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The vibrational relaxation rate of the SD stretching mode in amorphous As2S3 is found to be
comparable to that of the SH molecule in the same material. This result is in marked contrast to
the behavior expected for multiphonon decay into vibrational quanta of the amorphous host. The
lack of an isotope effect in the relaxation rate is shown to be due to an efficient decay channel
into a high frequency local vibrational mode of the impurity molecule. Our results demonstrate
that local modes cannot only influence but can dominate the decay of molecular impurities in
solids. [S0031-9007(96)00827-7]

PACS numbers: 61.43.Dq, 33.50.Hv
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Nonradiative processes dominate the relaxation dyn
ics of most molecules in crystals and glasses, as we
in liquids [1–3], with the exception of a few systems su
asCN2 in alkali halides [4], and the observed relaxati
rate can be up to 8 orders of magnitude larger than
radiative rate. Because of the ubiquity of nonradiative
laxation processes, extensive experimental and theore
efforts have been made to clarify the physical princip
governing these processes. The experimental prog
achieved in recent years is largely a result of the deve
ment of powerful tunable ultrafast lasers, necessary to
form nonlinear experiments on vibrational transitions [
The simplest theoretical approach explaining nonradia
relaxation assumes a multiphonon process in which
energy of the impurity vibrational state is transferred
several host vibrational quanta [6,7]. However, it has
come evident that a number of results cannot be expla
in terms of this simple multiphonon decay process.
particular, the vibrational frequency of hydrides such
OH and SH and their isotopes are typically well abo
the vibrational spectra of the host, and the large relaxa
rates that have been found for these molecules in a va
of systems [1,2,8] may originate in the existence of h
frequency local modes of the impurity molecules such
librations, bending, or torsional modes, which act as
cepting modes in the relaxation process [9].

Our approach to investigating the nonradiative de
mechanism is to measure the effect of isotopic substitu
on the relaxation rate (the isotopic effect) by study
the deuterated analogs of diatomic hydride impurit
(deuterides) in the same host. In this Letter we prese
detailed study of the vibrational relaxation rate of the
impurity vibrational stretch mode in As2S3 and compare
the results with previous measurement of its isotope,
SH molecule in the same host [8]. This system has b
chosen because the host material is transparent in
region of both the SD and SH vibrations and the stre
1302 0031-9007y96y77(7)y1302(4)$10.00
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mode frequencies of the molecules lie well above
vibrational spectrum of the host. Since the vibration
frequencies of the deuterated molecules are redsh
by approximately 21y2 from the hydride values, the
multiphonon decay mechanism for the deuteride sho
than require the excitation of21y2 fewer host vibrational
quanta according to the “energy gap law” [7], which sta
that impurity vibrational modes should relax primarily b
the lowest order, and therefore fastest, process availa
Assuming a multiphonon decay mechanism, the deute
impurity stretch mode should decay in a lower order, a
thus faster, process than the hydride stretch mode.

Previous measurements, however, have shown fas
laxation rates on the order of1010 sec21 for SH [8]. In
addition, persistent infrared spectral hole burning exp
iments have shown similar dephasing times for both
SD and SH molecules [10], thus, there have been in
cations that this system behaves anomalously, provid
incentive for detailed study of the decay mechanism
the molecular relaxation.

The samples were prepared by melting optical gra
As2S3 in an atmosphere of D2 in a sealed quartz tube
A furnace with a rocking mechanism was used to m
the sample to ensure a homogeneous distribution
impurity throughout the sample. A deuterium atom form
a covalent bond with a bulk sulfur atom at a broken-bo
defect in the bulk to form an SD impurity. After sever
hours the samples were removed from the oven
rapidly quenched. The finished samples were polis
into 6 mm diameter, 2–3 mm thick disks.

The absorption spectra of As2S3 were measured using
Bruker IFS66V FTIR Spectrometer. The SD stretch mo
in As2S3 shows a broad (50 cm21 FWHM) absorption cen-
tered at1807 cm21, shown as the solid line in Fig. 1(a
Because of amorphous nature of the As2S3 host, a distri-
bution of SD molecular impurity sites results in an inh
mogeneously broadened stretch mode absorption line
© 1996 The American Physical Society
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FIG. 1. Absorption spectra (solid lines) and relaxation rateG
(circles) of the first excited state of the stretch modes of SD
and SH (b) (reproduced from Ref. [8]) in As2S3 at 80 K. The
frequency axis in (b) has been scaled by the ratio of the
and SH peak frequencies in order to demonstrate the equiva
of the absorption line parameters.

due to differing hydrogen bonding strengths and geom
tries between the deuterium and the nonbonding elect
of a neighboring sulfur [11].

Shown in Fig. 1(b) is the corresponding absorpti
line of the SH molecule in As2S3. The frequency axis
is compressed by the ratio of the center frequencies
the SH and SD absorption line in order to demonstrate
similarity of the absorption lines. This indicates that t
two molecules are identical with respect to the coupl
to the host, occupation of sites in the amorphous ho
and the host structure itself. Thus any influence on
relaxation rate by sample-specific parameters can be r
out, allowing a comparison of the relaxation dynam
based on the different impurity stretch mode frequenc
only.

The measurements of the relaxation rate of SD
As2S3 were done using a free electron laser (FEL)
the Stanford Picosecond FEL Center [12], using a pum
probe technique wherein a weak pulse, resonant w
the transition to the first excited impurity vibration
state, probes the bleaching of the absorption cau
by a strong pump pulse of the same frequency. T
FEL is tunable over a wide range in the midinfrare
for these experiments,7 cm21 FWHM micropulses of
)
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-
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approximately 150 nJ to the sample. Saturation lev
on the order of 1% were typical. In the small-saturati
limit, the relation between the probe signalIsDtd and
the delay timeDt can be written asIsDtd ~ exps2G Dtd,
whereG is the relaxation rate of the excited state. No
that simultaneous resonant excitation of higher transitio
is disallowed by the anharmonicity of the stretch mod
Figure 2 shows a sample pump-probe transmission sig
as a function of delay time between the pump and pro
pulses, where the solid line represents a single expone
fit to the data.

The relaxation rate of the SD stretch mode as a funct
of frequency was measured by tuning the FEL across
broad SD stretch mode absorption line. The circles
Fig. 1(a) show the results at 80 K. The relaxation ra
exhibit nearly an order of magnitude variation across
absorption line, ranging from 12.5 GHz at1765 cm21 to
1.6 GHz at 1823 cm21. The typical errors shown are
due to the linewidth of the laser and the error associa
with the least-squares exponential fit of the decay. Th
results exhibit a frequency dependence very similar to t
of the SH impurity stretch mode relaxation rates in t
same host shown (circles) in Fig. 1(b), reproduced fro
Ref. [8]. The strong variation of the relaxation rate acro
the absorption line has been attributed to changes in
hydrogen bond strength [8] which affects the coupli
between the stretch mode and the decay products.
similarities in the absorption spectra and the relaxat
rate data demonstrate the similarity in the site-spec
molecule-host coupling of the two impurities.

Comparing the SD relaxation rates shown in Fig. 1
with the SH relaxation rates shown in Fig. 1(b) for
given site, as determined with respect to the shift fro
the line center, the SD lifetimes are nearly a factor o
longer than the corresponding SH lifetimes. This resul
incompatible with a multiphonon decay process. Sin
the SD stretch mode is of lower frequency than t
SH stretch mode, it must decay in a lower order, fas
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e
FIG. 2. Typical pump-probe transmission signal as a funct
of delay between pump and probe pulses.
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process if the decay is into host vibrational quanta [6
in marked contrast to our observations.

The fact that the relaxation rates of the isotopica
shifted SH and SD vibrational stretch modes are v
similar can be interpreted as evidence of the existe
of decay processes of similar order for both impuritie
This implies that the frequency of the decay produ
must scale with the respective stretch mode frequenc
The SH and SD molecules are covalently bonded to
arsenic atom of the host, thus the As-S-D bending m
is a candidate for a decay product. Its frequency sc
with about the samem21y2 as the stretch mode, wherem

is the effective mass of the oscillator, since the effect
mass in both the stretch and the bend modes is clos
the mass of the H and D atom, respectively.

To verify the existence of the bending modes w
measured the stretching mode sideband spectra, sh
in Fig. 3. Weak features in the sideband spectra
due to simultaneous excitation of the stretch mode
another local or host vibrational mode. All absorpti
peaks identified as sidebands scale linearly with
impurity density and have linewidths larger than tho
of the fundamental absorption line. The two sideban
at 1165 and 1350 cm21 (labeled H2 and H1) are
da
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FIG. 3. Magnified sideband region of the stretch mode fun
mental absorptions of SD (a) and SH (b). Middle axes indic
frequency shift from stretch mode peak. PeakL1 is the impu-
rity bending mode sideband, peakL2 is the impurity torsional
mode sideband, and peaksH1 andH2 are host mode sidebands
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associated with the broad host vibrational modes of
As2S3 [13] since they are present in the sideband spe
of both impurities. The1545 cm21 sideband of SD
shown in Fig. 3(a) and the1738 cm21 sideband of SH
shown in Fig. 3(b) (labeledL1) scale in frequency as th
stretch mode frequencies; thus we identify these mo
as the As-S-X (X  H or D) bending mode sideband
of these impurities. The1190 cm21 sideband of SD
and 1260 cm21 sideband of SH (labeledL2) also scale
with the stretch mode frequency; in this case we attrib
the sideband to As-S-X torsion modes. The absence
an isotope effect in the relaxation rate and the prese
of high frequency bending modes demonstrates that
relaxation dynamics of the SD and SH impurity molecu
is not governed by a multiphonon process into h
quanta, but in fact is dominated by a decay into lo
modes. To further confirm this result, we investiga
the temperature dependence of the relaxation rate, w
is determined by the frequencies and number of de
products. Thermal population of the decay products le
to an increased relaxation rate by simulated emission
modeled by the relation [7]

GsT d  G0
ehnykT 2 1

sehnLykT 2 1dLsehnH ykT 2 1dH , (1)

where the SD stretch of frequencyn decays inL local
mode vibrational quanta of frequencynL andH host mode
vibrational quanta of frequencynH , and n  LnL 1

HnH by energy conservation,GsTd is the decay rate, an
G0 is the low temperature decay rate.

Temperature dependence measurements of the
stretch mode relaxation rate were made at 1786
1818 cm21. Figure 4(a) presents the results for t
decay rateG at 1818 cm21 (circles). At both frequencie
the decay rates show an increase of approximate
factor of 3 between 80 and 375 K. The lowest ord
process for the decay of the stretch modes into the hig
frequency local modes for these systems allows at m
the excitation of three bending quanta in each case.
remainder of the energy of the stretch mode is then ta
up by host vibrational quanta.

The solid line in Fig. 4(a) shows the temperature dep
dence of the SD stretch mode relaxation rate at1818 cm21

predicted by Eq. (1) for decay into three bending mo
quanta and one183 cm21 host vibrational. This predic
tion shows excellent agreement with the experimental d
Other combinations involving fewer bends and more h
quanta overestimate the increase in relaxation rate
temperature markedly. Similarly, Fig. 4(b) shows the
perimental data for SH reproduced from Ref. [8] (circle
and the predicted temperature dependence for decay
three SH bending quanta plus two140 cm21 host quanta
(solid line). The agreement between the experimental
the predicted temperature dependencies for both molec
further confirms the dominance of the high frequency lo
modes in the decay process.
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FIG. 4. Temperature dependence of the SD (a) and SH
(reproduced from Ref. [8]) stretch mode decay ratesG (circles)
at 1818 and2494 cm21, respectively. For the SD molecule (a
the solid line shows the theoretical dependence for the de
into three545 cm21 bending modes plus one183 cm21 host
quantum. For the SH molecule (b) the solid line represent
decay into three738 cm21 bending modes and two140 cm21

host quanta. The dashed lines show the predicted tempera
dependence for decay into five and seven360 cm21 host
quanta, respectively.

In a previous paper, the decay of the SH stretch mo
in As2S3 has been assigned to a 7th order multiphon
process into the largest As2S3 host vibrational quanta
based on measurements of the temperature depend
of the decay rate [8]. The dashed line in Fig. 4(
was generated using Eq. (1) for decay into seven eq
360 cm21 host quanta. Note that this curve fits th
experimental data well, although the lack of the isoto
effect in the relaxation rate rules out this process. W
point out that the temperature dependences of a relaxa
process alone is not sufficient to identify a decay proce
although it can be used to confirm it. As an examp
the energy gap law and the multiphonon relaxati
assumption would imply that the SD stretch mode sho
decay into five of the same host quanta since the
stretch mode frequency is reduced by roughly a factor
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5y7 from the SH frequency. The dashed line in Fig. 4(
shows the temperature dependent decay rate expe
for this fifth order process using Eq. (1) for decay in
360 cm21 host quanta which poorly agrees with the da
overestimating the decay rate at high temperature.

In conclusion, the importance of local modes in t
decay dynamics of the SH and SD vibrational stret
mode in As2S3 has been demonstrated. Investigating t
isotope effect on the relaxation rate, we conclusively r
out a multiphonon decay into host vibrational quan
but show instead that the relaxation process is domina
by the decay into high frequency bending modes of
molecules. Our results indicate that the relaxation in
high frequency local modes must be taken into acco
when the relaxation of diatomic molecules in crysta
glasses, and on surfaces is studied.
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