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The vibrational relaxation rate of the SD stretching mode in amorphoy$;As 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

Nonradiative processes dominate the relaxation dynanmode frequencies of the molecules lie well above the
ics of most molecules in crystals and glasses, as well agbrational spectrum of the host. Since the vibrational
in liquids [1—3], with the exception of a few systems suchfrequencies of the deuterated molecules are redshifted
asCN~ in alkali halides [4], and the observed relaxationby approximately2!/2 from the hydride values, the
rate can be up to 8 orders of magnitude larger than thenultiphonon decay mechanism for the deuteride should
radiative rate. Because of the ubiquity of nonradiative rethan require the excitation /2 fewer host vibrational
laxation processes, extensive experimental and theoreticquianta according to the “energy gap law” [7], which states
efforts have been made to clarify the physical principleghat impurity vibrational modes should relax primarily by
governing these processes. The experimental progrefise lowest order, and therefore fastest, process available.
achieved in recent years is largely a result of the developAssuming a multiphonon decay mechanism, the deuteride
ment of powerful tunable ultrafast lasers, necessary to peimpurity stretch mode should decay in a lower order, and
form nonlinear experiments on vibrational transitions [5].thus faster, process than the hydride stretch mode.

The simplest theoretical approach explaining nonradiative Previous measurements, however, have shown fast re-
relaxation assumes a multiphonon process in which th&axation rates on the order aH'° sec™! for SH [8]. In
energy of the impurity vibrational state is transferred toaddition, persistent infrared spectral hole burning exper-
several host vibrational quanta [6,7]. However, it has beiments have shown similar dephasing times for both the
come evident that a number of results cannot be explaine8D and SH molecules [10], thus, there have been indi-
in terms of this simple multiphonon decay process. Incations that this system behaves anomalously, providing
particular, the vibrational frequency of hydrides such asncentive for detailed study of the decay mechanism of
OH and SH and their isotopes are typically well abovethe molecular relaxation.

the vibrational spectra of the host, and the large relaxation The samples were prepared by melting optical grade
rates that have been found for these molecules in a varie#s,S; in an atmosphere of Pin a sealed quartz tube.
of systems [1,2,8] may originate in the existence of highA furnace with a rocking mechanism was used to melt
frequency local modes of the impurity molecules such ashe sample to ensure a homogeneous distribution of
librations, bending, or torsional modes, which act as acimpurity throughout the sample. A deuterium atom forms
cepting modes in the relaxation process [9]. a covalent bond with a bulk sulfur atom at a broken-bond

Our approach to investigating the nonradiative decaylefect in the bulk to form an SD impurity. After several
mechanism is to measure the effect of isotopic substitutiohours the samples were removed from the oven and
on the relaxation rate (the isotopic effect) by studyingrapidly quenched. The finished samples were polished
the deuterated analogs of diatomic hydride impuritiesnto 6 mm diameter, 2—3 mm thick disks.

(deuterides) in the same host. In this Letter we present a The absorption spectra of AS; were measured using a
detailed study of the vibrational relaxation rate of the SDBruker IFS66V FTIR Spectrometer. The SD stretch mode
impurity vibrational stretch mode in AS; and compare in As,S; shows a broads) cm™! FWHM) absorption cen-
the results with previous measurement of its isotope, theered at1807 cm™!, shown as the solid line in Fig. 1(a).
SH molecule in the same host [8]. This system has beeBecause of amorphous nature of the,8ghost, a distri-
chosen because the host material is transparent in thmition of SD molecular impurity sites results in an inho-
region of both the SD and SH vibrations and the stretchmogeneously broadened stretch mode absorption line [8]
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approximately 150 nJ to the sample. Saturation levels
on the order of 1% were typical. In the small-saturation
limit, the relation between the probe sign&lAr) and

the delay timeAr can be written ag(Ar) « exp(—I" Ar),
wherel is the relaxation rate of the excited state. Note
that simultaneous resonant excitation of higher transitions
is disallowed by the anharmonicity of the stretch mode.
Figure 2 shows a sample pump-probe transmission signal
as a function of delay time between the pump and probe
pulses, where the solid line represents a single exponential
fit to the data.

The relaxation rate of the SD stretch mode as a function
of frequency was measured by tuning the FEL across the
broad SD stretch mode absorption line. The circles in
Fig. 1(a) show the results at 80 K. The relaxation rates
exhibit nearly an order of magnitude variation across the
absorption line, ranging from 12.5 GHz #165 cm™! to
1.6 GHz at1823 cm™!'. The typical errors shown are

due to the linewidth of the laser and the error associated
with the least-squares exponential fit of the decay. These
results exhibit a frequency dependence very similar to that
of the SH impurity stretch mode relaxation rates in the
0 same host shown (circles) in Fig. 1(b), reproduced from

Ref. [8]. The strong variation of the relaxation rate across

the absorption line has been attributed to changes in the
FIG. 1. Absorption spectra (solid lines) and relaxation rdtes hydrogen bond strength [8] which affects the coupling
(circles) of the first excited state of the stretch modes of SD (ahetween the stretch mode and the decay products. The
?nd SH (b) (reproduced from Ref. [8]) in 4S; at 80 K. The [similarities in the absorption spectra and the relaxation
requency axis in (b) has been scaled by the ratio of the S ST . e
and SH peak frequencies in order to demonstrate the equivaIeF@te data demonstrgte the S|m|Ia_r|ty in _the site-specific
of the absorption line parameters. molecule-host coupling of the two impurities.

Comparing the SD relaxation rates shown in Fig. 1(a)
with the SH relaxation rates shown in Fig. 1(b) for a

due to differing hydrogen bonding strengths and geomegiven site, as determined with respect to the shift from
tries between the deuterium and the nonbonding electrortie line center, the SD lifetimes are nearly a factor of 2
of a neighboring sulfur [11]. longer than the corresponding SH lifetimes. This result is

Shown in Fig. 1(b) is the corresponding absorptionincompatible with a multiphonon decay process. Since
line of the SH molecule in AsS;. The frequency axis the SD stretch mode is of lower frequency than the
is compressed by the ratio of the center frequencies dbH stretch mode, it must decay in a lower order, faster
the SH and SD absorption line in order to demonstrate the
similarity of the absorption lines. This indicates that the
two molecules are identical with respect to the coupling ' ' ' '
to the host, occupation of sites in the amorphous hosts,
and the host structure itself. Thus any influence on the 2>
relaxation rate by sample-specific parameters can be ruled :
out, allowing a comparison of the relaxation dynamics
based on the different impurity stretch mode frequencies
only.

The measurements of the relaxation rate of SD in
As,S; were done using a free electron laser (FEL) at
the Stanford Picosecond FEL Center [12], using a pump-
probe technique wherein a weak pulse, resonant with %
the transition to the first excited impurity vibrational o
state, probes the bleaching of the absorption caused
by a strong pump pulse of the same frequency. The

FEL is tunable over a wide range in the midinfrared,rFiG. 2. Typical pump-probe transmission signal as a function
for these experiments] cm~!' FWHM micropulses of of delay between pump and probe pulses.
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process if the decay is into host vibrational quanta [6,7]associated with the broad host vibrational modes of the
in marked contrast to our observations. As,S; [13] since they are present in the sideband spectra
The fact that the relaxation rates of the isotopicallyof both impurities. The+545 cm™!' sideband of SD
shifted SH and SD vibrational stretch modes are veryshown in Fig. 3(a) and the-738 cm™! sideband of SH
similar can be interpreted as evidence of the existencehown in Fig. 3(b) (labeled.,,) scale in frequency as the
of decay processes of similar order for both impurities.stretch mode frequencies; thus we identify these modes
This implies that the frequency of the decay productsas the As-SX (X = H or D) bending mode sidebands
must scale with the respective stretch mode frequenciesf these impurities. Thet+190 cm~! sideband of SD
The SH and SD molecules are covalently bonded to aand +260 cm™! sideband of SH (labeled,) also scale
arsenic atom of the host, thus the As-S-D bending modwith the stretch mode frequency; in this case we attribute
is a candidate for a decay product. Its frequency scalethe sideband to As-3-torsion modes. The absence of
with about the same.~'/2 as the stretch mode, where  an isotope effect in the relaxation rate and the presence
is the effective mass of the oscillator, since the effectiveof high frequency bending modes demonstrates that the
mass in both the stretch and the bend modes is close telaxation dynamics of the SD and SH impurity molecules
the mass of the H and D atom, respectively. is not governed by a multiphonon process into host
To verify the existence of the bending modes wequanta, but in fact is dominated by a decay into local
measured the stretching mode sideband spectra, showmodes. To further confirm this result, we investigated
in Fig. 3. Weak features in the sideband spectra ar¢éhe temperature dependence of the relaxation rate, which
due to simultaneous excitation of the stretch mode andé determined by the frequencies and number of decay
another local or host vibrational mode. All absorptionproducts. Thermal population of the decay products leads
peaks identified as sidebands scale linearly with theo an increased relaxation rate by simulated emission, as
impurity density and have linewidths larger than thosemodeled by the relation [7]
of the fundamental absorption line. The two sidebands kT _
at +165 and +350 cm™! (labeled H, and H,) are I'7T)=T ¢

O(thL/kT — 1)L(ehvn/KT — [)H* )

where the SD stretch of frequenay decays inL local
Frequency (cm™) mode vibrational quanta of frequeney andH host mode
1550 2100 2250 2400 2950 2700 vibrational quanta of frequencyy, and v = Ly, +
L 4 Hvy by energy conservatior,(T) is the decay rate, and
J' —SH I'y is the low temperature decay rate.
stretch Temperature dependence measurements of the SD
stretch mode relaxation rate were made at 1786 and
1818 cm™!. Figure 4(a) presents the results for the
decay ratd” at 1818 cm™! (circles). At both frequencies
the decay rates show an increase of approximately a
factor of 3 between 80 and 375 K. The lowest order
process for the decay of the stretch modes into the highest
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) 150 360 250 560 750 900 frequency local modes for these systems allows at most
Frequency Shift (cm™) the excitation of three bending quanta in each case. The
0 1?0 3?0 4?0 5?0 7?0 900 remainder of the energy of the stretch mode is then taken
08 b up by host vibrational quanta.
~ L— The solid line in Fig. 4(a) shows the temperature depen-
'c o6} . dence of the SD stretch mode relaxation rate8a8 cm !
L predicted by Eqg. (1) for decay into three bending modes
Soal _ quanta and oné83 cm™! host vibrational. This predic-
'.*:1 tion shows excellent agreement with the experimental data.
2 Other combinations involving fewer bends and more host
2021 ) quanta overestimate the increase in relaxation rate with
SH temperature markedly. Similarly, Fig. 4(b) shows the ex-
0.0 b 305031503350 perimental data for SH reproduced from Ref. [8] (circles)

Frequency (cm™) and the predicted temperature dependence for decay into

three SH bending quanta plus twd0 cm™! host quanta

FIG. 3. Magnified sideband region of the stretch mode funda AT ;
mental absorptions of SD (a) and SH (b). Middle axes indicat (solid line). The agreement between the experimental and

frequency shift from stretch mode peak. Peakis the impu- Ghe predictgd temperature dependencieg for both molecules
rity bending mode sideband, pedk is the impurity torsional ~ further confirms the dominance of the high frequency local
mode sideband, and peaks and H, are host mode sidebands. modes in the decay process.
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5/7 from the SH frequency. The dashed line in Fig. 4(a)
shows the temperature dependent decay rate expected
for this fifth order process using Eq. (1) for decay into
360 cm~! host quanta which poorly agrees with the data,
overestimating the decay rate at high temperature.

In conclusion, the importance of local modes in the
decay dynamics of the SH and SD vibrational stretch
mode in AsS; has been demonstrated. Investigating the
isotope effect on the relaxation rate, we conclusively rule
out a multiphonon decay into host vibrational quanta,
but show instead that the relaxation process is dominated
0 100 200 300 400 by the decay into high frequency bending modes of the
molecules. Our results indicate that the relaxation into
high frequency local modes must be taken into account
when the relaxation of diatomic molecules in crystals,
glasses, and on surfaces is studied.
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FIG. 4. Temperature dependence of the SD (a) and SH (b)
(reproduced from Ref. [8]) stretch mode decay rdtegircles)
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