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A quantitative theory is developed which accounts for heating artifacts in three-pulse photo(8B&ho
experiments. The heat-diffusion equation is solved and the average value of the temperature in the focal
volume of the laser is determined as a function of the 3PE waiting time. This temperature is used in the
framework of nonequilibrium-spectral-diffusion theory to calculate the effective homogeneous linewidth of an
ensemble of probe molecules embedded in an amorphous host. The theory fits recently observed plateaus and
bumps without introducing a gap in the distribution function of flip rates of the two-level systems or any other
major modification of the standard tunneling mod&0163-18207)03842-3

I. INTRODUCTION millisecondg and HB(microseconds to several dayawe ad-
ditionally broadened due to SD. The rates of SD may vary
Glasses are commonly considered as nonequilibratedyver many orders of magnitude. By convention, the line-
structurally disordered solids. The amorphous network perwidth measured in a 2PE experiment is called homogeneous.
forms configurational fluctuations on a wide range of timeln the standard model, Eql), a linear increase with tem-
scales. At low temperatures, tunneling through conformaperature is predicted. The linewidth measured in 3PE and
tional barriers is assumed to be the dominant relaxatiolyB experiments is commonly referred to as the “effective”
mechanism. 'zrhls view is equivalent to the two-level SySte”homogeneous linewidth. According to Ed), this line also
(TLS) modet that has successfully accounted for many ofy,adens linearly with temperature. By the same token, SD
the anomalous low-temperature properties of gladseshe  nqucesa logarithmic broadening as a function of the waiting
standard formulation, it is assumed that TLSs have on a Iogql—me (time between the second and third pulse in a 3PE, or

rithmic time scale a broad distribution of energy splittitgs . veen buming and reading a hole in a HB

and relaxation rateR: experimen 10-13

Very recently, there has been broad interest in 3PE of
Wiersma’s group®-(®) which—contrary to the standard

— 3
As a consequence, the observed relaxation dynamics ificdel—showed a plateau between foand 10°% s. They

glasses depends on the experimental time scale. This hii/estigated the chromophore zincporphine in deuterated
far-reaching implications for the linewidth of an optical tran- €thanol glas$ZnP/EtOD. Meijers and Wiersma interpreted
sition of a probe molecule embedded in a glassy host: it§heir data by postulating a gap in the distribution of TLS
transition frequency becomes a dynamical quadtiihis  rates in the microsecond regiot?(®) Zimdars and Fayet
phenomenon is commonly referred to as spectral diffusioemphasized, shortly after that, the contradiction between
(SD). It prevents a definition of a homogeneous linewidth aghole burning data of Fayer's grolmnd the 3PE data of

in crystalline materials. Wiersma’s groug®®-(®) To explain this difference, they in-

In an optical experiment, the absorption spectrum of arvented a model, which is based on the assumptions(ihat
ensemble of chromophores doped into an amorphous host iBe coupling between the chromophores and the glass can
measured. Due to inhomogeneities in the local strain or elecvary as a function of the TLS relaxation rates, 4@ TLS
tric fields experienced by individual chromophores, thiswith relaxation rates in the microsecond domain couple to
spectrum(the so-called inhomogeneous lnis several or- the chromophores only via an electric dipolar interaction.
ders of magnitude broader than the linewidth of a singleAccording to this, nonpolar chromophores such as those used
molecule. Hence, to monitor the local structural glass dyin Wiersma’s experiment will not sense a perturbation by
namics, line-narrowing techniques such as two-, three-puls#hose electric TLS resulting in a gap in the relaxation rate
(stimulated photon echoef2(3)PE] and hole burningHB)  distribution. The relevance of this model has been discussed
have to be uset:® Being conceptually similar, the main dif- by Silbey and co-worker®(® The same authors could fit
ference between these techniques is the sensitivity to reladMeijers’ data qualitatively without assuming a gap, but start-
ation processes on different time scales: fast dephasing pr@ig out from a modified distribution function, which predicts
cesseqpicoseconds to nanosecohdsused by rapid TLS a slower-than-logarithmic line broadening in the microsec-
flips and vibrations of individual chromophoPeare mea- ond region:®®:(® This model is based on computer simula-
sured in 2PE; linewidths measured in 3Ranoseconds to tions of a Lennard-Jones model gld$&inally, it was Zilker

P(E,R)dEdInR~constX dEdInR. (1)
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FIG. 1. Experimental setup for stimulated photon echo measurements. “50/50” marks 50% beam splitters, DL1-3 are optical delay lines,
D photodiodes, and PMT is a photomultiplier tube.

and Haarer who shed light on the discussion by showing imwidth) are cavity dumped and amplified in two dye cell am-
the first 3PE experimeriielow 1 K that the line broadening plifiers, which use a two-stage design. Each chain is pumped
does not only level off in the microsecond region, but in factby its own frequency-doubled nanosecond Nd:YAG laser
decreases again after several hundred microsec8iid®ey  (Spectron SL404Eat a repetition rate of 10 Hz. After each
investigated the chromophore zinc meso-tetraphenylporphingage a saturable absorber is used to suppress amplified spon-
in polymethylmethacrylate(ZnTPP/PMMA), a polymer  taneous emission. Two beams with equal intensities are ob-
glass. As the authors pointed out, this reversibility indicategajned from the resulting 1J pulse of the first amplifier by
laser-induced sample heating artifacts, which may also bg peam splitter. Beam 2 is fixed in time, whereas beam 1 can
responsible for the gap previously observed in Wiersma'g)e gelayed via a motorized delay lif2L1). The third pulse
group. _ o can be electronically delayed by picking any pulse from the
It is the content of this work to clarify this point by treat- 75_\Hz pulse train emitted from the dye laser. Synchroni-
ing the laser-induced heating effect in a quantitative Wayation between the dye and the YAG lasers is accomplished
and reanalyzing the 3PE data of Meijers and Zilker. 5 the reference signal of the mode-locked electronics,
Thl_s paper is or_gamzed as follows: in S_ec. I, we brlefIYwhich triggers a digital delay generat@tanford Research
describe the experimental apparatus used in Ref. 18 and 9ivg stems DG536 The latter controls the firing of the flash
an estimation of the heating effects for EIOD and PMMA |3mns and the switches of the YAG lasers and is also used
using the details of Me'lefsizg"!d Zilker's experiment, spe-iq trigger the cavity dumper of the dye laser. This design
cific heat and optical datd™*?in Sec. Ill, we present a ajiows us to create pulses, which can be electronically de-
simple model for the time dependence of th_e temperature fhyed with respect to each other from 100 ns up to 100 ms.
the focal volume of the laser beam by solving the heat dif-:an gptical delay line(DL3) is used to realize waiting times
fusion equatioff for appropriate boundary conditions; in ghorter than 7 ns. The optical density of the sample was
Sec. IV, we calculate the optical linewidth in the framework 54t 1 at the wavelength of the study, 597 nm. The laser
of nonequilibrium spectral diffusioff, in Sec. V, we com- a5 tocused on the sample to a spot size of approximately
pare with Meijers’ and Zilker's 3PE data, and, in Sec. VI, we 100 xm:; the pulse energy was about 3 nJ. The good optical
conclude. quality of the samples enabled us to perform measurements
of stimulated photon echoes without using an optical upcon-
Il. EXPERIMENT version schem& The signal is spatially filtered to block
most of the scattered light, and separated from the excitation
beams by diaphragms. Finally, it is detected by a photomul-
The stimulated photon echo measurements in Refs&é8 tiplier tube and registered with a boxcar integrator. The echo
Fig. 1) were performed with a tunable dye lag€oherent intensity depends nonlinearly on the energies of the excita-
702-1CD synchronously pumped by a mode-locked argon-ion pulses. This makes a&/B measurement for compensa-
ion laser(Coherent Innova 200-10The output pulset6 ps  tion of excitation energy fluctuations impossible. Therefore

A. Stimulated photon echoes
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only data points for which the energy of each laser pulse—n Meijers’ experiment, ZnP, has very similar optical prop-
measured by the two photodioded)—is within a =10%  erties as ZnTPP, which was used in Zilker's experiment: ISC
window, are processed by the computer. Several scans of thgeld of 98%, AE(singlet-tripletj=3700 cm 1.2° The ap-
delay line were averaged for each signal curve. plied pulse intensity in the 3PE experiment of Meijers and
Zinc meso-tetraphenylporphin@nTPP, Porphyrin Prod- Wiersma has been quoted to be “less than 200 nJ per pulse”
ucts Inc) was dissolved at a concentration of X.50 %M in in Ref. 15a) and “less than 100 nJ per pulse” in Ref. (&
the monomer methylmethacrylate; the polymerization of theDur estimation of the heating temperatufg, is based on a
mixture was initiated at 50 °C. The resulting samples had gulse intensity of 100 nJ/pulse. Since the optical properties
thickness of 1 mm and a radius of 4 mm. The fluorescencef both chromophores are nearly identical, one can estimate
lifetime T, of ZnTPP in PMMA was measured as 7.5 ns in athe heat release into the sample in Meijers’ experiment by
transient-grating experimefit. multiplying Zilker's result by 100/3, which amounts in
The sample was mounted in 3He bath cryostatJanis Q~650 wJ/g. In PMMA, this provides a temperature in-
Research Co.providing a temperature range from 0.4 up to crease oAT~1.6, 0.8, and 0.6 K afy=1.75, 2.4, and 3 K,
4.0 K. The temperature was measured with a calibrated Gerespectively. Since the specific heat in EtOD is roughly by a
manium resistofLake Shore GR-200A-1QGattached to the factor 2 larger than in PMMA, one has to divide these num-
copper sample holder. Temperature control was achievebers by 2, yieldingr;=~2.55, 2.8, and 3.3 K afy~1.75, 2.4,
with an accuracy of- 0.01 K by heating the internal charcoal and 3 K, respectively.
pump of the cryostat.

Ill. HEAT DIFFUSION

B. Heating effects in PMMA and EtOD . .
g Our goal is to determine the heat flow out of the focal

Let us assume that a0 the total sample is in equilib- volume by solving the heat diffusion equation
rium with the helium bath at a temperatufg and illumi-
nated by the(first and the secondlaser beam. The laser J
irradiation excites viaS,—S; transitions those chro- Fral UL DV?T(r,t)=0 ()
mophores of the sample that are in its focal volume
Vioca= m@°L,, . The latter is a cylinder given by the spot size for the local temperatur&(r,t), where the diffusion constant
a~50um and the penetration depth,~0.5 mm of the la-
ser beam. The sample is cylindrically shaped with a radius K
Ry of 4 mm and thickness=1 mm. The chromophores are
assumed to be homogeneously distributed in the illuminated

volume, and the laser beam propagation is taken to be pefs controlled by the heat conductivity, the mass density,
pendicular to the circular surface of the sample. The excite@ng the specific heat of the sample. To calculate the
chromophores irradiate hed, over the fluorescence life- |ine proadening, the spatially averaged temperaftie)

time 7y~1-10 ns(in PMMA, 7q~7.5 ns; in EtOD7y~2.7  =(T(r,t)), .y, _ will be, eventually, plugged in the formal-
”5) due to Intersystem crossingy T, to the triplet state. ism of nonequilibrium spectral diffusion. The underlying as-
Slnce_ metalp_orphlnes SUCh as ZnP and ZnTPP gndergo thegﬁmption is that the phonons are in quasithermal equilibrium
transitions with probabilities of more than 90% intersystem i ' the momentary temperatuf(t) in the focal volume
crossing(ISC) yield, up to 25% of the incident laser energy ie., the TLS relaxation rateR(T) are given byR[T(t)]. '
can be transformed into heat during this process. If the heaIthi's is reasonable, because the phonon relaxation time is

release is considerably faster than the heat diffusion process .1, shorter than the diffusion timéS)—(7). The replace-
out of the focal volume, we can assume that after a tigne .

the chromophores have heated up the entire focal volume
a maximum temperatur€,, which is determined by the re-
lation

4

e

mentT(r,t)—T(t) is clearly approximate. In a correct treat-
tl%ent, ther dependence of the temperature has to be handled
on the same footing as tliedependence of the dipole-dipole
interaction ¢r~3) between the chromophore and the TLS
. in the host, which would, however, render the model too
0= 1c(T)dT. 2y  complicated. _ o

To There are three time scales for the heat diffusion process:

the radial and longitudinal diffusion time over the time scales
In PMMA, the specific heat is given By

c(T)=4.6T unJlgk?2+29.2T% nJ/igK*. Under the condi- r.=a%D, (5)

tions of Zilker's 3PE experimett (pulse energy of 3 nJ, ISC

yield of 97%, AE(singlet-triplety=3800 cm 1) for ZnTPP/ 7 =L2/D 6)
p L

PMMA, Q=20 wJ/g is released into the sample, which re-
sults in a local temperature increase inside the focal volumand the time scale over which heat radiates into the helium
of AT=T,—Ty=0.55 K for T;=0.75 K. At T;=1.5 K the bath[note c(He)> c(PMMA/EtOD)]
heating effects amounts inthT~0.2 K, and no heating ef-
fect is expected at 3 K. 7= R pCVioeal: (7)
In EtOD glass, the specific heat is not known below 2 K.
The value at tw 2 K isroughly by a factor two larger than in which is controlled by the Kapitza surface resistance be-
PMMA: Cgop(2 K)~350 1J/gK?! The chromophore used tween a solid and liquid helium
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TABLE |. Diffusion times in PMMA with p=1.18 g/cn?, ZnP in E10D at 1.75 (0), 2.4 ("), and 3K (x)
c=4.6T pdigk?+29.2T3 pJigK* (Ref. 19, and o ' ‘ ' '
x=(15,20,30,42,50% 10~ 3 W/mK (Ref. 22 at different tempera- ' @ ™
turesT,. Lak
K X
To (K) 7a (19 (M9 7 (M9 !
0.75 3.10 0.15 2.21 5
1 4.99 0.25 1.99 2
15 10.37 0.53 1.84 808 4
2 17.05 0.85 1.79 g
3 43.03 2.15 1.75 g§ 06 1
; 2PE
®04 ) .
R 0.05 K4 m2 o 02_....*.'.... |
_ 2o
K™ ma?T3 W ®
0 s . . s s
Although « andc depend on temperature, we will assume in 12 10 -8 bog (0 [5] - -2 0
the following thatD is temperature independent. Orders of
magnitude forr,, 7, 7, are given for PMMA in Table I. ZnP in E1OD at 1.75 K

Stimulated echo experiments are performed on the tim:  °° T T

scale between 0.1-1 ns to 10-100 ms. The plateau or tt
bump appears in the data between about 10 anduE)T his
suggests the following picture: fak 7,~2 ms heat cannot 07r
radiate into the helium bath due to the large value of the
boundary resistanc@y . Accordingly, the probe itself oper-
ates as a heat bath and absorbs the heat flow out of the foc
volume in a direction radial to the laser beam.#\&> 7, any
inhomogeneous illumination of the focal volume in the lon-
gitudinal direction becomes unimportant. The radial flow
sets the time scale for equilibration with the helium bath
after about 16- 100 us. At this time scale, we would expect
a bump in the stimulated echo data. After several hundre
microseconds, we further expect a return to equilibrium  o1r
spectral diffusion al =T,. Triplet heating can be excluded, . L L
sincer, is much less than the time period between two con- A 0 9 & a6 s 4 3 2 -
secutive echo pulse series {5 m9. Both experiments con- o0l

flmliet?ljsp:g\ljvre(g:foagséuzr ngglgsis more quantitatively. To FIG. 2. (@) SPE decay rateg,L/nT; (1), as a function of the
P y q Y. waiting timet for ZnP in EtOD, from Ref. 15. The lines are fits to

solve the diffusion equation, appropriate boundary condis, . data—) heating effects includefEq. (26)], (—- —) no heat-
tions have to be posed. _Flrs_t, to keep t_he model simple W_ﬁWg effects includedEq. (19)]. Effective relaxation rates used are
ngglect any heat conduct_lon in propagation of_the.bea_r_n. Thlﬁeﬁ: 1.2x10° 571 (O), Ryy=2.8X10° 571 (*), Ryy=3.5%10°
might be a crude approximation, however, being justified bys=1 (x). The parameters for the heating process are 15 us,
Ta<7; and because the laser beam penetrates almost the—7 g5k (0), T,=2.8 K (*), andT,=3.3 K (X). The values of
whole sample(penetration lengti,~0.5 mm. The heat the 2PE decay rates are also given in the figur¢ @long with the
conduction in a direction radial to the beam is governed byprediction of the modeldotted line with K,=26.9 MHz/K *?.
diffusion into the sample. Hence, we have to solve the dif-The contribution ofl'py, is neglected in the fits at all three tem-
fusion problem in an infinitéboundary effects due to a finite peratures(b) Same as(@ but only the data aff,=1.75 K are
Ro=4 mm are not important in this experimgmylindrical  shown.

medium in which heat is produced by point sourcelsro-

mophorep at a rate ~AQ(r)e U™ (r=\X?+y?. The diffusion problem, which is equivalent in all physical aspects
amount of heatAQ(r), released by the chromophore at po- to the problem mentioned above. We assume that the chro-
sitionr is governed by the laser intensityr) at that pointin ~ mophores have heated the focal volume to a higher tempera-
the sample. We assume that the intensity profile across tHgre T, after the timery. If 7y<7,, the temperature profile

eff. homogeneous linewidth [GHZ)
© °© © ©
W) S~ w (=%
T T T

<o
[
T

diameter of the laser beam is Gaussian, is then well approximated by the laser intensity profile,
g T2 AT(r,0)=2ATe 2%, (10
I(r)=P——, C)
2ma

The normalization we have chosen is such that the average
whereP is the total amount of beam powén W) used. The temperature in the focgl ;/olume =0 is AT, ie,
exact solution to this problem is very complicated and be-AT=[5dr2arAT(r,0)e”" /2" 2ra%. The temperature at a
yond the scope of this paper. Instead we will treat a healater time,t, is given by integration over the heat kerfiel
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©

1 * UaT3](t)=[1=T} +[1LnwTs 1), 15
AT(r't):4ﬂ.Dt 7 dx,f7 dy’AT(X',y',0) [YaT3 1) =[1mT5 Jopet [1/7T5 Isp(t) (15

¢ o~ LX)+ (y—y") 214Dt where the last term, arising froffy(7.t), is the contribution
due to spectral diffusion. For TLS and phonons in thermal
o~ r22[o(v)]? equilibrium at temperaturé&, with a hyperbolic distribution
ZZATﬁ, (11) in TLS relaxation rateR and a flat distribution in the TLS-
[o(t)]%a energy splittingE [cf. Eq. (1)] one finds the well-known
where result
— 2
o(t)=y2bt+a’ (12 [1aT5]()=KT[3.66+ N(Regt)] +Tpiw.  (16)

Hence the average temperature
Here, K is a collection of constants proportional to the

AT(t)=f dr27rrAT(r,t)e"z’zazlzqra2 dipole-dipole interaction strength between the TLS and the
0 chromophore, andR.; is an effective relaxation rate aver-
at a later timet reads aged over the TLS splittinds (see beloyw. The second term,

[1/7T5 Jsp(t) < In(Rest), is the waiting-time-dependent con-
tribution due to spectral diffusion. The first and the last term
Tttir, (13 describe pure dephasing. At very low temperatures the term
linear in T is dominant. This term arises frofy(7) and is
Eventually, to account for the delay of the heat release ovecharacteristic for TLS-induced dephasing in amorphous sol-
the time scaler;, we subtracte Y from Eq. (13). This ids. The last term, characterized by an activated temperature
corresponds to assuming that heat is produced at the rateependence
(Qp/ ry)e~ Y7 per unit time and unit volume yielding a final
temperature increaSeA T=Q/c. This, finally, gives

AT(t)=

exp(—AE/kgT)
[1—exp —AE/kgT)]?’

r PLM™ b (17)

T(t)=To+(T1—Top)

1+—t/Ta — e“’f'] . (14
Of course, this equation is only an approximation for the reaRIso appears in molecular mixed crystals. It is a pure dephas-
solution of the diffusion problem posed above. As a conseing mechanism arising from vibrational modes of individual
quence, the numerical value fAfT andr, obtained from the chromophores(pseudolocal phonon modes This mecha-

fits by using Eq.(14) have to be seen as an order-of- hism usually starts to be dominant in the temperature regime
magnitude estimation. However, our model contains allbetween 1 and 3 K.

physical characteristicgi) heat is supplied over the time  Recently, Silbeyet al'®® have introduced a model based
scalery with an exponential rateiji) the temperature returns on molecular-dynamics simulations on a Lennard-Jones
algebraically(nonexponentiallyto equilibrium after the time ~ computer glass? In the simulations for Ni-P at a given com-
scaler,. We have checked th4i) and(ii) are independent position, it was found that the distribution functié{(A) of

of the initial temperature profile(10). For instance, the tunneling frequency is hyperbolic forA/kg less than

AT(r,0)x0®(a—r) gives the same kind of behavior. ~10"2 K, but asA increasesP(A) is best fitted by a form
1/A*~ " wherev increases te-0.2 asA/kg increases beyond
IV. OPTICAL LINEWIDTH 1 K. With a typical maximum relaxation rate of about'40

s~ ! at 1 K, this implies that the standard modeK0) does

Hu and Walkel® and Suarez and Silb&/have shown not apply for waiting times shorter thar 10 3—10"* s.
that three-pulse photon echo amplitude decays aglthough these results are not quantitatively accurate for all
exf —(Fi(7)+Fx(nt))r.s] due to TLS flipping in the amor- glasses, we will see that they provide a more reliable picture
phous host. HeréF 1(7))1.g is the two-pulse-echo decdgr  in the investigation of heating effects in the 3PE data below.
dephasing decay and (F,(7,t))1.s is the decay that de- The distribution function of TLS relaxation rates and energy
pends on the separatidnbetween the second and the third splittings is modified in this model according to
pulse.{ )y s denotes the ensemble average over the TLS
relaxation rateR and the TLS energy splittings. If 7 lies

well within a hyperbolic distribution of relaxation ratéy B E”(R/Rmay 2 o
i.e., Ryn<1/7<Rpa and P(R)~ 1R, the effective, ie., P(E.R)=consk TR (18

t-dependent dephasing rat€l/T,](t) is defined by

(Fi(7)+Fo(7,t))1.s=27/To(t). Analogously, the two-

pulse echo decay rate T,ee is defined by (We set the second parameje=0.1%®) This yields a two-
(F1(7))1Ls=27/T, 2pe. Subtracting the lifetime contribution pulse decay varying as exp(27/T, ,pg 1~ %], which is very
defines the pure dephasing rateljlp=1/T, e~ 1/2T;.  close to an exponential decay for fits of experimental data. In
The effective homogeneous linewidth measured in a 3PEhe limit <1, the effective homogeneous linewidth is then
experiment is defined by found to behave like
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ZnTPP in PMMA at 0.75 (0), 1.5 (*) and 3K (x)
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FIG. 3. (a) 3PE decay rate,1/=T5](t), as a function of the
waiting timet for ZnTPP in PMMA, from Ref. 18. The lines are fits
to the data:(—) heating effects includefEq. (26)], (—-—) no
heating effects includefEq. (19)]. Effective relaxation rates used
areRgz=10"1s71 (0), Rgg=1.3X 10" s71 (*), Rey=2.6x 10" s
~1 (X). The parameters for the heating process gre300 us,
T,=15K(0),T;=1.7K (*),andT;=T, (X). The values of the
2PE decay rates are also given in the figure) (along with the
prediction of the mode{dotted lineg with K,=15.2 MHz/K*?,
b=0.9 GHz, andAE=9.7 cm™ L. (b) Same aga) but only the data
at T,=0.75 K are shown.

[UaT31(0)=K,T5" {0+ (2/v)[1—(Reit) "1} +Tpy,
(19

where

Emax
J dEE” secR(E/2kgT)R "2

Re_ﬁV/ 2_ , ( ) 0)

Emax
f dEE” secR(E/2kgT)
0

and (replacingE,.,,/2kg T by infinity)

NEU, SILBEY, ZILKER, AND HAARER

K,,=KJocdxx”secﬁ(x), (21)
0

with ® ,_¢=3.66 and® ,_ ,5~3.4 (noteK ,_;=K).

To calculate the spectral diffusion contribution in the case
of heating over the time scateit is more convenient to use
the formalism of Black and Halperit.According to this, the
contribution to the optical linewidth due to spectral diffusion
is determined by the number of TL3y(t), which have
flipped an odd number of times during the timeDenoting
the initial occupation of the uppdtower) state byn, (0)
[n_(0)], and the upward¢downward$ relaxation rate by
W, (W_), a simple master equation approach yields

n_(0O)W,+n,(0)W_
R

ne(t) = (1-e7), (22

where R=W,+W_. In our case, all TLS are initially
in thermal equilibrium with the helium heat bath &t.
Hence, n,(0)=[expEksTy)+1]"! and n_(0)=[1
+exp(—E/kgTo)] L. If we assume quasithermal equilibrium
for the phonons, i.e., if we assume that the phonons
are at the momentary temperatur@d), the relaxa-
tion rates become time dependent and satisfy
W, (1)/R(t) ={exdE/kgT(1)]+1} 1 and W_(t)/R(t)={1
+exd —E/ksT(t)]} %, with the one-phonon rate

RIr,T(t),X]=rRmad T(1),X], (23

Rmad T(1),x]=cTax3cotH x Ty /T(1)], (24)

wherex=E/2kgT, andc~10°K ~3s71, In the experimen-
tally relevant parameter regime, the exact numerical solution
of the master equation with time-dependent rates is exactly
described by the following analytical expression:

ns(t)=(1/2){1—tanH E/2kzTy]tant E/kgT(t)]}

X (1—e WRINTMOX), (25

The average ofi;(t) over the TLS energy splitting and the
dimensionless relaxation rate=R/R,,,, iS how performed
using the distribution functiog18). With this, the effective
homogeneous linewidth at the momentary temperafift¢

reads

[1/7TT§ ](t) = KVT3+V{®V+ fv(t1 Rma)J:T(t)])}+ 1—‘F’LM ’
(26)

where
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f:dx[l—{tRma{T(t),x]}‘”’2]{1—tanr{x)tanr[xTO/T(t)]}

fL,(tLRn T(H) )= 27

(vI2) f:dxszecﬁ(x)

The result for the standard model arises in the limi¢0. In ~ ~300 ws. As the authors noted, this reversibility clearly
Figs. 2 and 3[1/#T5](t) [Egs. (19 and (26)] is shown indicates laser heating artifacts in the sample. The question
together with 3PE data of Ref. (& for ZnP in EtOD, and arises whether laser heating might also turn out to be respon-
Ref. 18 for ZnTPP in PMMA. In Fig. 4, 2PE data of ZnTPP sible for the observation of a plateau in Meijers and Wiers-
and tetra-tert-butyl-terrylen@BT) in PMMA are shown to- ma’s data.

gether with fits made with In Refs. 16a) and 16b), Meijers and Wiersma’s data
have been analyzed with the modified standard model using
Eqg. (19). The authors have found qualitative agreement with
better quality fits emerging for the high-temperature data.
V. COMPARISON TO EXPERIMENT Zilker and Haarel® also analyzed successfully their data at
1.5 and 3 K, but not at 0.75 K, within this model.

In Fig. 2(a), we show the 3PE data for ZnP/EtOD at three

[UaT5 1pe=K, 15770, + Tpy. (28)

Meijers and Wiersm&® have studied the 3PE decay of

various chromophores in a number of different glasses. Inemperatures, taken from the thesis of Meif& with two

order to fit their data they were forced to modify the standarqtl. . ) .
. . . .:_lits using Eq(19), dashed-dotted line, and E@6), full line.
model(1) by postulating the existence of a gap in the distri As noted already in Ref. 16, the need for a gap in the distri-

bution of TLS flip rates on the time scale between microsec: ™ . : ) ; )
onds and milliseconds. For the system ZnP/EtOD, they aggunon function has disappeared. As shown in the figure, the

sumed that the decay rate is linear int)rffom the earliest Predicted value of the 2PE decay rates also agree with ex-
times (~10°1°s) to 10 s, flat until 10°° s, and then once perlmgnt. Orje clearly sees from th|§ plot jthat including heat-
more linear above IG s, with the same slope as in the early N9 artifacts in the theoretical ples_quptlon improves the fits to
time regime. As discussed in Ref. (& the physical nature the 1.75- and 2.4-K data, significantly. We have demon-
of this gap remains totally unclear. strated this more clearly in Fig(l®). The initial temperature
Zilker and Haaréf have studied for the first time a 3PE increase due to laser heatingA§ =0.9, 0.4, and 0.3 K at
decay below 1 K. They found at 0.75 K for the systemTo=1.75, 2.4, and 3 K, respectively. Both 3PE and 2PE
ZnTPP/PMMA that the decay rate increases from the earliesthow consistently that the contribution to pure dephasing of
times (~10 °s) to 10 ¢ s, levels off, anddecreasesfter  pseudolocalized librational modes of the guest chromophores
in the amorphous matrix is insignificant even3aK for ZnP
ZnTPP (0) and TBT () in PMMA in EtOD g|as§5(0)
' In Fig. 3(a), the 3PE data for ZnTPP/PMMA taken from
—v=018 | Zilker and Haaref are plotted along with our theory in the
OF —--veo same way. Again the data can be fitted with no gaps in the
distribution function, and with parameter values close to
those used in Figs.(d) and Zb). The reversibility of the line
P broadening for the 0.75-K data is well reproduced by our
theory, as depicted in Fig(). This clearly shows the influ-
ence of laser heating artifacts. No heating effect is observed
at the 3-K data; the temperature increase at 0.75 and 1.5 K is
found to be 0.75 and 0.2 K, respectively. However, the pre-
dicted value of the 2PE decay rates is much lower than the
experimental value. The 3PE data for ZnTPP/PMMA can
well be fitted without(or with only a small, cf. Fig. #con-
tribution from localized phonon modes. Contrary to this, the
s 2PE data clearly show a deviation from a power-law tem-
Temperature [K] perature dependence above2 K, which indicates active
* localized vibrations of the chromophores. In Fig. 4, we have
(*)Filneﬁ,[,\;,\f :_ ET?:ZCZ%J; tﬁ;ﬁ}gzﬁ’f ,O;olrzér(lzTg Ptopﬂ)]ear;i;%; illustrated this using recently published 2PE data for ZnTPP/
»=0.18,K,=24 MHz/K'*”, b=15.8 GHz, andAE=9.7 cm %,  PMMA (Ref. 26 together with new results for TBT/PMMA.
The dashed line is a fit of Eq28) with »=0, K=25.7 MHz/K,  The full line shows a fit of Eq(28) with »=0.18. The best fit
b=12.7 GHz, andAE=8.8 cm L. The dashed dotted line shows IS obtained withy=0 (dashed ling The dashed dotted line
Eq. (28) with parameter values obtained from the fit to the 3PE datademonstrates the discrepancy between the experimental data
[Fig. 2a)]: »=0.18, K,=15.2 MHz/K**", b=0.9 GHz, and and Eq.(28) when the parameter set obtained from the 3PE
AE=9.7cm L. data(Fig. 3 is used. This may indicate that there are extra

- .- parameters of 3PE

homogeneous linewidth [MHz]

0.4
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TABLE Il. Heating parameters. comes more and more hyperbolic. Hence, the bending of the
; o decay rates should become weaker and, eventually, merge
To (K) T (K) T1 (K) 7a (#S)  into the linear growth with Irtj usually observed in HB ex-

periments. We believe that the deviation of the data from our

PMMA 0.75 1.3 1.5 300 . -~ . L . o
theory in the millisecond regime indicates this transition.
1.5 1.7 1.7
3 3 3 VI. CONCLUSIONS
EtOD 1.75 2.55 2.65 15 We have extended the modified standard model for
2.4 28 238 dephasing and spectral diffusion in optical experimériis
3 33 33 the situation of a nonequilibrated phonon bath. In particular,

we have studied the situation in which the focal volume of a
laser beam in an amorphous host is heated to some tempera-
e T,, and cools down to the temperature of the helium

dephasing processes in these systems other than those 4. o2 . R
scribed by the present model. bath by heat diffusion. The resulting nonlogarithmic line

The parameters for the heating process are summarized hyoadening of chromophore molecules embedded in the glass

Table II. There is close agreement between the estimatiorfiue to spectral diffusion has been calculated. Our motivation
for T, presented in Sec. Il and the fit values. For PMMA theNnas been to investigate whether this picture explains recently
fit value of the diffusion timer, is about one order of mag- observed plateaus and bumps in 3PE data. We conclude that

nitude larger than the estimations in Table I. For pulse intenlaser heating effects are important for 3PE experiments in the

sities less than 100 nJ in Meijers and Wiersma’s experimerif€!vin regime. This together with a modified, slightly bended
the agreement between estimafé&ty. (2)] and fitted value eqwhpnum line broadening qqantltatlvely gccounts for the
for T, is less close, although the discrepancies are insignifi€xPerimental data. However, since no studies of the 3PE de-
cant given the uncertainties in the experimental parametel%ay on laser fluence are ava_llable up to now, Fhe experimen-
for EtOD. tal evidence in favor of heating artifacts is indirect. A study
§gf the fluence dependence remainsarentiakxperiment to

test the significance of heating effects.

It must be stressed that a fit to the 3PE data is also po
sible, if one uses the standard model witk-0. However,
the heating temperature we had to assume in this case was
too high. Sincer#0 introduces already a weak bending of
the decay rates, it also brings down the valueTortto real- This research has been supported by the National Science
istic values. We consider this observation as an indicatiofFfoundation, the Alexander von Humboldt Foundation, and
that it is necessary to change the standard model in the shatie Deutsche Forschungsgemeinschaft, SFB279. We also
time regime. For longer waiting times; 10" 3 s, the experi- thank Daan Thorn Lesson, David R. Reichman. Frank L. H.
ment explores that part of the distribution function that be-Brown, and Yu. G. Vainer for discussions.
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