over 
the temperature range of our study, changes in 
relaxation titnes may be approximated by an  
Arrhenius lax,  7, 5: exp(B/Tf,,), which for 
bulk fictive telnperature is known as the 
Naravanaswamv-Mc~vnihan eauation. W e  as- , > 

sume a uniform effective energy barrier B,  
which is determined empirically from the 
temperature dependence of the characteristic 
relaxation time ;i. Thus, for small changes in 
local fictive tetnuerature, chanees in the local 
relaxation titnes ixay be written as Aln(7,) = 

(-B/T2)ATf,,. 
After N oscillations of an  electric f ~ e l d  of 

amplitude E and frecluency 0,  the total heat 
absorbed in a system characterized 'y dl- 
electrlc loss 

is Q, = NTE,E,"E~, where E, is the permit- 
tivity of free space. If all this heat renlained 
in the  indiv~dual domains that absorbed the  
energy, their local fictive tenlperatures 
would Increase by ATf, ,  = QjAc,,, where 
4c r  1s the  specific heat of the  responding 
degrees of freedom (which can be deduced 
from the  d~fference in c ,  from above and 
belon. T',). For PC with Tf == T, == T = 
157.4 K,'Acp = 7.7 X lL?' J m-' K-' and 
B/To = 23C (20). T h e  internal field in- 
duced by the pump voltage is influenced by 
depolarizing effects. W e  used the  Lorentz 
for~nula for spherical domains in a thin 

Fig. 2. Voltage sequences that ylelded modifled 
(PC, PT) and unmodified (P-, P-) tlme-dependent 
polar~zations. For the data reported here, the am- 
plitude of the probe step was +v = 150 V. Unless 
othervdlse indicated, the amplitude of the pump 
osc~llation was V ,  = 900 V. Care was taken to 
allow full recovery of the sample after each relax- 
ation. If not for dlelectrlc heating durlng the pump 
oscillat~on, the differences P: - P1 and P+  - P- 
would be identical. 

sample between parallel plates, E = (Veld) 
(E' + 2)/3e1, where the  net in-phase d~e lec -  
tric response is 

with E, - 5. There  are n o  adjustable 
parameters In this model. T h e  good agree- 
ment  with the  obser\~ed spectral holes 
(Fig. 3 C )  therefore provides quantitative 
evidence tha t  N S H B  in  P C  involves local 
dielectric heating. Discrepancies between 
calculated and observed behavior, espe- 
cially after the  3.C1-Hz modification, re- 
sult mainly fronl recovery mechanisms in 
the  samule, as d~scussed below. 

W e  found that spectral modification was 
Inore strongly dependent o n  the power than 
o n  the energy from the electric field. T h e  
size of the spectral hole increased quadrati- 
cally lvith increasing field anlplitude (Fig. 
4) ,  indicating llnear dependence o n  the 
power fronl the purnp oscillation. Ho~vever,  
the size of the  spectral hole saturated with 

Fig. 3. (A) Tlme-dependent dielectrlc permittlvlty 
of PC at 157.4 K.  Solld curves are the unmodified 
response; dashed curves are the response after 
modification by a slngle osc~llat~on of 900 Vat 2 00 
Hz (upper curves), 0.05 Hz (mlddle curves), and 
0.01 Hz (lower curves). The upper and lower pars 
of curves are offset for clarity. Results obtained 
from the data of (A) [as shown In the Inset of (A)] 
are presented In iB), the difference between mod- 
ifled and unmodlfled dielectrlc permlttlvities, and 
(C). the d~fference in the logarithm of the relaxation 
times at each tlme point. In (C), homogeneously 
broadened response would yield horizontal Ilnes. 
The smooth curves In (C) were calculated from a 
distribution of relaxation times with no adjustable 
parameters. Discrepancies, most \~isible after the 
0.01-Hz pump osc~llation, are mainly a result of 
neglecting recovery effects. 
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increasing oscillations a t  fised amplitude, 
indicating tha t  energy flowed out  of selec- 

sample was modified. LVithin esperinlental 
resolution, all parts of the  sample recover at  

ments have never been reported for these 
substances. 

tively heated domains during their re- 
sponse. KSHB, where tneasurements are 
made as energy flows out  of the  selectively 
heated dotllains to  the  thernlal bath,  is 
therefore consistent with specific heat  snec- 
troscopy (25 ,  26),  nhe re  measurements are 
nlade as energy flows froin the  thermal ba th  
to the  slow degrees of freedom. 

T h e  spectral hole refilled as a f~unction of 
t he  recovery time i t  ) as the  locallv modi- 

, 1 ,  

fieii relaxation times returned to  their er- 
goilic distribution (Flg. 5) .  Al though slrnilar 
to  traditional bulk aging experiments (27), 
NSHB has some distinct advantages. First, 
the  minimum tiine for measurine a lnodifieil 

u 

spectrum is limited only by the  speed of the  
high-voltage supply, not  a thermal quench 
r'ite. Our  apparatus has a tninimum t, of -2 
Ins, allovr.ing local aging experitllents at  
temperatures above T,,. KS'r-IB also provides 
details about spectral illape during recovery, 
and speclfic constituents can  be emphasized 
by changing the  frequency at  ~ v h i c h  the  

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 s z e  
A,,i, was obtained by fitting to several points in 
the spectrum near the maximum modfication (ar- 
row). yielding 1 ,,,,, = 4 x 1 0-8 V:. 

log[; (s)l 
Fig. 5. Time-dependent modificat~on of the reax- 
at~on trnes In PC at 157 6 K aftei a 0 2-Hz pump 
oscillat~on for various recovery times Each value 
of A ,;, \</as obtaned from several ponts n the 
spectrum near the maxmum modifcation (arrow) 

the  saine rate y ,  and this recovery rate is 
independent of the  pump frecjuency 61. 
Moreover, the  general shape of the  spectral 
hole is preserved during recovery (Fig. j), 
which in~iicates tha t  the  locally modified 
domains d o  no t  significantly modify their 
neighbors. Thus ,  o n  the  time scale of t he  
response, direct exchange between domains 
does n o t  have to  be taken into account. 

The  distribution of relaxation titnes in the 
linear dielectric response was compared with 
the single recovery rate of spectral hole ref& 
ing (Fig. 6).  Assutning A,,,~,, - exp(-yt,) ,  nre 
obtained y = 2.283 s p '  and 4.2 s-I for PC at  
161.0 and 157.6 K, respectively, and y = 3.73 
s p l  for glycerol at 194.7 K. Characteristic 
relaxation tiines for the linear response 7 ,  
which for these liquids are ~vl th in  about 12O.o 
of the peak in the distribution (23), are 3.382 
and 4.1 s for PC at 161 .3  and 157.6 K, respec- 
tively, and 3.7 1 s for glycerol at 194.7 K. Such 
sllllilar values tor 7 and l / y  may be cotl- 
trasteil with t he  photobleaching of probe 
molecules in orthoterphenyl ( 1  i ), where an  
average probe molecule must rotate inore 
t han  I00 times before the  eauilihriuin Jis-  
tribution of rotation rates was recovered. 
Our  measurements itldicate relatively fast 
recovery of t he  ergociic distribution of re- 
laxation times in PC and glycerol, possibly 
explaining ivhy traditional aging experi- 

Fig. 6. Normalzed deectric relaxaton a s  a func- 
t~on of time Is(%) - s(t)]![s(r) - E(O)] (dashed 
curves) and A,,,,, a s  a funct~on of recovery time 
(symbols) for (A) PC at 161.0 and 157.6 K and (B) 
glycerol at 194.7 K. Symbols are for recovery after 
modification by 10 Hz (:.:I, 1 Hz (Z), 0 .3  Hz (XI ,  
0.06 Hz (+), and 0 5 Hz (2). Solid cunles are the 
best angle-exponential f~ ts  to the symbols that 
characterize spectral hole refilling. 

LX7e have shown that  a pump-and-probe 
procedure can be used for SHB in t he  non-  
resonant dielectric response of supercooled 
liquids. T h e  procedure could also be applied 
to  o ther  techniques-such as magnetom- 
etry, viscoelastotnetry, or photon correla- 
t ion spectroscopy-on any system that  ex- 
hibits nonexponential  relaxation. 
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