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The reorientational spectra in the mid- and far infrared of OH2, OD2, SH2, SD2, SeH2, and TeH2 in a
variety of different alkali halides are studied. All of these systems have;300 cm21 modes due to librations of
the diatomics about their centers of mass. A surprising change in the dynamics of these librational modes with
increasing temperature is discovered: their absorption strengths are observed to disappear by;150 K in the
sodium-chloride-structure hosts and reappear in the millimeter-wave region in the forms of generalized-Debye
spectra. This is in striking contrast to what is expected on the basis of the estimated orientational barrier
heights using the known librational frequencies. It also contrasts with the cesium-chloride-structure salts,
where the librational strengths of the molecules are conserved up to RT. The temperature-dependent variations
of the fcc systems can be explained using a thermally activated jump-rotational-diffusion model wherein each
defect hops with temperature-dependent dwell times between two distinct elastic configurations of the
lattice-defect system: one involving librational and the second supporting diffusive rotational states.
@S0163-1829~96!00938-1#

I. INTRODUCTION

Until recently, the vibrational and orientational modes of
the chalcogen hydrides,XH2 whereX5$O, S, Se, or Te%,
doped in alkali halides were believed to be well
understood.1–4 However, new experiments have uncovered
two completely unexpected features of the dynamics of these
systems.

First, measurements of the vibrational relaxation of the
fundamental stretching modes of these diatomics5,6 indicate
that theirT1 decay times are approximately 1029 s, about
seven orders of magnitude smaller than the relaxation times
of CN2 in the same hosts.7 This discovery is very surprising
because there exist no low-order nonradiative decay channels
which can give rise to such rapid relaxation. In seeking to
understand this phenomena, we have been led to consider a
key difference between the dynamics of CN2 and XH2,
namely the nature of their orientational modes. While CN2

exhibits markedP andR branches due to quasifree rotations
and only manifests librational motion at very low energies
~and hence temperatures!,8,9XH2 has a much lower moment
of inertia, leading to high-frequency librations and to a lack
of distinct rotational sidebands.2,10,11

Secondly, it has been observed that the absorption
strength of the fundamental librational mode ofXH2 in vari-
ous fcc crystals is strongly temperature dependent.6,12 Yet at
the same time, the center frequency and width of the infrared
~IR! peak is not found to vary significantly, indicating that
the orientational potential is not thermally softened. The dis-
covery that the oscillator strength lost by the librons reap-
pears in the millimeter-wave region as a Debye diffusional
spectrum led us to propose that theXH2 defects are able to
access two distinct elastic configurations: a low-temperature
harmonic state and a higher-energy rotational well separated
from the harmonic configuration by a large potential barrier.
The existence of two, rather than only one, local configura-
tions of the systems may open up multiple new pathways for
vibrational relaxation. In order to investigate this possibility,

a more complete investigation of the experimental and theo-
retical nature of the orientational potential is called for.

In the present paper, IR measurements of the orientational
modes of six different diatomics~OH2, OD2, SH2, SD2,
SeH2, and TeH2! doped in various salt crystals are reported.
In combination with the stretching vibrations of these mo-
lecular ions, librational sideband modes are observed at fre-
quencies of;300 cm21. The absorption strengths of these
modes are found to vanish in the sodium-chloride-structure
hosts by;150 K. In their place, a Debye-like spectrum ap-
pears in the very far infrared. We are able to explain this
phenomenon by using a two-elastic-configuration jump-
rotational-diffusion model,12 which we generalize here from
1 to 2 degrees of angular freedom. This identification of two
distinct elastic configurations for the defect-lattice system
implies that the dynamics of these simple molecules are
richer than has previously been believed. Specifically, they
simultaneously exhibit librational motion characteristic of
the Devonshire potential for perfect crystals, diffusive rota-
tions traditionally attributed to the Debye model of liquids,
and a hopping behavior which is usually associated with
glasses.

The organization of the paper is as follows. Section II A
briefly summarizes the important experimental details and
Sec. II B then presents careful measurements of the libra-
tional modes of the impurities, both as vibrational sidebands
and directly in the far-infrared~FIR!. Emphasis is placed
upon deducing the unusual temperature dependences of these
modes. The third subsection concerns very-far-infrared mea-
surements of a representative SH2 sample, which indicate
that the absorption strength lost by the librational modes is
compensated for by the growth of a generalized-Debye spec-
trum. Section III is devoted to a discussion of the thermal
behavior of the defect in terms of a model wherein the mol-
ecule librates in one low-energy elastic configuration, while
in a second higher-energy configuration it rotationally dif-
fuses, so that with increasing temperature the absorption
strength associated with the high-frequency librational mode
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is transferred to a low-frequency Debye-like spectrum.

II. EXPERIMENTAL MEASUREMENTS

A. Experimental details

Single crystals ofXH2 doped in various alkali halides
were grown by the Czochralski technique in an inert or re-
ducing atmosphere at Cornell University and at the Univer-
sity of Illinois. For the sideband measurements the impurity
concentrations were as large as possible, up to nominally
;0.5 mol % ~at or near the observed solubility limits!, in
order to resolve the weak reorientational modes.

Infrared-absorption spectra in the vibrational sideband
and direct librational frequency region were collected using a
Fourier-transform interferometer, at either 1 or 4 cm21 reso-
lution. Samples were cooled to temperatures as low as 1.7 K
using an optical-access liquid-helium cryostat. For a given
sample, the sideband spectra were collected as rapidly as
possible for a sequence of temperatures with a fixed sample
placement and interferometer setup, in order to minimize
variations in the backgrounds of the spectra. Such variations
can include small changes in the baseline due to varying
optical paths through or surface qualities of the sample if it is
displaced in any way, and due to absorption by species such
as residual atmospheric CO2 or mechanical pump oil on the
evacuated optics, which slowly vary with time.

Millimeter-wave absorption measurements in the 2–20
cm21 frequency range were performed for two different SH2

crystals using a lamellar interferometer and a liquid-3He cry-
ostat equipped with a light pipe. These spectra were mea-
sured for temperatures as low as 1.2 K with a resolution of
0.5 cm21.

B. Librational modes

1. Vibrational sidebands

Table I summarizes the peak vibrational frequencies of a
number of different chalcogen hydride impurities in alkali
halides measured at high resolution at 1.7 K. In addition, the
observed peak frequencies of the librational sideband modes
are tabulated; note that they lie near 300 cm21 for all of these
systems. These librational frequencies are quite large, imply-
ing that the orientational potential barriers must be high,13 on
the order of 1000 cm21.

Figure 1 shows the vibrational sideband of KCl:SH2 at
three different temperatures, plotted in terms of the fre-
quency shift relative to the strongest vibrational peak. The
phonon sum band is evident between about 20 and 210 cm21

and increases in strength with rising temperature. The libra-
tional sideband is clearly visible at1370 cm21 at 1.7 K, but
its strength disappears with increasing temperature. By 150
K there is little trace of it left.

Exactly the same behavior is seen for SD2. Figure 2 com-
pares the sidebands of SH2 and SD2 in KBr. The librational
sideband of SD2 is shifted down in frequency relative to
SH2 by roughly& ~cf. Table I!, confirming its assignment.
Nevertheless, in both systems the strength of the libron van-
ishes by;150 K.

The temperature dependences of the strength and width of
the KBr:SD2 librational sideband are plotted in Fig. 3. The
area~filled circles! is seen to disappear by about 150 K. This

anomalous temperature dependence of the strength is accom-
panied by an unusual variation of the librational linewidth
~open circles!. The observed broadening cannot be explained
on the basis of elastic phonon scattering—a plot of Eq.
~5.27! of Ref. 14 rises too steeply to fit the data. The linear
rise in the linewidth with temperature above 25 K suggests
that relaxation of the libron into two host phonons might be
responsible instead. However, a plot of the lifetime-limited
width due to such relaxation15 rises too slowly to fit the
experimental results; a higher-order phonon decay process
rises faster at low temperatures but bends over too sharply at
high temperatures to explain the linear dependence. Thus,
neither explanation works. Evidently, a model is needed
which can simultaneously explain the thermal dependences
of both the strength and the linewidth of the librational
mode.

FIG. 1. Vibrational sideband spectra of nominally KCl10.4
mol % KSH at 4 cm21 resolution. The temperatures are 1.7 K~bold
solid curve!, 50 K ~dotted curve!, and 150 K~light solid curve!.

TABLE I. Fundamental vibrational peak frequencies,v01, de-
convolved FWHM,gA , and fundamental librational-sideband peak
frequencies,vlib , of the indicated systems at 1.7 K. The stretching
modes were resolved by measuring crystals having impurity con-
centrations of no more than 100 ppm, while the sideband features
were measured for crystals having up to 0.5 mol %XH2 concen-
trations.

System
v01

~cm21!
gA

~cm21!
vlib

~cm21!

KCl:16OH2 3642.11 0.11 298a

KBr:16OH2 3617.47 0.12 310a

RbCl:16OH2 3633.15 0.13 270
KCl:16OD2 2684.82 0.10 232a

KCl:32SH2 2591.28 0.085 370
KBr:32SH2 2575.88 0.085 332
KI:32SH2 2558.94 0.028 289
RbCl:32SH2 2590.64 0.090 340b

RbI:32SH2 2563.68 0.015 266
CsI:32SH2 2535.32 0.030 311
KBr:32SD2 1866.21 0.085 254
KCl:80SeH2 2322.9c 0.085c 371
KBr:130TeH2 2023.55c 0.085c 316

aReference 2.
bInterpolated from the lattice-constant dependence of the librational
frequencies in other hosts.
cReference 20.
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Figure 4 demonstrates that the SH2 librational sideband
vanishes in a similar manner in an unmixed KI crystal and in
the same host when a small amount~2%! of a second alkali
halide is mixed in. If the mixing ratio is made larger

~>10%!, the phonon and libron sidebands become much less
distinct. In panel~a! of Fig. 5, where the phonon and gap-
mode sidebands still retain some sharpness, a librational
sideband is visible which is only slightly broader than that of
the corresponding unmixed systems and it is observed to
disappear by;100 K. One might have expected the libra-
tional sidebands to broaden in these highly mixed crystals
due to the variety of possible local environments of the SH2

dipoles. But, for mixing ratios up to at least 10%, this does
not appear to be the case. The broadest mode would be ex-
pected for the 50/50 host in panel~b!, extending from at least
the unmixed KBr:SH2 librational frequency of 332 cm21 to
that of KCl:SH2 at 370 cm21 ~cf. Table I!. However, such a
broadened sideband mode is not clearly visible in panel~b!.
It appears that the strength of the librational peak depends
not only on temperature but also on the degree of local order
in the crystal environment. In panel~c!, a weak sideband
peak appears to be present at low temperatures, but the poor
signal-to-noise ratio combined with the reduced SH2 con-
centration in the crystal~judging by the strength of the pho-
non sidebands! makes a definitive identification impossible.

Finally, Fig. 6 shows that the strength of the OH2 libron
in RbCl disappears with increasing temperature in exactly
the same way as it does for SH2 and SD2, a phenomenon
not reported by previous researchers.16 Similarly, the libra-
tional sidebands of SeH2 and TeH2 are observed to vanish,
so that this temperature dependence of the librational mode

FIG. 2. Vibrational sideband spectra at 1 cm21 resolution of
nominally ~a! KBr10.5 mol % KSH at temperatures of 1.7 K~bold
solid curve!, 100 K ~dotted curve!, and 293 K~light solid curve!;
and~b! KBr10.5 mol % KSD at temperatures of 1.7 K~bold solid
curve!, 50 K ~dotted curve!, and 150 K~light solid curve!. The
strong sharp line at195.6 cm21 in panel ~a! is a KBr:SH2 gap
mode~Ref. 11!; the analogous SD2 gap mode in panel~b! almost
exactly overlaps with thev3 vibrational mode of

11BO2
2 . The other

sharp lines in panel~b! are due to foreign impurities: thev3 vibra-
tional mode of10BO2

2 near1165 cm21, the stretching mode of
CN2 near1210 cm21, and thev3 vibrational mode of NCO

2 near
1305 cm21.

FIG. 3. Temperature dependences of the integrated strengths
~filled circles! and of the deconvolved linewidths~open circles! of
the background-subtracted librational sideband of nominally KBr
10.5 mol % KSD.

FIG. 4. Vibrational sideband spectra at 4 cm21 resolution of
nominally ~a! KI10.2 mol % KSH at temperatures of 1.7 K~bold
solid curve!, 50 K ~dotted curve!, and 293 K~light solid curve!; ~b!
KI12 mol % KBr10.5 mol % KSH at temperatures of 1.7 K~bold
solid curve! and 50 K~dotted curve!. The sharp line in panel~a! at
178 cm21 can be resolved into a gap mode doublet at177.0 and
178.3 cm21 at higher resolutions.
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appears to be a universal feature of the diatomic chalcogen
hydrides in sodium-chloride-structure alkali halides.~The
case of the cesium-halide hosts is discussed later.!

A clearer picture of the librational modes and their tem-
perature dependences can be obtained by subtracting off the
background absorption in these figures~which is presumably
determined mainly by two-phonon absorption! and expand-
ing the axes appropriately. This has been done in Fig. 7 for a
representative example of each of the fourXH2 defects stud-
ied in this paper. Panel~a! presents the case of RbCl:OH2.
At 1.7 K, the librational mode is very well described as a
Lorentzian with a width of 13 cm21 and peaking at1270
cm21, in excellent agreement with the results of Klein, Wed-
ding, and Levine. Less satisfactory is the agreement at higher
temperatures. We find that the linewidth increases only

rather gradually with temperature, in a roughly linear man-
ner, while the area under the peak rapidly disappears. In
contrast, in Ref. 2 the librational sideband was reported to
double in strength upon warming from 4 to 300 K, with a
simultaneous;13-fold increase in its linewidth. On the other
hand, the Raman spectra of OH2 in KCl and in KBr by
Peascoe, Fenner, and Klein17 ~for example, their Fig. 3! ap-
pear to essentially agree with our results; furthermore, these
authors find that theA1g component of the vibrational peak
is narrowed relative to the IR peak with increasing tempera-
ture and interpret this as evidence that OH2 executes a rota-
tional random walk at high temperatures with its angular
motion damped by phonon collisions.18,19

Figure 7~b! shows that the temperature dependence of the
KCl:SH2 librational sideband is very similar to that of
RbCl:OH2. Librational modes are also identified for SeH2

and TeH2 in the potassium halides, by running very long
~;35 mm! samples, as is necessary because of the low dop-

FIG. 5. Vibrational sideband spectra of nominally~a! 10 mol %
KCl190 mol % KBr10.5 mol % KSH at 1 cm21 resolution,~b! 50
mol % KCl150 mol % KBr10.5 mol % KSH at 4 cm21 resolution,
and~c! 90 mol % KCl110 mol % KBr10.5 mol % KSH at 4 cm21

resolution. The temperatures from top to bottom in each panel are
1.7, 50, and 100 K and each curve has been displaced from the next
by half a vertical unit, for clarity. Notice that the absorption is
plotted relative to that at 150 K, by which temperature the libron
should have vanished, in order to minimize background variations
due to the extra long sample lengths. The librational sidebands
would be expected to peak at frequencies approximately given by
interpolating the peak frequencies of the unmixed crystals as given
in Table I, namely at1335,1350, and1365 cm21 for panels~a!,
~b!, and~c!, respectively. Notice that the SH2 gap mode of Fig. 2~a!
is clearly visible~both in the sum and difference sidebands! for the
crystal in panel~a!, which has the largest KBr component of the
three. Also notice that the spectral baseline is most irregular for the
case of panel~c!, for which the vertical axis has been expanded by
a factor of 2, due to the low actual SH2 concentration in this crys-
tal.

FIG. 6. Vibrational sideband spectra of nominally RbCl10.5
mol % RbOH at 1 cm21 resolution. The temperatures are 1.7 K
~bold solid curve!, 50 K ~dotted curve!, and 150 K ~light solid
curve!. The peaks surrounding the vibrational mode have been
briefly discussed in Ref. 1.

FIG. 7. Background-corrected librational-sideband absorption
spectra of ~a! RbCl1nominally 0.5 mol % OH2 with 1 cm21

resolution—the temperatures, from top to bottom, are 1.7, 24, 53,
80, 112, and 150 K;~b! KCl1nominally 0.4 mol % SH2 at 4 cm21

resolution—with temperatures of 1.7, 25, 50, 72, 101, and 152 K;
~c! KCl10.023 mol % SeH2 at 1 cm21 resolution—the tempera-
tures are 1.7, 25, 50, 75, 100, and 169 K; and~d! KBr10.0030
mol % TeH2 at 0.5 cm21 resolution—temperatures of 1.7, 75, and
200 K, from top to bottom. The horizontal axes give the frequency
shifts relative to the dominant peak in the vibrational spectra at each
temperature.
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ant concentrations.20 Panels ~c! and ~d! show that the
strengths are, again, temperature dependent. At 1.7 K, the
linewidths are Lorentzian and rather narrow, 9 cm21 for
KCl:SeH2 and 5 cm21 for KBr:TeH2. The signal-to-noise
ratio is poor, owing to the low concentrations.

In contrast to the temperature-dependent strengths of the
librational sidebands for the chalcogen hydrides in the
sodium-chloride-structure alkali halides, Fig. 8 demonstrates
that the librational sideband of CsI:SH2 remains visible, al-
beit greatly broadened and shifted in frequency, at RT. In
fact, the area under the line is found to be equal at 1.7 and
293 K, to within 10%. Otto11,12 has discovered a number of
other surprising spectroscopic properties of SH2 ~and SeH2!
in the cesium halides, including extremely strong phonon
sidebands, librational overtones in the sideband spectra,
strongly active direct librational modes~cf. Sec. II B 2!, and
in at least one case a vibrational overtone that is stronger
than the fundamental. The hydroxide ion in the cesium ha-
lides has also been found22 to have a number of properties
which distinguishes it from OH2 in the other alkali halides:
the observation of high-temperatureP and R branches
thought to arise from translational motion of the defect from
one off-center site to another, the occurrence of a variety of
well-defined combination bands, and the thermally con-
served strength of the;300 cm21 librational sideband. It
thus appears that the potential surfaces describing the mo-
tions of the chalcogen hydrides in the cesium halides are
fundamentally different from those in the sodium-chloride-
structure hosts.

2. Direct lines

Further insight into the librational properties of the chal-
cogen hydrides can be obtained by studying the direct libra-
tor transitions in the far-infrared. Klein, Wedding, and
Levine2 have published a detailed study of the OH2 and
OD2 direct librational modes in several sodium-chloride-
structure alkali halides and compared them to the sideband

lines. Otto,11 while not plotting the FIR spectra, has cited
some useful information about the direct librational peaks of
SH2, SD2, and SeH2 in the cesium halides. Interestingly
enough, a substantial shift~;25 cm21! between the sideband
and direct frequencies is found for the latter cases, in striking
contrast to Klein’s results where the shifts were minimal.

Attempts were made to look for the direct librational lines
of SH2 in various potassium and rubidium halides at 1.7 K,
but in general the expected far-infrared modes were not ob-
served. One exception occurred for a very long~;3 cm!,
high-concentration ~nominally 0.5 mol %! sample of
KBr:SH2. The right-hand side of Fig. 9 shows a mode in this
sample whose absorption strength is observed to vanish with
increasing temperature. For comparison, the spectra of a thin
sample of RbCl:OH2 is shown in the left-hand panel. At 1.7
K, the observed RbCl:OH2 line has a peak frequency of 271
cm21 and a full width of half maximum~FWHM! in absorp-
tion of 12 cm21. These values agree to within 1 cm21 with
those of Fig. 7~a!, confirming the identification of the mode
as the libron. The FIR mode is;15 times stronger than that
of the sideband, as one might have roughly expected. Note
especially that the strength of the direct peak is temperature
dependent, just as was that of the sideband, an effect missed
by previous investigators.2

The similarity of the FIR spectra of RbCl:OH2 and
KBr:SH2 in Fig. 9 leads one to the natural conclusion that
the observed mode in panel~b! is the direct librational line.
In that case, however, there is a substantial frequency shift
~although not as large as in the case of SH2 in the cesium
halides11! of the KBr:SH2 far-infrared mode compared to the
corresponding sideband line~cf. Table I!: the FIR peak is 15
cm21 lower in frequency. Furthermore, the ratio of FIR-to-
sideband strengths for KBr:SH2 is merely;3, implying that
the direct SH2 libron is only rather weakly dipole allowed.
Finally, the OH2 sidebands are about an order of magnitude
stronger, on average, than those of SH2 at the same dopant
concentrations. The origin of these differences for the libra-
tional modes of OH2 and SH2 are not presently clear.

FIG. 8. Background-corrected absorption spectra of the libra-
tional sideband of nominally CsI12 mol % RbI10.05 mol % KSH
at 1.7 K~1 cm21 resolution! and 293 K~4 cm21 resolution, with 10
times vertical expansion for clarity!. The high-frequency bumps
observable in both spectra, such as that at about1380 cm21, are
background features believed to originate from trace amounts of oil
on the interferometer, cryostat, and/or detector optics which vary
slightly between the sample and reference runs. The horizontal axis
specifies the frequency shift relative to the peak in the vibrational
spectrum at each temperature.

FIG. 9. Far-infrared transmission spectra at 1 cm21 resolution
of ~a! a 1.25 mm sample of nominally RbCl10.5 mol % RbOH, and
~b! a 2.95 cm sample of nominally KBr10.5 mol % KSH. The
temperatures from bottom to top~for both samples! are 1.7, 10, 25,
and 50 K. In absorbance at 1.7 K, the RbCl:OH2 ~KBr:SH2! mode
peaks at 271~317! cm21, has a FWHM of 12~15! cm21, and its
amplitude is 5~0.1! cm21. The sharp rise in the transmission in the
low-frequency wings of the spectra in both panels is due to the
host-phonon restrahlen bands.
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C. Diffusional modes

Absorption measurements in the millimeter-wave fre-
quency range were performed on a couple of different SH2

samples, in an effort to locate the absorption strength lost by
the librational mode. Figure 10 presents the results at four
different temperatures for a sample of nominally KBr10.5
mol % SH2. A Debye-like spectrum which grows in strength
with increasing temperature is evident. This temperature-
dependent spectrum is not seen in an otherwise-identical un-
doped piece of KBr. At the two highest temperatures, a knee
in the data is observed at;9 cm21 due to the onset of two-
phonon-difference absorption, analogous to what has been
seen previously23 in pure KI and NaCl.

It appears that with rising temperature the librational ab-
sorption strength associated with the impurity is increasingly
replaced by a Debye-like spectrum at low frequencies. This
Debye spectrum is not apparent in the vibrational sideband
region of Fig. 2~a! since it is buried within the broad high-
temperature vibrational peaks.

III. THEORETICAL ANALYSIS

Figure 11 shows the thermally induced loss of the libra-
tional sideband absorption strength~normalized to the low-

temperature value! for four different chalcogen hydrides in
three different hosts. The filled circles give the experimental
values, obtained by integrating the background-subtracted
peaks such as those plotted in Fig. 7. It is evident that the
shapes of the curves are similar for all of these systems.

In order to account for these data, we propose that there
are two elastic configurations for this molecular defect with
very different ground-state energies: in one configuration~at
low temperatures! the molecule is orientationally confined
but can librate and also tunnel between the librational wells,
while in the other configuration~at higher temperatures! the
molecule undergoes rotationally diffusive motion. In a brief
report, we have previously outlined a model with one angu-
lar degree of freedom which can account for this unusual
temperature dependence of the strength by having the mol-
ecule jump between these two elastic configurations with
temperature-dependent dwell times.12 Here, we generalize
this model by including both angular degrees of freedom,u
andf, of a diatomic impurity in a crystal and provide a more
complete description of the dynamics associated with this
process. The possibility of tunneling shall be ignored in the
classical model presented here.

The motion of any given dipole is modeled as a stochastic
process which is subdivided into successive time steps
0,1,2,... . Suppose that the dipole is initially oriented at
V0[~u0,f0! at timet50 and librates for an average timetA ;
next, in time step 1, the dipole jumps to the rotationally
diffusive state in which it remains for an average timetB ; in
step 2, it is librating again; and so forth. The self-correlation
function,Gs , which is the probability of finding the dipole
with orientationV at time t, can be written as a sum over
each stepj :

Gs~V0 ;V,t !5(
j50

`

F j~V0 ;V,t !, ~1!

where

F0~V0 ;V,t !5pA~ t !gA~V0 ;V,t !, ~2a!

F1~V0 ;V,t !52E
0

t

dt1E dV1pB~ t2t1!gB~V1 ;V,t2t1!

3 ṗA~ t1!gA~V0 ;V1 ,t1!, ~2b!

F2~V0 ;V,t !5~21!2E
0

t

dt2E
0

t2
dt1E dV1E dV2

3pA~ t2t2!gA~V2 ;V,t2t2! ṗB~ t22t1!

3gB~V1 ;V2 ,t22t1! ṗA~ t1!gA~V0 ;V1 ,t1!,

~2c!

and so on. The functionsgi(V0 ;V,t), where i5A or B,
describe how the reorienting dipoles in the librational (A)
and rotationally diffusive (B) states, respectively, spread out
from each other andpi[exp~2t/t i! are the corresponding
probabilities that any given dipole remains in these states.
For a substitutional diatomic in a cubic crystal, as is the case
in this paper,gi(V0 ;V,t) depends onV and V0 only
through their difference,V2V0. Hence they can be ex-
panded in terms of the spherical harmonicsYlm as

FIG. 10. Very-far-infrared absorption spectra relative to 1.2 K
of a sample of nominally KBr10.5 mol % KSH at temperatures of
27 K ~bold solid curve!, 34 K ~dashed curve!, 54 K ~dotted curve!,
and 84 K~light solid curve! at 0.5 cm21 resolution.

FIG. 11. Temperature dependences of the librational sideband
strengths, normalized to the 1.7 K values, for~a! RbCl:OH2, ~b!
KCl:SH2, ~c! KCl:SeH2, and ~d! KBr:SD2. The filled circles are
obtained by integrating the areas under the background-corrected
sidebands. The continuous curves are fits to the generalized jump-
rotational-diffusion model, using the parameters given in Table II.
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gA~V0 ;V,t !5(
l ,m

al~ t !Ylm~V!Ylm* ~V0! ~3a!

and

gB~V0 ;V,t !5(
l ,m

bl~ t !Ylm~V!Ylm* ~V0!, ~3b!

with expansion coefficientsal(t) andbl(t).
In order to obtain the IR absorption coefficient, one needs

an expression for the complex polarizability of an impurity
dipole, â~v!. This can be obtained from the Kubo relation,24

â~v![a1~v!2 ia2~v!5
m2

3kT F12 ivE
0

`

dt e2 ivtC~ t !G ,
~4!

wherem is the permanent dipole moment of the rotor and
C(t) is the dipole-dipole autocorrelation function, which is
related to Eq.~1! by

C~ t ![^n~ t !•n~0!&5E dV P1~V•V0!Gs~V0 ;V,t !.

~5!

Heren(t) is the unit vector along the dipole moment at time
t andP1 is the first-order Legendre polynomial whose argu-
ment isV•V05cosu cosu01sinu sinu0cos~f2f0!. In order to
obtain the Fourier transform ofC(t), we first evaluate the
Fourier transform ofGs(V0 ;V,t) by substituting the func-
tionsF j to obtain

E
0

`

dt e2 ivtGs~V0 ;V,t !

5(
l ,m

Ylm~V!
Al~v!1Al~v!Bl~v!/tA
12Al~v!Bl~v!/~tAtB!

Ylm* ~V0!

5(
l

Al~v!1Al~v!Bl~v!/tA
12Al~v!Bl~v!/~tAtB!

2l11

4p
Pl~V•V0!, ~6!

where

Al~v!5E
0

`

dt e2 ivtpA~ t !al~ t !, ~7a!

and

Bl~v!5E
0

`

dt e2 ivtpB~ t !bl~ t !. ~7b!

By inserting Eq.~6! into Eq. ~5! and making use of the
orthogonality of the Legendre polynomials, one finds that

E
0

`

dt e2 ivtC~ t !5
A1~v!1A1~v!B1~v!/tA
12A1~v!B1~v!/~tAtB!

. ~8!

Therefore, the IR spectrum probes only thel51 component
of Gs(V0 ;V,t). Here we have assumed that the dipole is
initially in the librational state. In general, however, the di-
pole can start in either the librational or rotationally diffusive
state, so thatGs(V0 ;V,t) must be averaged over both Eq.
~8! and the analogous rotationally diffusive expression with

the respective weight factorstA/(tA1tB) andtB/(tA1tB).
Thus, one obtains for the complex polarizability

â~v!5
m2

3kT H 12 ivF tA
tA1tB

A1~v!1A1~v!B1~v!/tA
12A1~v!B1~v!/~tAtB!

1
tB

tA1tB

B1~v!1A1~v!B1~v!/tB
12A1~v!B1~v!/~tAtB! G J . ~9!

Consider Eq.~9! in the limits of very low or high tem-
peratures. At low temperatures the dipole is trapped in the
librational potential well~tA→`! producing an IR absorption
line at the librational frequency, while at high temperatures it
spends an increasing amount of time in the rotationally dif-
fusive configuration so that oscillator strength is transferred
from the librational mode to a Debye relaxational spectrum.
This transfer is controlled by the temperature dependences of
the lifetimestA andtB , which depend in turn on the relative
energy separation of the two elastic configurations. If this
energy separation is much smaller for the sodium-chloride
than the cesium-chloride structure alkali halides, Eq.~9!
would account in a natural way for the way different tem-
perature dependences of the observed librational strengths.

In order to apply this model in detail to the experimental
data forXH2, we need expressions forA1~v! andB1~v!. For
this purpose, we treat the librator as a simple Lorentz oscil-
lator and use a generalized-Debye model for the rotationally
diffusive configuration. One can see from Eqs.~7a! and~7b!
that the effect of a finite dwell timeti ( i5A,B) is to shift the
frequency by an amount2i /t i . Evaluating Eq.~9! in the
limit tA→` yields

A1~v!5
1

i ṽA
F12

kT/I

v lib
2 2ṽA

21 igAṽA
G , ~10!

where I is the moment of inertia of the dipole,vlib is its
librational frequency,gA is the spectral FWHM of the libra-
tional peak, andṽA[v2 i /tA . Evaluating Eq. ~9! for
tB→`, on the other hand, specifies the rotationally diffusive
configuration. Since Debye’s original one-pole formula does
not conserve oscillator strength, we instead use a two-pole
expression which does.24 The result is

B1~v!5
1

i ṽB
@12~11 i ṽBtD!21~11 i ṽB /gB!21#,

~11!

where ṽB[v2 i /tB , gB is the damping constant, and
tD[IgB(kT)

21 is the Debye relaxation time.
Experimentally, while the strengths of the librational

modes disappear with increasing temperature, their center
frequencies do not shift significantly~cf. Fig. 7!, indicating
that the librational potential wells are not thermally softened.
Clearly, the barrier heights of these wells must be much
greater than 150 K, the temperature by which the librational
absorption strengths have vanished. On the other hand, this
disappearance suggests that the rotationally diffusive con-
figuration lies;150 K higher in energy than the librational
one. We therefore speculate that the elastic potential associ-
ated with this defect-lattice system has a deep, narrow energy
minimum (A) and a much broader and shallower energy
minimum (B) schematically like that sketched in Fig. 2 of
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Ref. 12. Elastic configurationA supports high-frequency li-
brational motion of the molecule, while configurationB fa-
vors nearly-free rotations about the lattice site. The relevant
barrier heights are identified in the figure.

The temperature dependences of the times spent in each
configuration are assumed to be given by25

1/tA5vAexp~2TA /T! ~12a!

and

1/tB5vBexp~2TB /T!, ~12b!

wherevA and vB are characteristic attempt frequencies of
the defect system in its librational and rotationally diffusive
configurations, respectively. The attempt frequency in the
librational configuration is taken to be the Debye frequency
of the host;vB and the barrier heights,kTA andkTB , are free
parameters of the model. Fitted values for the four systems in
Fig. 11 are listed in Table II. Owing to the lack of detailed
experimental data in the millimeter-wave frequency region,
we assume thatgB5gA , wheregA is obtained by fitting the
experimental linewidths of the librational modes as a func-
tion of temperature.

With these parameters, the temperature-dependent absorp-
tion spectra, which are proportional tova2~v!, can be calcu-
lated. With increasing temperature, oscillator strength is
transferred from the librational modes to the low-frequency
Debye spectra. While the librational absorption peaks
broaden and vanish with increasing temperature, their center
frequencies remain essentially unchanged, reproducing the
experimental data. The theoretical strengths of the librational
modes at each temperature can be found by integration and
are plotted as the solid curves in Fig. 11~a!–11~d!. The re-
sults agree with the experimental values~filled circles! to
within the experimental uncertainties.

IV. CONCLUSIONS

A ;300 cm21 librational sideband is identified for SH2,
SeH2, and TeH2 in the fcc hosts, analogous to a correspond-

ing mode previously discovered for OH2 in the alkali
halides2 and for SH2 and SeH2 in the cesium halides.11 The
SH2 sideband shifts down in frequency by approximately&
upon deuteration, confirming the assignment. The large fre-
quencies of theXH2 librons suggest that their orientational
potential barriers must be on the order of 1000 cm21, which
have traditionally been modeled by the standard Devonshire
potential. Unexplained by this model, however, is the disap-
pearance of the librational-sideband absorption strengths by
;150 K, at temperatures far lower than expected on the basis
of thermal saturation of the librational-level populations.6 A
similar temperature dependence is observed for all of the
chalcogen hydrides in the sodium-chloride-structure hosts,
both for the vibrational sidebands and for the direct FIR
librational transitions. There is some evidence which sug-
gests that the absorption strength of the librational sideband
of AgCl:OH2 similarly disappears above liquid-nitrogen
temperatures.26Given that AgCl has a sodium-chloride struc-
ture, it appears that the above model may be applicable to
this system as well. However, covalency effects play a sig-
nificant role in the silver halides as contrasted with the alkali
halides.27 Thus, a more detailed investigation of the diatomic
hydrides in the silver salts may shed additional light on the
rich orientational dynamics of these model systems. On the
other hand, the strength of the librational mode is conserved
for CsI:SH2, as well as for OH2 in the cesium halides,22

suggesting that the host crystal structure plays a determining
role in the temperature-dependent dynamics.

The thermally activated loss of the librational strength of
the diatomic hydrides in fcc salt crystals has been explained
by introducing two elastic configurations of the defect-lattice
system: a low-energy one which supports its own defect-
induced absorption spectrum including librational motion of
the impurity molecule, and a higher-energy configuration
which supports nearly-free diffusional rotation of the mo-
lecular moment. The observed spectra are successfully de-
scribed by a generalized jump-rotational-diffusion model,
wherein the librations of the diatomics are interrupted by
hops from one elastic configuration to another. The lattice
dynamics which produce multiple elastic configurations for
such simple lattice-defect systems remain a mystery.
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