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Light-induced spectral diffusion in heavily doped polymers
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Light-induced spectral diffusion was detected in polymethylmethacrylate samples doped with a high con-
centration €=2.4x10 2 mol/L) of H,—tetraphenylporphine in the subkelvin temperature regime. Two in-
teresting effects were observed in the measurements of spectral diff@pim optical hole burning experi-
ments. The first observation is that of irreversible spectral hole broadening which occurs upon irradiation of the
sample. This effect is explained in terms of a chromophore-chromophore interaction. The second observation
involves an increase of the SD rate in highly concentrated samples. This is connected with additional two-
level-system excitations by high-energy phonons emitted from closely spaced chromophore molecules by
relaxation processes from optically excited staf§€163-182@08)51810-3

Optical hole burning spectroscopy has proven to showsample heating, power broadening or burning saturation
extreme sensitivity with respect to low temperature dynamic©nly the case of a polymethylmethacryldEMMA) sample
in amorphous solidésee reviews, Refs. 1 and.2n particu-  which contained water showed a substantial line broadening
lar, it is successfully used for the investigation of the two-effect under IR irradiatio® In this case a very special
level-system{TLS) dynamics in glasses. In the last two yearsmechanism of SD initialization was discovered: additional
some new observations were made: electric-field-induce®&D arises upon irradiation of the sample with IR energy
spectral diffusior’* long-time algebraic diffusional broaden- which is resonant with the molecular vibrations of water.
ing of optical lines>® and the influence of aging and tem- The microscopic nature of that IR-induced SD is still un-
perature cycles on the TLS dynamicdin this Rapid Com-  clear.
munication we present an observation of light-induced We have investigated SD in two samples of PMMA
spectral diffusion(LISD) in a polymer glass at subkelvin doped with tetraphenylporphi@PP. The concentration of
temperatures. impurity molecules wasc=2.4x10"2 mol/L and c=1.3

The mechanism of normal spectral diffusion in optical s 19-3 mol/L. The optical density of the samples was about
spectra is described in Refs. 9 and 10. An experimentally 4 i the maximum of the absorption band. Their thick-
Iabgled (for example, via optical hole burnn)1gnon9chro- nesses were about 50 and 1M, respectively. The experi-
matic ensemble of chromophore absorbers experiences Pefo o were carried out in an opticie/*He dilution refrig-
turbations due to the interaction with an ensemble of TLS in ; : . o

. oo . erator, which was described in detail in Ref. 14. Hole

the surroundings. Stochastic flips of TLS due to the mteracb . d istrati ; d with inale-mod
tion with phonons cause a “random walk” of the transition urning and registration was periormed with a single-mode
frequency of every chromophore. The very broad distribu->V dye lasen(Coherent CR-699-29 AutoschriThe experi-
tion of TLS relaxation rates leads to a time dependent broadNeNts were carried out at 0.1 K. The cooling power of the
ening of the initially monochromatic ensemble of the chro-cryostat at 0.1 K is AW. Because of the low specific heat

mophore transition frequencies. This effect is known as@nd the low thermal conductivity of polymer samples at low
spectral diffusion(SD). It should be noted that we speak temperatures, they are very sensitive to external light irradia-
about behavior of the spectral hole as if it were a collectiorfion. Special measurements were carried out to check the
of burnt molecules in the initial spectral position. But the dependence of the hole width on the burning power. It was
behavior of the hole is determined by the spectral movefound that a burning power of aboutuW is low enough to
ments of the molecules whidcire not burnedThe situation cause no measurable heating effect. The typical burning en-
is similar to one with holes in semiconductors—one speakgrgy was about 1@.J, which corresponds to a hole depth of
about the movements of the holes like movements of reathe order of 20% of the optical density of the sample. During
single particles, but not about the result of collective move-the reading process of the holes the laser power was de-
ment of valence band electrons. The SD process has beereased by three orders of magnitude.

proven to develop quasilogarithmically on a time scale up to It was shown in previous publicatioh$that SD is very
10°-10" s. On longer time scales the time dependence besensitive to the sample history: nonequilibrium SD repre-
comes asymptotic to a square-root [aExternal perturba- sents the dominating effect for a long time after cooling. To
tions, like a change of the temperatitor electric field avoid the influence of time dependent thermal equilibration
cycles®* create reversible effect¢at least in the low- in TLS dynamics we have kept the sample at low tempera-
temperature region where the TLS model is validumer-  tures for approximately six weeks before the first measure-
ous investigations of the influence of light irradiation on thements were started. The necessary condition for the removal
spectral line broadening failed to give evidence for LISD of nonequilibrium effects in TLS dynamics is that the time of
(see, for example, Ref. 12excluding trivial effects like the experiment should be much shorter than the time be-
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O 7 7 7 T T Under this condition the hole widths are practically indepen-
? ] dent on the burning power. That means no pronounced heat-
ing effect was present. Second, and even more important, the
. heating of the samplafter the hole burning—a thermal
cycle—causes, at low temperatures, no irreversible effects at
all (see for details Refs. 8 and 11The consequences of

J temperature increase disappear on a time scale, comparable
with the duration of the temperature incredseour case ca.

10 min). Furthermore there are no acceptable mechanisms of
SD acceleration during sample irradiation which could pro-
duce such an irreversible broadening. There is only one irre-
versible (in the definite sengdight-induced process in our
sample—the hole burning itself. The photoprocess, respon-
sible for the hole burning in the porphyrin molecules, is an
intramolecular proton tautomerization® We suppose that
this process may cause distortions which induce irreversible

FIG. 1. Time evolution of the hole width in the absorption spec- hole broadening. Formally, this tautomerization is equivalent

trum of TPP in PMMA at 100 mK(in the sample with high con- {0 rotation of the molecule byr/2 rad. It causes a change of
centration of impurity moleculds Three measurement series are the strain field around the molecule. Moreover, despite the

shown in the real time scale with zero time point at the beginning of@ct that TPP molecules have an inversion center and, there-
the first series. It is clearly seen that the jumplike increase of a holéore, should not have a static electric dipole moment in a
width in every previous measurement series coincides with the beglassy matrix, all centrosymmetric molecules acquire an in-
ginning of a new one. The solid lines are fit curves. All three mea-duced electric dipole moment with a value very close to the
surement series are fitted with the same fit parameters and only tr@ne of similar, but noncentrosymmetric molecul&$’ The
jumps in the hole width in the first two series were used as adjustproton tautomerization causes a change of this induced di-
able free parameters. pole moment. This change can influence the transition fre-
quencies of other molecules in the same way as TLS jumps.

tween the sample cooling and the beginning of theThe only difference to this process is that it is not spontane-

experiment The diffusional hole broadening at 100 mK is a ous b.Ut I?ght' induce;d_. The probability' of the “dgrk” ta}u-
relatively small effect compared to the initial hole width, t0Merization is negligible. One can estimate the line shift of
Therefore, it was necessary to perform many hole burnin n unbL_Jrnt molecule c_aused by the change in dipole-dipole
experiments to reach a good signal-to-noise ratio. nteractions upon burningsee, for example, Ref. 180

The experimental procedure was the following: a series of )
15 holes were burnt within a few minutes and were moni- Ap= 4m” Apppn
tored for one week. The next series was burned one day later 3h  4meg
after the first one and the third series was burned still another . .
day later. All measurements from the series were averagey/N€réxn is the dipole moment of a nonburned molecule and
and only averaged results of the three series are compared®#b iS the change of the dipole moment upon burningis

The results demonstrating the light-induced hole broadenth® concentration of burned molecules, angdss the dielec-
ing are shown in Fig. 1. Three measurements series, pepnc c_onstant of vacuum. Sup.posle the mducgd dipole moment
formed on the highly concentrate¢HC) sample, are pre- and its change by tautomerization of TPP in PMMA are
sented in a real experimental time scale with the zero timé=A#~1D. The concentration of burned molecules in ev-
point corresponding to the beginning of the first series. It i€y measurement series may be estimated as
clearly seen that the holes in every previous series experi-
ence an irreversible broadening during the burning of the _I'h-AD
next series. Hence the first series has two steps, the second Co=C I
series has one, and the last has no steps at all. The experi-
mental curves are parallel to each other before and after thghere c is the total concentration of impurity molecules;
steps. The observed effect is strongly dependent of the col,=0.008 cm  is the width of the hole andD=0.2 is the
centration: it is only present in the HC sample. Further irra-relative depth of the hold;;=100 cm ! is the width of the
diation had no effect upon the line evolution of previouslyinhomogeneous band ami=15 is the number of holes
burnt holes in the low concentratédC) sample. burned in one series. This gives an estimation for an average

Let us consider the origin of the steps in the hole width.line shift of nonperturbed molecules via electric dipole-
Actually, there are no physical mechanisms within the TLSdipole interaction oA v~6 MHz. It is of the same order of
model which can explain such an irreversible effect undemagnitude as the measured valle=5 MHz. It is hard to
the action of externafand rather weaklight irradiation. A estimate the value of an elastic dipole moment induced by
trivial explanation—the sample heating during the burning of TPP molecules in a matrix. We may expect, based on the
the next hole—is inconsistent with the experimental resultsobserved absorption line shifts of impurity molecules by tau-
First, we investigated carefully the dependence of the initiatomerization(up to tens of cm1), that it is rather large, and
hole width on the burning power and fluence and, as it wasnay increase the observed effect. The above estimation does
already mentioned, we used burning powers belowV¥.  not prove the proposed LISD mechanism, but it shows that,
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no earlier thar(1-2x10% min before the hole burning. The

I T T T T T T Ty

s dashed lines are fit curves corresponding to the scenario
30 |- + LCsample 0.1K . where the sample was cooled down from 1 K approximately
°  LC sample 0.2K s 10 min before the hole burning. Such a fit describes the
07K / /1  experimental data in the whole time interval quite satisfacto-
_____ nonequilibrium fit rily. But the only process which took place in that time scale

0r equilibrium fit K 7 was the hole burning in the previous measurement series. We

propose the following mechanism: A nonequilibrium is cre-
ated in the TLS ensemble by every new hole burning event
upon the interaction of the TLS located in close proximity to
chromophores with high-energy phonons. These phonons are
produced by the energetic relaxation of chromophores after
photon absorption. We may describe the TLS population in
terms of an effective temperaturéq;;, where T repre-
. T sents the distribution of the TLS in the lower and upper
state'!! With these high-energy phonons TLS states with
T.t>T may be created without a sample heating &apgd is

FIG. 2. Comparison of the diffusional hole broadening in theinsensitive to TI_‘S relaxation rates in this sce_nario. If there is_
sample with high concentratiofiC) of impurity molecules at 100 some pgrturbatlon, the time Scal.e of relaxation ba.CI.(.to equr-
and 700 mK and in the sample with low concentrati@uC) of librium is dependent upon the time scale of the initial per-

impurity molecules at 100 and 200 mK. The data are normalized Oﬁurbation. In thermal cycles, for instance, only TLS with re-

the temperature. The solid curves are fits of the first 1000 min dat‘ljaxation rates equal to or _Iess than the _time of heating are
with an equilibrium model; the dashed lines are fits for the wholelnvolved. The effect seen in these experiments, however, is

data sets in HC sample with a nonequilibrium mog@sle texk permanent and suggests an excitation dlreptl){ into higher

energy levels in the TLS. From such an excitation the TLS
may relax into either of the potential wells. This creates a
ermanent nonequilibrium, restored by every new hole burn-
Ihg. There is another argument supporting our assumption. If
%ﬂhe nonequilibrium in a TLS ensemble increases during hole

AT/T [MHZ/K]

time [min]

despite a rather low concentration of burned molecules, the
movement may be responsible for the observed irreversibl
line broadening.

_Another concentranon—depgndent effect was ‘?bs‘?f"e urning, every subsequent hole is burned in progressively
Figure 2 presents the comparison of hole-broadening in HGore “nonequilibrium conditions. Each subsequent hole
and LC samples on a semilogarithmic time scale. The dat@noylg therefore be broader because of increased SD rate.
are temperature normalized. The two upper curves areé megye have checked the correlation between the width of the
sured on the HC sample at temperatures 0.1 K and 0.7 Kirst and the last hole in every measurement subséfies
the lower ones on the LC sample at 0.1 K and 0.2 K. Thengles burned subsequently with interval of 1 jnifihe av-
data measured in the LC sample were fitted with a TLS diserage difference in the width between the last and the first
tribution function, proposed in Ref. 5 without any difficul- holes isAT's_;=2+1 MHz. The effect is small but distin-
ties. The HC sample data have two peculiarities as compareguishably nonzero. This effect cannot be described by the
with the LC sample(a) the SD rate in HC samples is higher; increase of TLS density of states, which is a static effect.
(b) SD in the HC sample deviates from the logarithmic law To summarize, we have found two kinds of light-induced
much stronger than in the LC sample. The first obvious exeffects in spectral diffusion in PMMA samples with a high
planation of these peculiarities is the increase of TLS densitgoncentration of chromophore impurities. The first one
of states induced by impurity molecules. We may not ex-causes additional irreversible spectral hole broadening dur-
clude that mechanism, but we suppose that the observed dfg the sample irradiatiomfter the hole burning and was
fect is connected, at least partially, with the light-inducedattributed to the change of chromophore-chromophore inter-
nonequilibrium in the TLS ensemble. This hypothesis jsaction, caused by proton tautomerization in bumed chro-
based on the fit results of HC data. The time region in Fig. 2noPhore molecules. The second effect causes an increase of
can be roughly divided in two parts: below 1000 ngghort- S0 rates in HC samples. This effect was attributed to a non-
time region and above 1000 mirlong-time regioj. The ﬁquhmbnum in r']I'LS originating fromhthelr mgeracnon _W|thh
short-time HC data can be fitted with the same TLS distri- "9 SN€rgy pnonons emitted by chromophores during the

bution function as LC data, but with a TLS density of Statesrelaxation from th_e optically ex_cited state._These phonons
which is about three times highéthe increase of TLS den- were created during the burning of previous holes, that

. : : : meansbefore the burning of the hole under observation.
sity of states is probably caused by the impurity moledules
The fit curves are represented by the solid lines in Fig. 2Both effects depend strongly on the chromophore concentra-

This fit deviates significantly from the experimental data int'gn anddvv_ere hot regljc|ster(_=i%|_n LCSSSmr:Ie_S. ':(jg't'ona||3/' the
the long-time region. The deviation looks characteristic forgesfgveed'ngreiﬁzeﬁcrggug O?L:SL TLSrigr:Qentrafgrr?p € can
nonequilibrium SD, which was investigated in aging us y ! S on.

experiments: In the present case the time interval between This work was supported by the Volkswagen Foundation
sample cooling and hole burning was abouf 1Min: two  (Grant No. /70 52§ part of the work performed in Russia
orders of magnitude longer than the observed transition timevas supported by the Russian Foundation of Basic Research
from equilibrium to nonequilibrium dynamid$or details see (Grant No. 96-02-17566 The visit of one of the authors in
Ref. 8. This means that the nonequilibrium part of SD canGermany was supported by NATO Collaborative Research
only originate from a nonequilibrium event which took place Grant No. HTECH:CRG940406.
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