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High-resolution diode-laser spectroscopy and the nonequilibrium techniques of incoherent laser
saturation and transient hole-burning spectroscopy have been used to measure the relaxation dynam-
ics (specifically Tl and T2) of the v3 internal vibrational mode of Re04 molecules as functions of
temperature and host alkali halide lattice. Inhomogeneously broadened linewidths less than 0.02
cm ' were observed in annealed crystals at low temperatures. To retrieve the homogeneous

linewidths from the inhomogeneously broadened lines, hole-burning measurements of T2 were per-
formed with the use of a COq laser as a saturating pump and either a Pb-salt diode laser or another

COq laser as a tunable probe. Holes as narrow as 10 MHz (full width at half maximum) were ob-

served in inhomogeneously broadened lines several cm wide. Excited-state lifetimes Tl were mea-

sured by CO2-laser saturation measurements, which provide values for the saturation intensity I,
and hence the product T, T2. Above 10 K the dominant dephasing (T2) mechanism is acoustic-

phonon scattering, whereas below 10 K T2 achieves the fundamental upper limit of 2 Tl, signifying
that dephasing is lifetime limited. The results of a systematic study of the alkali halide host lattice
dependence of the excited-state decay rate at low temperatures show that the decay channel consists
of multistep emission of lower-energy internal modes, localized phonon modes, and band phonons.

I. INTRODUCTION

In 1970, Gethins predicted from a first-principles nu-
merical calculation that the high-frequency local mode for
the H center in KBr (447 cm ') would have an intrinsic
linewidth of 10 cm ' (3 MHz) due to three- and four-
phonon decay processes. Laser-excited vibrational
fiuorescence studies of CO molecules matrix-isolated in
solid Ar showed that the vibrational decay at 2100 cm
occurs primarily by photon emission and not by nonradia-
tive decay. ' At the other extreme, laser-saturation mea-
surements on the local-mode system CaF2.H at 90 K
show picosecond decay times indicative of multiphonon
relaxation. Because the multiphonon relaxation rate
should decrease exponentially with increasing ratio of
vibrational-mode frequency to phonon frequency while
the radiative relaxation rate should increase as the cube of
the vibrational mode frequency, a window with long re-
laxation times is expected for ir-active vibrational modes
in the 1000-cm ' region.

This paper describes the systematic study in the 1000-
cm ' region of the vibrational relaxation dynamics of
Re04 molecules matrix-isolated in alkali halide lattices.
The relaxation processes can be characterized by two re-
laxation lifetimes of the excited state, namely, the energy
relaxation lifetime T& and the (homogeneous) dephasing
time Tq. High-resolution linear spectroscopy and the
nonequilibrium techniques of laser saturation and tran-

sient hole-burning spectroscopy over a wide temperature
range have been utilized to understand the microscopic
mechanisms responsible for T, and T2 in various alkali
halide lattices. The intrinsic symmetry and simplicity of
this hole-burning system has enabled us to deduce many
properties of the anharmonic decay processes and to
predict that other defect modes in solids may have vibra-
tional Q's as large as 10' . Preliminary reports on in-
coherent laser saturation, the temperature dependence of
the homogeneous linewidth ( T2), ' and the lattice depen-
dence of T& and T2 have already appeared. This paper is
intended to explain these measurements and the corre-
sponding conclusions in detail. It is important to note
that persistent hole burning (as opposed to the transient
hole burning reported here) has also been observed for this
system.

Section II serves as a general summary of the properties
of Re04 molecules doped into alkali halide crystals.
Emphasis is placed on linear high-resolution spectroscopy
in the v3 internal-mode region. Section III describes the
experimental methods and data-reduction techniques that
were used to measure the relaxation times T& and T2.
Section IV presents the results of the Tl and T2 measure-
ments and Sec. V discusses the origins of the various re-
laxation processes. Utilizing the systematic variation of
the relaxation rates from alkali halide to alkali halide, we
observe that lower-frequency internal modes of the mole-
cule and even-symmetry local-phonon modes are critical
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to the understanding of the anharmonic decay channel.
%'e conclude in Sec. V that although the Re04 molecu-
lar ion exhibits fairly fast nonradiative decay rather than
radiative emission with long lifetimes, the reasons for this
follow from the details of the decay mechanism. If one
considers a molecule-lattice system in which the lowest-
frequency vibrational mode is probed, no local modes are
present and no free-rotor motion is allowed, the vibration-
al Q should approach 10' . In fact, recent results on CN
in alkali halides' show vibrational emission and long life-
times in partial support of this conclusion.

II. Re04 -DOPED ALKALI HALIDE CRYSTALS

The properties of both the lattices and the dopant
played pivotal roles in unraveling the relaxation dynamics
of a polyatomic molecule in a solid host. The use of an
ordered solid for matrix isolation, especially an alkali
halide, has distinct advantages. For example, the phonon
dispersion curves for such hosts have been measured. "
This means that the influence of lattice phonons on the
molecular relaxation mechanisms can be studied in a
well-defined manner, as opposed to the situation with
amorphous hosts having ill-defined phonon spectra.
Furthermore, alkali halides offer substitutional sites with
high point-group symmetry, which allows most molecules
to retain their free-molecule vibrational modes. In addi-
tion, alkali halides are stable at room temperature, which
facilitates temperature-dependent measurements over wide
temperature ranges.

The Re04 molecule was chosen for this study because
the v3 vibrational-mode absorption lies in the frequency
range spanned by the CO2 laser. Although the v3-mode
absorption occurs near 10.7 pm, C02-laser —line coin-
cidences are difficult to produce because the COq laser is
not continuously tunable and the Re04 absorption line is
very narrow at low temperatures. Another characteristic

of Re04 molecules is stability at the temperatures re-
quired for the growth of alkali halide single crystals.
Consequently, the molecules can be incorporated into the
host by simple addition to the melt. A third special
feature of these molecules is their tetrahedral symmetry.
This relatively high symmetry greatly reduces the number
of distinct orientations of the molecule in the lattice as
compared to the case with molecules of lower symmetry.
Finally, the molecule is monovalent, allowing substitu-
tional doping without the need for vacancies to maintain
local charge neutrality.

Several physical properties of the Re04 molecule are
listed in Table I. The molecule has an effective ionic ra-
dius of 2.7 A, which is larger than the ionic radii of the
halogens for which the molecule substitutes (I, 2.19 A;
1.95 A; Cl, 1.89 A). The result is that the molecule
barely fits into the host lattice, and steric effects are ex-
pected to be important. A careful study of infrared and
Raman frequencies for Re04 ions in various alkali
halide lattices' leads to the conclusion that the molecule
retains its tetrahedral symmetry in the host. There are
only two distinct symmetry-preserving orientations of a
tetrahedral molecule at an octahedral site. This fact to-
gether with the observation that the oxygen atoms pro-
trude from the molecule leads to the expectation that the
Re—0 bonds orient themselves along the (111)body di-
agonals (assuming all of the 0 atoms have the same atom-
ic weight). Furthermore, due to the large size of the ion,
one would expect rotational motion to be strongly inhibit-
ed.

The Re04 molecule has four normal vibrational
modes with frequencies given in Table I. These normal
modes and their symmetries are illustrated at the top of
Fig. l. All four modes are Raman active, and the v3 and
v4 modes are also infrared active. A room-temperature
infrared spectrum of RbI heavily doped with Re04 mol-
ecules is shown in the lower part of the figure. In addi-

TABLE I. Properties of the Re04 molecule (specifically, ' Re' 04 and ' Re' 04 . Unless stat-
ed otherwise, all properties were taken from Ref. 12).

Natural abundance (' Re Re)
Total electronic spin S
Total orbital angular momentum L
Total nuclear spin I
Nuclear quadrupole moment Q

Ionic radius
Molecular weight (natural Re04 )

Rotational constant 8
Effective mass of v3 mode
Dipole moment of v3 mode,

~ p ~

Free-ion frequencies of vibrational modes

'See Ref. 13.
Estimated from 8 for Os04 (0.13 cm '), from Ref. 14.

'From Ref. 15.
See Appendix A.

'From Ref. 16.
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FIG. 1. Normal modes of the Re04 molecule. A11 fou1

modes RI'e Raman active Rnd v3 arid v4 Rl'e Rlso infrared Rct1ve.

A room-temperature spectrum of ReO4 rnolecules in RbI is
shown in the lower part of the figure. Resolution =1 cm

tion to the two infrared-active —mode absorptions, various
combination lines can be observed. The sharp absorption
just to the low-frequency side of the v3 line is due to the
' 0 isotope.

We note that the v3 frequency falls in the I' branch of
the 10.6-pm band of the CO2 laser. Figure 2 shows the
v3-mode frequency for a variety of alkali halide lattices at
room temperature. In general, as the lattice size de-

creases, the mode shifts toward higher frequencies. In ad-
dition, steric effects in the smaller lattices limit the
Reo~ concentrations that can be achieved, which
prevents observation of all the combination lines in these
hosts.

Although the v3 mode of Reo4 in alkali halides falls
in the range of CO2-laser frequencies, laser excitation of
this mode at low temperatures is virtually impossible in
most pure-host crystals. The absorption linewidth is
stror gly temperature dependent and at low temperatures
the linewidths are less than 0.02 cm ', To illustrate this,
Fig. 3 shows an extremely-high-resolution (3 && 10
cm ') diode-laser absorption spectrum of unannealed
and annealed KI+0.001 mol% KReO~ at 2 K. The
spectrum of the unannealed sample in part (a) of the fig-
ure shows a splitting of the v3 mode into three unresolved
components. However, upon annealing [part (b) of Fig.
3], the structure disappears, indicating that the splitting
may have been due to excessive strains introduced during
the growth process. The inhomogeneously broadened v3
absorption is 0.016 cm ' wide [full width at half max-
imum (FWHM)] in the annealed host. Now, since the
C02-laser —line spacing is about 2 cm, the probability
of a coincidence between the v&-mode absorption and a
CO2-laser line is quite small. In fact, aside from heavily
doped RbI there are no known low-temperature co1n-
cidences when Re04 is the sole impurity in an alkali
hal1dc. Th1s ploblcIIl can bc remedied by add1ng a second
cation dopant (e.g., Na+, Rb+, or Cs+ in potassium
halides; Na+, K+, or Cs+ in rubidium halides, etc.) to the
Re04 -doped alkali halide lattice. The second dopant
inhomogeneously strain-broadens or splits the ReOq v3
absorption line. The inhomogeneous broadening in these
alloy hosts is on the order of 1—2 cm ' and therefore it is
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FIG. 2. Re04 v3-mode frequency at room temperature
versus host lattice constant. The solid line is a guide to the eye.

FIG. 3. Diode-laser absorption spectrum of (a) unannealed
and (b) annealed KI+ 0.001 mol% KReO4 at 2 K.
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relatively easy to find a CO2-laser line coinciding with
some part of the v3 absorption.

These alloy hosts yield unusual spectra for the v3-mode
absorption. Figure 4 shows a high-resolution' transmis-
sion spectrum of annealed RbI+ 0.05 mo1% KRe04 at
28 K. The two strong lines are due to the two Re iso-
topes. The various satellite lines are due to strain gra-
dients and defects caused by the presence of the foreign
K+ cations. The Re04 ions are perturbed by the fact
that they are located in an alloy host rather than in pure
Rbl. In particular, when RbRe04 is used as a dopant in
low concentrations, the satellite lines disappear.

The doped alkali halide crystals were grown by Czo-
chralski techniques with the [100] axis along the pulling
direction. The alkali halide starting material was Merck
Suprapur grade, which was purified by bubbling with a
suitable halogen gas. The crystals were doped by addition
of the appropriate dopant [KRe04 or RbRe04 (Ref. 19)]
to the melt before pulling. To remove stress and
impurity-concentration gradients, samples were annealed
under argon at temperatures within 30—50'C of the melt-
ing point for 2 h.

III. EXPERIMENTAL METHODS AND DATA
ANALYSIS

The relaxation of a vibrationally excited molecule can
be characterized by an energy relaxation time T~ and a
dephasing time T2 (lifetime of the macroscopic polariza-
tion or coherence of the excited state). These lifetimes can
be extracted from several linear and nonlinear spectro-
scopic measurements. For homogeneously broadened vi-
brational modes the measurements are straightforward,
whereas inhomogeneously broadened systems require a
more sophisticated approach. In the former case, T2 may
be extracted from linear spectroscopy with conventional
spectrometers or diode lasers. T] may be obtained direct-
ly from incoherent laser saturation. In the latter case, Tz
can be obtained from transient hole-burning spectroscopy
under the assumption that the measured hole width is
simply related to the homogeneous linewidth. Then, in-
coherent saturation can be used to extract values for the
T, Tz product, from which values for T~ can be deduced.

This section describes these two methods in more detail.
For temperatures between 1.4 and 300 K samples were

mounted in a variable-temperature pumped —liquid-
helium optical cryostat or in a closed-cycle refrigerator.
Sample temperatures were measured with calibrated car-
bon resistors. For high-temperature measurements the
sample was mounted in a variable-temperature brass cavi-
ty. A thermocouple embedded in the face of the sample
recorded the sample temperature.

A. Determination of T2.. Hole-burning

The dephasing time Tz in homogeneously broadened
systems is related to the absorption linewidth b,v
(FWHM) by T2 (n b——v) '. In inhomogeneously
broadened systems the homogeneous linewidths are
masked by the broader inhomogeneous width. The tech-
nique of hole-burning spectroscopy allows measurement
of the homogeneous linewidth inside an inhomogeneously
broadened absorption line under the assumption of no
spectral diffusion. Since the measured hole widths were
independent of Re04 concentration, this assumption is
valid. A pump laser at vo partially saturates absorbers
with center frequency near vo, and a tunable low-power
probe laser measures the frequency-dependent decrease in
absorption (Fig. 5). The homogeneous linewidth and T2
can be extracted from the hole line shape. It can be
shown that at laser intensities well below I, the hole
width hvH is twice the homogeneous width, z' yielding
T2 (2A hvH )——

High-resolution spectra of very narrow linewidths were
obtained with a diode-laser spectrometer shown in Fig. 6.
A Pbo s6Sn0, 4Te diode laser cooled in a closed-cycle refri-
gerator provided tunable radiation near 10.8 pm. The
mechanically chopped laser radiation was directed
through the sample and a monochromator for mode selec-
tion. The light was then split by a beam splitter. Part of
the beam was detected by a cooled HgCdTe detector and a
lock-in amplifier. The other part of the beam passed
through a 2.54-cm Ge etalon which provided relative fre-
quency markers spaced by 0.04918 cm '. Absolute fre-
quencies were determined by observing the P(42) absorp-
tion line of the (00'1)-(10'0) transition in hot COz gas. Ex-
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FIG. 4. High-resolution transmission spectrum of RbI + 0.05
mol% KRe04 at 28 K. Sample length, 0.172 cm.

FIG. 5. Hole burning in an inhomogeneously broadened ab-
sorption line. co is the fixed pump frequency, co' is the variable
probe frequency, and 0 is the center of the distribution of tran-
sition frequencies Q.
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amples of high-resolution spectra of the vi absorption of
ReOz can be found in Refs. 6 and 13.

The experimental arrangement for diode-laser —CO2-
laser hole-burning spectroscopy is shown in Fig. 7. A
longitudinally excited CO2 lascI' was used as the saturat-
ing pump. Several high- J lines from the 10-pm P branch
mere utihzed depending upon the host crystal. Because
thc high- J llncs hRvc relatively low gain, only onc longitu-
dinal mode was observed to lase for almost all operating
conditions. The frequency jitter of the laser was approxi-
mately 2 MHz due to plasma-density fluctuations and
variations in cavity length.

The pump beam was focused on the sample and was at-
tenuated with CRllbI'Rtcd CRF2 Rttcnuatol s. Thc pump-
beam polarization was rotated into the horizontal plane
with a zero-order wave plate. The vertically polarized
probe beam was generated by a current- and temperature-
tunable Pbo 86SQo ~4TC semiconductor diode laser. A
0.75-m monochromator was used to reject unwanted lon-
gitudinal modes. After passage through the cooled sam-

TO lOCk-in OmPlifiel'

COp

PUMP

SDL
PROBE 8 p

TO bOXCO1'

FIG. 7. Experimental arrangement for diode-laser —CO2-
laser hole-burning spectroscopy. A, CaF2 variable attenuators;
8, beam splitter; C, chopper; D, detector; E, Ge etalon; H, hot
CO2 cell; M, monochromator; I', polarization analyzer; R, mir-
ror; 5, sample in variable-temperature helium Dewar; Z, zero-
order A, /2 maveplate; SDL, semiconductor-diode laser.

SDL
Lil

T
control control

FIG. 6. Experimental arrangement for high-resolution spec-
troscopy vrith the diode laser. 8, beamsphtter; C, chopper; D,
77-K HgCdTe detectors; E, 2.54-cm Ge etalon; H, hot CO2 cell;
I., lens; I, 0.75-m monochromator; S, sample in a cryostat or
closed-cycle refrigerator; SDL, semiconductor diode laser.

pie and the monochromator, the probe beam was split into
two beams. After rejection of scattered pump light with a
polarizer the main probe beam was detected with a 77-K
HgCdTe detector and a boxcar integrator. The second
probe beam was chopped and sent through a hot CO2 cell
at 300'C before it was focused on a second HgCdTe
detector. This chopped diode-laser signal was detected
with a lock-in amplifier.

The hole signal was detected using a zero-background
technique. The pump was pulsed at approximately 23 Hz
with a duty cycle of 4.5X10 (0.2-msec pulse width).
The probe beam was continuous wave, and the pulsing
pump .produced synchronous increases in the sample
transmission. The boxcar was adjusted to measure the
peak of the changing probe signal (boxcar aperture 60
@sec, 100-@sec plug-in time constant). This detection
technique produced zero background signal when the
probe frequency was not coincident with P(42), the fre-
quency of the hole. Absolute and relative probe frequen-
cies were determined by observing the P(42) absorption in
the hot-CO&-gas cell and the transmission fringes from a
2.54-cm Ge etalon, respectively. The diode-laser frequen-
cy jitter was I'oughly 10 MHz, and the tuning rate was 6.2
cm '/A.

The hole spectra, hot-CO2-gas absorption spectra, and
etalon fringes were acquired with a desktop calculator.
For the measurements of the low-power hole width, the
pump intensities were experimentally maintained below
levels that producmi appreciable power broadening.

The diode-laser —CO2-laser hole-burning measurements.
were limited to linewidths greater than 10 MHz (the sta-
bility of the diode laser). Higher-resolution measurements
required a CO2 probe laser in place of the diode laser.
Figure 8 shows the experimental setup for CO2-
laser —CO2-laser hole burning. A commercial, longitudi-
nally excited CO2 laser was used as the vertically polar-
lzcd tunable pI obc. IUnability was Rchicvcd by varying
the cavity length with a piezoelectric transducer mount
for the output mirror. The probe laser was operated in
the continuous-wave Inode in order to achieve optimum
frequency stability. No active cavity-length or cavity-
temperature stabilization was used for these experiments.
Following the probe path in Fig. 8, the average power was
monitored with a power meter. A portion of the probe
beam was split off and sent to the heterodyne beat detec-
tor. Calibrated CaF2 attenuators at position Az were used
to adjust the probe intensity at the sample. A ZnSe lens
focused the probe beam on the sample, yielding a spot ra-
dius of 0.035 cm at the 1/e points. A second lens posi-
tloQcd behind thc CI'yostRt I'ccolllIDRtcd thc pI'obc beam
and more CaF2 attenuators at position Ac allowed the
signal at the detector to be adjusted. A stack-of-plates po-
larizer was Used to reject horizontally polarized, scattered
pump radiation. Just in front of the detector, a narrow-
band ir filter (10.6—11.3 pm) was used to reject black-
body noise from the laser discharge itself. This filter was
essential at low power levels, because with 30 mm of CaF2
in the probe beam, the broad-band black-body signal from
the laser discharge was larger than the 10.8-pm ir signal.
Finally, RIl extremely scIlsltlvc liquid-Hc-cooled Si:As
detector was used to measure the hole-burning signal.
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FIG. 8. Experimental arrangement for CO2-laser —CO2-laser hole-burning spectroscopy. Legend: A&, A&, Ac, CaF2 attenuators;
C, chopper; I, narrow-band filter (10.6—11.35 fffln); Gc, uncoated Gc wedge; Gc:Hg, ultrahigh-speed Ge:Hg detector; I, iris; I', aver-

age power meter; PA, polarization analyzer; PF, two-mirror polarization flipper; S, sample in cryostat; SF, 0.011-in. spatial filter;
Si:As, Si:As detector; 8' zero-order A. /2 waveplate. The pump and probe lasers are longitudinally excited CO2 lasers with piezoelec-
tric cavity length and grating tunin.

A second longitudinally excited COI laser was used to
generate the saturating pump beam. Of course, the pump
and probe 1asers were always operated on the same laser
line. The exact frequency of the pump laser could be
fine-tuned using a piezoelectric transducer on the output
mirror. The pump frequency was usually adjusted to lie
at the center of the probe-laser tuning curve. The pump
laser was operated in the cw mode in order to achieve
maximum frequency stability. No active stabilization was
used, howcvcr.

Following the pump beam path in Fig. 8, the vertically
polarized beam exiting from the laser was sent through a
two-mirror polarization flipper to produce horizontally
polarized radiation. Using a wedged Ge beamsplitter, the
beam was split into a beam for sample saturation and a
beam for heterodyne frequency calibration. The polariza-
tion of the latter beam was rotated back to the vertical us-

lllg R zero-order A /2 WRvcplatc. This beam was ovcl'-

lapped in space with a vertically polarized beam from the
probe and was sent to the Ge:Hg heterodyne beat detector.

The main pump was attenuated by CaF2 flats at posi-
tion A„and then was carefully spatially filtered through
a 0.011-in.-diam pinhole. The resulting spot on the sam-
ple was Gaussian in transverse distribution with a beam
radius at the 1/e points of 0.073 cm. The spatially fil-
tered and attenuated pump beam was mechanically
chopped with a 50% duty cycle. The pump intensities
were maintained in the range 0.5—5 W/cm, which pro-
duced no observable power broadening of the holes. The
resulting hole heights were typically hT/T~ &0.04, where
T; is the initial sample transmission. The overlap region
of the pump and probe beams had the desirable charac-
teristic of having the probe spot smaller than the pump
spot. This produced good efficiency in the generation of
the hole signal because all portions of the probe beam ex-
pcIIenccd thc transmlsslon change caused by the pump.

The probe frequency was calibrated by overlapping the

beams from each of the two lasers on a Ge:Hg ultrahigh-
speed liquid-He-cooled photoconductive detector and
measuring the beat frequency. The detector signal was
preamplifled, and the resulting beat signal was displayed
on a precision spectrum analyzer. The peak-to-peak jitter
in the beat note between the two lasers was (2.5+0.5)
MHz for a 3-sec averaging time. For very short observa-
tion times, the emission linewidth of each laser would be
much smaller —roughly 30 kHz. However, the center fre-
quencies of the two lasers jittered rapidly on the time scale
of milliseconds, due to discharge —index-of-refraction and
cavity-length fluctuations. Thus, the effective resolution
of these hole-burning measurements was 2.5 MHz, a fac-
tor of 4 better than that achieved in the diode-
laser —C02-laser hole-burning experiments.

Holes were observed using a zero-background technique
similar to that described earlier. The chopped pump
beam produced synchronous changes in the cw probe-
beam transmission. The resulting time-varying signal
from the Si:As detector was preamplified and analyzed
with a vector lock-in amplifier. As the probe frequency
was slowly scanned across the hole, the output of the
lock-in amphfier was recorded on an x-y recorder. Figure
9 illustrates a typical hole spectrum recorded using this
tcchmquc.

B. Determination of TI or TI T2. Incoherent saturation

Incoherent laser-saturation measurements provide a
measure of the excited-state lifetime T, for homogeneous-
ly bloRdcllcd systcllls Rlld tlM product Ti TI for lnhomo-
geneously bxoadened systems. In this technique the
intensity-dependent transmission of a sample is measured
for pulse widths much longer than Tl and Tz. The laser
intensity at position z follows the usual relation

dI(z) —a„I(z), (1)
[1+ I (z)/I, ]~
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KI-RbI: ReO~

hv = l5+ l MHz

where a„ is the nonsaturable loss coefficient, ao is the
(saturable) loss coefficient measured at low intensities,
b = 1 for homogeneously broadened absorptions and
b = —,

' for inhomogeneously broadened absorptions, and I,
is the saturation intensity. For homogeneously broadened
systems,

where 0 is the laser frequency and o' is the absorption
cross section. For inhomogeneously broadened absorp-
tions,

pcs'

Sn.TiT2L
i p ~

l3
(3)

where g is the refractive index,
~

p,
~

is the dipole mo-
ment, and L =[—,'(q +2)] is the local-field correction.
This expression can be simplified by using the sum rules

Detuning ( MHz)

FIG. 9. Fully normalized and calibrated hole spectrum for
KI+ 0.05 mol%%uo KRe04+2. 5 mol% RbI at 1.4 K. The
AT =0 line corresponds to the signal level with either the pump
or the probe Mocked. The pump intensity at the sample is 3,3
%/cm and the probe intensity is 0.35 W/cm .

of Appendix A to substitute for the dipole moments and
local-field factors to yield

TI T2 —— A'Q3,
4cSI,

where X and S are the density of Re04 molecules and
the integrated absorption strength for that density, respec-
tively. Since the dipole moment is independent of host,
the ratio N/S is as well; hence this ratio need only be
measured for one host. Equation (4) illustrates the impor-
tant fact that the T~ T2 product can be obtained from the
saturation intensity without the necessity of calculating
the local-field factors.

Equation (1) can be integrated as shown in Appendix 8
to yield implicit relations between the sample transmit-
tance and the incident-laser intensity, with two parameters
I, and u„. A nonlinear least-squares-fitting procedure
can then be used to extract values for these two parame-
ters.

Measurements of the intensity-dependent sample
transmission were performed using the experimental ap-
paratus shown in Fig. 10. The hearn from a longitudinal-
ly excited line-tunable C02 laser was monitored by
average-power and peak-power detectors. Before imping-
ing on the cryostat, the laser beam was attenuated with
calibrated CaFz flats and spatially filtered using a tele-
scope with a pinhole at the focus. The second lens of the
telescope was adjusted to focus the beam on the sample.
The sample was mounted in a variable-temperature cryo-
stat. The beam transmitted through the cryostat was
recollimated before passing through a second set of CaF2
attenuators. A 10.8-pm narrow-band filter passing
10.6—11.35 pm was used to reject any spurious black-
body radiation from the laser discharge. Finally, the in-
frared beam was focused on a helium-cooled Ge:Cu detec-
tor.

The CO2 laser was typically pulsed at a 1% duty cycle
for these measurements. The pulse width was approxi-
mately 0.10 msec. Average power levels at the sample
were maintained below the onset of heating, as determined
by the resistance of a 1-kA carbon resistor mounted
directly on the sample. The Ge:Cu photoconductive
detector signal was preamplified and filtered with a
bandpass of 30 Hz to 300 kHz. The peak amplitude of
the laser pulse was detected using one channel of a boxcar

BI '
COp

Laser

Bp A
I I l h
tft V

SF

A
h

IIII

8

F D

U
Ge:CU

To pr80fAp
Ql1d
boxcar Ch. A

To boxcar
Ch. 8

FIG. 10. Typical experimental apparatus for laser saturation measurements. Legend: 2, CaF2 calibrated attenuators; 81 and B2,
beamsplitters; D, Ve:Cu detector; F, 10.8-pm narrow-bandpass filter; I', average power detector; PZT, piezoelectric transducer for
cavity-length adjustment; R„pyroelectric reference pulse detector; S, sample cryostat; SF, 0.011-in.-diam spatial filter.
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IV. RESULTS

Temperature-dependent linear spectroscopy allows
several general conclusions to be made regarding the v3
mode of Re04 molecules in alkali halides. For all pure
hosts except heavily doped RbI, the v3 mode appears as a
single narrow line with a low-temperature width of -0.02
cm '. The absence of a strong phonon sum band on the
Re04 zero-phonon line at low temperatures indicates
that the molecular vibration is only weakly coupled to the
lattice. Furthermore, the absence of librational sidebands
in almost all hosts indicate that librational motion of the
large Re04 molecule is essentially quenched. This is to
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FIG. 11. External transmittance versus peak incident intensi-
ty for KI-RbI:Re04 at 1.4 K. The Gaussian-averaged non-
linear function correction has been applied to raw transmit-
tances in order to generate the plotted values. The solid line is a
fit to the data using the inhomogeneous broadening model.

integrator. Channel 2 of the boxcar was used to monitor
the peak power at the reference pulse detector. The box-
car aperture was 30 psec, and the integrating time con-
stant was 1 msec. Sample transmission as a function of
incident-laser intensity was measured by moving the cali-
brated attenuators one by one from the input side of the
cryostat to the output side. This method kept the signal
at the detector fairly constant and thus avoided errors due
to detector nonlinearity.

A typical example of the incoherent saturation mea-
surements is shown in Fig. 11. The figure shows the sam-
ple transmission as a function of the incident intensity for
KI-RbI:Re04 at 1.4 K. The solid line shows a fit to the
data using the equations of Appendix B, from which
values for I, and a„have been extracted. It is important
to realize that Eq. (1) assumes uniform intensity across
the laser spot. Since Gaussian-profile laser beams were
used for these experiments, the measured raw sample
transmittances were corrected by utilizing the exact
decomposition of a Gaussian-averaged nonlinear function
presented by Kolodner et al.

be contrasted with CN in alkali halides, for example, in
which a clear librational sum band is observed at low tem-
peratures. Moreover, anharmonicity of the Re04
mode prevents the frequency of the first overtone, 2v3
(1841 cm ' in KI),' from equaling twice the fundamen-
tal (922.5 cm ' in KI at 77 K).' This means that ladder
transitions are not possible. Thus the Re04 v3 vibration-
al mode can be reasonably approximated by an isolated
two-level system. Alloying of pure hosts with a small
amount of Rb+ ions produces smooth, inhomogeneously
broadened lines up to 2 cm ' wide. On the other hand,
alloying with a small amount of Cs+ ions weakly splits
the main v3 mode absorption, producing a number of nar-
row (-0.02 cm wide) lines as far as 0.2—0.4 cm
from line center. As pointed out earlier, these broaden-
ings and splittings are responsible for the CO2-laser —line
coincidences in these systems.

Figure 12 (open circles) shows the complete tempera-
ture dependence of the linewidth of the Re04 v3 mode in
pure KI, as determined by linear spectroscopic techniques.
Various samples with nominal concentrations of Re04
molecules between 0.001 and 0.005 mo1% were measured
in these experiments. The line shape is Lorentzian above
30 K, indicating that the transition is homogeneously
broadened. Below 30 K the line shape is Gaussian, indi-
cating that the measured linewidth no longer represents
the homogeneous width. In this temperature range the
homogeneous linewidth was measured by hole-burning
spectroscopy.

Figure 12 (solid symbols) also shows hole-burning mea-
surements of the homogeneous linewidth of the Re04 v3
mode for T &25 K. This is a clear demonstration of the
ability of the hole-burning technique to measure homo-
geneous widths inside a broader inhomogeneous line. The
solid squares represent the hole-burning results for the
KI-RbI alloy host; the triangles represent equivalent data
for the KI-CsI host. Hole-burning experiments were lim-
ited to temperatures below 25 K due to the rapid increase
of I, and consequent decrease in hole depth with increas-
ing temperature. Note that the data for the pure KI and
the alloy hosts connect continuously at 25 K. Further,
the homogeneous linewidths are essentially equal for the
two alloy hosts, despite the large difference in inhomo-
geneous widths. This indicates that the hole widths are
determined by some intrinsic parameter of the KI host
lattice, e.g. , phonons, rather than by the nature of the
second dopant. The double-doping procedure has the use-
ful property of producing a coincidence with the P(42)
CO2-laser line, yet has a negligible effect on the homo-
geneous linewidth of the Re04 v3 mode. Before analyz-
ing the linewidth results it should be pointed out that the
hole width grew roughly as v I,' as theoretically expect-
ed, and was independent of Re04 concentration. Re-
cent studies on the validity of the Bloch equations indi-
cate that the hole width should grow more slowly than
v I. There is a suggestion of this trend in our data, ' but
the signal-to-noise ratio is insufficient to provide a strong
confirmation.

There are two classes of phonon-interaction phenorne-
na that may affect the low-power linewidth of the v3-
mode absorption of Re04 molecules in alkali halides:
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tation can decay (for KI, n =7). It has been shown that
at low temperatures (T «8D) the linewidth is indepen-
dent of temperature, whereas at high temperatures the
linewidth varies as T" '. Thus the predicted temperature
dependence for Re04 in KI at high temperatures is T .
The high-temperature slope in Fig. 12 is 2.08+0.1S.
Therefore we conclude that the decomposition process is
not responsible for the observed temperature dependence.

The temperature-dependent linewidth arising from the
phonon scattering process assuming a Debye phonon spec-
trum is

8/T6x
b,v(T) —b,v(0) =P I8, o (e' —1)

where P and 8, are parameters. The cutoff of the Debye
spectrum 8, is a variable parameter because the model
does not predict which phonons are most effective in
scattering from the v3 vibration.

The data in Fig. 12 are replotted in Fig. 13 after sub-
tracting the low-temperature linewidth hv(0). The solid
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FIG. 12. Linewidth (FWHM) of the v3 vibration of Re04 in
KI crystals versus temperature. The open circles represent
linear spectroscopic measurements. The solid squares represent
hole-burning results for samples of composition KI+0.005
mol % KReOq+ 2.5 mol % RbI, and the solid triangles
represent equivalent data for KI+ 0.05-mol% KRe04+0. 2-

mol% CsI samples. The inhomogeneous linewidths for these
two hosts are indicated.

E
—"lO'-

decomposition and scattering processes. The phonon
decomposition mechanism consists of an energy-
conserving decay of the vibrational mode into a large
number of lattice phonons, the number of phonons being
determined by the vibrational-mode frequency and the
highest available phonon frequency. This is actually a T~
process, and when T2 « T, it does not affect the homo-
geneous linewidth of the v3-mode absorption. However, if
the internal mode is lifetime-broadened (T2 —T&), this
process can affect the temperature dependence of the
linewidth. The phonon scattering process, on the other
hand, involves the elastic interaction of lattice phonons
with the vibrational mode. This is a T2 process, in which
the phase of the vibrational mode is interrupted by a col-
lision with a phonon.

Both types of interactions have predictable temperature
dependences which can be compared to the measured
values to determine which, if either, process contributes to
the observed linewidths. In decomposition processes,
energy-conservation considerations determine the min-
imum number n of phonons into which a vibrational exci-
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FIG. 13. Excess homogeneous linewidth hv( T)—hv(0)
versus temperature. The solid curve is the predicted tempera-
ture dependence for elastic scattering with 0,=65 K and
P=0.70 cm ' [Eq. (5)]. 8, is the cutoff temperature for a
Debye phonon spectrum, and P is an overall multiplicative fit-
ting constant.
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line is given by Eq. (5), which describes the complete tem-
perature dependence of the linewidth for the phonon
scattering model. The best-fit values of the fitting param-
eters are Debye-spectrum cutoff, 8,=(65+5) K, and
overall multiplicative factor, P=(0.7+0.10) cm '. The
fit to the data is quite good, confirming that phonon
scattering is thc dominant dcphasing mechanism above 10
K. The value of 8, corresponds to a maximum phonon
frequency of 45 cm ', which correlates well with the
dominant acoustic-phonon frequencies in KI. That
acoustic phonons scatter more strongly from the Re04
molecule than do optic phonons can be understood from a
cursory examination of the local lattice at the Re04 site.
The tetrahedral RCOq Inolecule enters the lattice substi-
tutionally with the Re—0 bonds along body diagonals of
the cubic lattice. Because the I ions are much larger
than the K+ ions, the I ions are closer to the tetrahedral
arms of the molecule than the K+ ions, even though the
latter are nearest neighbors. In the region of a large densi-
ty of phonon states, namely, the zone edges, the I ions
oscillate with a large amplitude in the acoustic branches,
while the K+ ions oscillate with a large amplitude in the
optic branches. Therefore, it can be expected that the
acoustic phonons in KI should interact more strongly
with the molecule than do the optic phonons.

At temperatures below 10 K the homogeneous
linewidth is temperature independent and consequently
cannot be described by phonon scattering. To understand
the low-temperature behavior of T& and T2, a systematic
study of relaxation times as a function of host lattice is re-
quired. Table II surnrnarizes the low-temperature relaxa-
tion times of ReOq in various lattices. T2 was comput-
ed from the homogeneous widths (as measured by hole-
burmng spectroscopy) uslIlg T2:( lT kvhom) In
coherent saturation studies yielded TIT2 products, and
from these values T~ values were determined. Owing to
the high saturation intensity and low absorption, respec-
tively, hole-burning spectra could not be obtained for the
NaI and KCl hosts.

Note that within experimental error, Tz=2T& for all
hosts listed in Table II. It has been shown that if the de-
phasing of an excited state is dominated by excited-state
decay, then T2 ——2T~. Therefore, we conclude that

below 10 K the homogeneous linewidth of Re04 is dom-
inated by excited-state decay.

One candidate for the decay mechanism is multipho-
non„or n-phonon decay, as discussed earlier. In fact, the
measured low-temperature linewidth (Fig. 12) is indepen-
dent of temperature as expected for n-phonon decay pro-
ccsscs. Multiphonon pI'occsscs will now bc consldcrcd in
more detail.

The n-phonon decay rate 8' is expected to depend on
lattice phonon frequencies according to ' JY-exp(yvs/
v~h), where y is constant for a given alkali or halide series
and

vugh
is a dominant phonon frequency. Recall that I, is

proportional to ( T
~ T2 ) ', but at low temperatures

Tz-2T~. Therefore I, is proportional to T& . Since
'1, ' is a measure of 8; a plot of logI, versus vslv~h
should produce points that lie on various straight lines
forming parallelograms, each line corresponding to a dif-
ferent alkali or halide series. Such a plot is shown in Fig.
14, in which the saturation intensity for various alkali
halides is plotted versus the ratio of the vs-mode frequen-
cy to the (100) LO-phonon frequency at the zone boun-
dary. This abscissa variable can also be viewed as the
number of phonons required to relax the v& mode by n-
phonon decay. The data for KBr, RbBr, KI, and RbI
form reasonable parallelograms, but the data for NaI,
RbCl, and KC1 are anomalous. The dashed circles
represent the approximate predicted values for these three
hosts assuming the excited-state decay channel is the same
as that for the other four hosts. The experimental values
deviate from these predicted values by as much as 2 or-
ders of magnitude. Further proof of the anomalous na-
ture of the NaI, RbC1, and KC1 decay rates is provided by
plots of I, versus lattice constant, bulk modulus, and
longitudinal-acoustic-phonon frequencies. ' In all in-
stances the experimental values for NaI are much higher
than predicted, and the values for RbC1 and KCl are
much too low. If multiphonon decay is the relaxation
mechanism for KBr, RbBr, KI, and RbI, a different
excited-state decay process must be invoked for KCl, NaI,
and RbCl.

TABLE II. Measured vibrational relaxation times for the v3 mode for Re04 in alkali halide lattices (T~ 10 &).

Host

ReOq (mol %)
Other (mo1%)
v3 (cm ')

Lattice constant a (A)

0.8
0.8 K+

922.9
P (42)
7.34

0.005
2.5 Rb+

922.9
P (42)
7.07

0.05
0.2 Cs+

KI

0.05
2 Na+

0.05
0.05 K+

927.0
P(38)
6.85

0.3
2.5 Rb+

931.0
P(34)
6.60

0.1

0.1 K+
933.0
P(32)
6.58

0.2
0.2 K+
938.7
P (26)
6.47

0.3
2.2 Rb+

939.0
P (26)
6.29

I, (%'/cm )
u„(cm ') (+25%)
T T (10 ' sec)

0.9+0.2
0.80
24+5

3.6+0.8
0.13

6.7+ 1.5

6.8+1.4 3.2+0.6
0.55 0.12

3.6+0.8 7.6k 1.5

14+3
1.1

1.8+0.4

53k 10 9.3+2
0.41 1.4

0.49+0.09 2.9+0.6

22%5
0.1

1.2+0.3

Avh, (MHz, F%'HM) 5.0+ 1.5
T& (10 sec) 6.4+2.0
T~ (10 ' sec) 3.8%1.4

7.8+0.5
4.1+0.3
1.6+0.5

9,0+ 1.3
3.5+0.5
1.0+0.3

10+1.5
3.2+0.5
2.4%0.5

18+1.5
1.8+0.2
1.0+0.3

30+1.5
1.1+0.1

0.45+0.15

17+1.3
1.9+0.2
1.5%0.3
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FIG. 14. Saturation intensity I, versus v3-mode frequency di-

vided by the ( 100) LO-phonon frequency at the zone boundary
(ZB), semilogarithmic plot. The solid lines are a guide to the
eye. The solid circles represent measured values, and the symbol
for NaI represents an estimated lower bound. The dashed cir-
cles signify expected values of I, for NaI, KC1, and RbC1.

The small values of the measured relaxation times pro-
vide additional evidence that the multiphonon decay pro-
cess might not be the correct description of the excited-
state decay. The values of T~ in Table II range between
—1 nsec for Nal and -40 nsec for RbI. Using Gethins's

first-principles numerical calculation, the excited-state
relaxation time should be on the order of 100 msec, which
dramatically contradicts the measured values.

To explain these large decay rates, a lower-order nonra-
dlatlvc decay process ls needed. Analysis of thc trends ln
Table II and Flg. 14 yields a process that Involves a mul-
tistep emission of ReO& internal modes, locahzed lattice
modes around the RC04 impurity, and band-phonon
modes. This decay scheme is more complex in that the v3
mode emits a variety of vibrational excitations, but it is a
more probable decay channel because it is of lower order.
Before describing the process in detail, spectroscopic evi-
dence for v3 coupling to internal and local modes will be
dls cussed.

The linear transmission spectrum of Rbl:Re04 (Fig.
1) shows combination lines, (vz+v3), (v4+v3), etc., that
demonstrate anharmonic coupling between the v3 mode
and other internal vibrational modes of the molecule. The
vz(E) internal mode occurs at 337 cm ' and the v4(T2)
mode appears at 335 cm ' at low temperatures.

Furthermore, the Raman spectrum of KI:Re04
shown ln Flg. 15 provides spectroscopic cvldcncc that the
v3 decay couples Rnharmonlc ally to locahzcd phonon
modes of the lattice-defect system. Of special interest in
this figure are the (local) modes of Eg and A &s symmetry
that appear above the cutoff of the optic-phonon branch.
The v2(E) internal mode (solid line at 337 cm ') and the
v4(T2) internal mode (dashed line at 335 cm ') also ap-
pcRr ln Raman scattering, as expected.

Figure 16 shows the local modes that result when a
large substitutional impurity is added to a diatomic linear
chain. These even modes are produced by the increase in
the nearest-neighbor force constant at an anion site due to
the substitution of the large ReOq molecule for a halo-
gen ion. The heavy RCO4 molecule is stationary and the
ncalcst neighbors have lalgc amplitudes ln thcsc I11odcs.
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PIG. 15. Stokes Raman intensity versus frequency for KI+ 0.2 mol% KReQ4 at 8 K. k is the incident photon wave vector; e
and e ' are the incident and scattered polarization vectors, respectively. The spectrum represented by the solid line was taken with the
analyzer parallel to the incident polarization. This configuration measures phonon modes of E~ and 2 ~g symmetry. The dashed
spectrum was obtained with the analyzer perpendicular to the incident polarization in order to probe lattice modes of Tq~ symmetry.
The resolution is 3 cm . The two-phonon —scattering spectrum of KI is weak and does not show in this figure.
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the changing energy of the localized phonon mode which
accounts for the anomalous NaI, RbC1, and KC1 data.

Figure 17 diagrams the expected vi decay process for
the various alkali halide hosts. In all cases, two lomer-
energy internal modes of the ReOz molecule are excited.
The remaimng energy mismatch between v3 and 2v4 or
(v4+ v2) is provided by localized and extended phonon ex-
citations. In KI, Kar, R18r, and RbI, the energy
mismatch is provided by the excitation of the even local
mode and one band mode [Fig. 17(a)]. However, the ex-
tremely high value of I, in NaI indicates that the local-
mode frequency is sufficiently large to account for the
mismatch by itself—no band phonons are required [Fig.
17(b)]. (The local mode in NaI occurs at a higher fre-
quency than in the other hosts because it involves the
motion of the lighter Na+ ion. ) In the RbCl case, the lo-
cal mode occurs in the gap and is of much lower frequen-
cy, and hence two phonon modes are required to conserve
energy [Fig. 17(c)]. Finally, for KC1 [Fig. 17(d)], where
the small value of the lattice constant leads to larger
nearest-neighbor spring constants, the local mode is of

0
FIG. 16. Frequency of the Ag (even) local mode of a heavy

substitutional impurity M2 in a diatomic linear chain versus
force-constant change g. (a) Anion-heavy case: Mi & M~. The
even local mode appears at high frequencies above the optic-
phonon frequency cutoff. (b) Cation-heavy case: Mi ~Mi.
The local mode due to the impurity appears in the gap. At high
values of force-constant change g, another even local mode
slowly appears above the optic band.
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Because of the lack of Re04 motion, the actual value of
the mass defect is unimportant. The even local mode ob-
served above the optic-branch cutoff in KI (Fig. 15) is just
the local mode that is rising out of the optic band for the
anion-heavy host [Fig. 16(a)]. Even local modes should
also rise out of the optic branch for other anion-heavy al-
kali halides with a gap (KBr and NaI). However, in
cation-heavy RbC1, lower-frequency localized gap modes
will rise out of the top of the acoustic spectrum [Fig.
16(b)], only to be accompanied by a higher-frequency local
mode at large values of the force-constant defect.

Utihzing these internal modes of the Re04 molecule
and the localized modes of the lattice around the impuri-
ty, a lower-order decay scheme for the vi mode can be
devised. The following anharmonic process is the most
probable decay channel: first, excitation of a pair of inter-
nal modes -=ither 2v4 (Ti) or (v2+vq) (Ti)—se:ond, ex-
citation of an even local mode, and last, the excitation of a
small number of band phonons. The number of band
phonons varies from alkali halide to alkali halide, and is
determined by energy conservation. This n1odcl yields thc
correct qualitative behavior of I, versus host lattice and
should produce smaller predicted values for T& because
fewer final-state vibrational excitations are required. It is

&ph „

I

'
,

~pa
1i

I

~ioc 1 ~i»
1

1

&ph

(c) (d)

FIG. 17. Multistep Rnharmonic decay process foI' thc v3
mode of RC04 in alkali halides. (a) In KI, the energy of the v3
mode produces two internal mode excitations (v2+v4) or 2v4, a
local-mode excitation and a band phonon, (b) In NaI, the local-
Inode frequency has grown to the extent that no additional band
phonon is required to achieve energy conservation. (c} In RbC1,
the local Inode occurs at lower frequency than in the other cases
because it appeax's in the gap in the phonon spectrum. Hence,
t&o band phonons Rre I'cqullcd to RchIcvc cncx'gy conscx'vRtlon.
(d) In KCl, the frequency of the local mode is so large that a
local-Inode excitation cannot be used to deexcite the v3 mode.
Three band phonons are required to complete the decay.
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such high frequency that it cannot participate in the de-
cay process at all. Thus, the anomalies in I, occur be-
cause the v3-mode decay process is third order in NaI,
fifth order in RbC1 and KC1, and fourth order in all the
other hosts.

The success of this multistep decay model in explaining
the systematics of I, is quite encouraging. The prom-
inence of the even local mode in the various decay chan-
nels indicates that the v3 mode couples strongly to the
motion of the nearest neighbors. This may explain why
cation mixing of alkali halides has a much stronger effect
on the Re64 ir-absorption spectra than does anion mix-
ing. The importance of the v2 and v4 internal modes of
the molecule also has significant implications. A system
in which the lowest internal modes occur at 10 pm should
have extremely long excited-state lifetimes. In this case,
the fluorescence from such a system would be very strong,
because the nonradiative decay time would be comparable
to the spontaneous radiative decay time. To summarize,
in the Re04 system, the low-temperature excited-state
decay times are controlled by a combination of internal,
local, and band modes and not by the much slower multi-
phonon decay. An intrinsic upper limit to vibrational-
mode relaxation times has not been observed. If a nonro-
tating spherical top molecule can be chosen properly so
that the lowest-frequency internal mode is at least 6 or 7
times the highest lattice frequency, extremely large vibra-
tional lifetimes should result, approaching the radiative
lifetime.

It is instructive to compare the relaxation dynamics of
Re04 in alkali halides with vibrational relaxation mech-
anisms of molecules trapped in rare-gas matrices. A
number of authors have investigated the vibrational relax-
ation of small polyatomic molecules trapped in rare-gas
hosts. This expanding field has been reviewed by Du-
bost and I.egay. The vibrational relaxation data for
selected molecules in rare-gas matrices (RGM) are sum-
marized in Table III. This table is not intended to be ex-
haustive; rather, it is designed to illustrate some of the re-
laxation mechanisms active in these systems. The longer
relaxation times were measured by monitoring the fluores-
cence growth and decay following a laser-excitation pulse.

The faster relaxation rates were derived from the time-
varying transmittance of a probe laser after an excitation
pulse from a pump laser.

CO and NO in RGM (Refs. 33—36) have slow relaxa-
tion rates limited by spontaneous radiative decay. Be-
cause the excited state has a long lifetime, intermolecular
vibrational energy transfer has been observed in these sys-
tems. The CQ molecules cannot relax by rotating or emit-
ting lower-energy vibrational excitations, and librational
relaxation only serves to broaden the observed line
shape.

NH3 in N2 (Ref. 37) and SF6 in Xe (Ref. 38) have faster
relaxatio~ rates, probably because these systems can rotate
and emit lower-frequency vibrational modes, respectively.

Of special interest are the recent results on the asym-
metric tops CH3F and CD3F. ' The vibrational mode
at 1036 cm ' in CH3F is the lowest-frequency mode, yet
the excited state relaxes quickly by the emission of many
rotational quanta. In addition, the system has a per-
manent dipole moment, which allows intermolecular ener-

gy transfer to proceed via dipole-dipole coupling. The
CD&F v3 mode (987 cm ') relaxes quickly to the lower-

frequency v6 mode at 910 cm ' via phonon emission.
The Re04 —alkali halide systems differ in two impor-

tant respects from the molecules that have been isolated in
rare-gas matrices. In all of the alkali halide lattices (with
the exception of RbI, perhaps), the relatively large ReO&
molecule is prevented from rotating by steric effects. In
addition, the molecule lacks a permanent dipole moment
(also true for SF6). These two characteristics imply that
rotational relaxation is weak, and that vibrational dif-
fusion via dipole-dipole interactions is small. However,
the v3-mode relaxation is still quite fast due to the availa-
bility of lower-frequency internal and local modes. It is
clear that for a nonrotating spherical top molecule with
the lowest vibrational mode near 10 pm, the excited-state
decay rate could be very slow. In conclusion, our mea-
surements on the Re04 —alkali halide system and the
previous studies of rare-gas-matrix —isolated molecules
and U centers show that different combinations of impur-
ity and host lattice can have quite different relaxation
mechanisms. The vibrational relaxation dynamics in a

TABLE III. Summary of vibrational relaxation data for selected molecules in rare-gas matrices
(some of the data in this table were selected from Ref. 33).

Molecule
Vibrational Rotational Relaxation Relaxation

Energy (cm ') Constant 8 (cm ') Mechanism' Rate (sec ') References

50 in NeCQ 2140—1840 1.93 3
35
36
33
34
37
38

39, 40
40

40, 41

(A =6.30)N2
Xe
Kr

9.94

0.85

CD3F

RGM, N2 rad. ,
inter. V—+ V

V~I.
Ar, Ar+ Kr 1870—1700 1.70 rad.

inter. V~ V
NH3 970 V—+8 6.6&(10
SF6 931 intra. V—+ V 10

CH3F 1036 (A =5.10) V~A 9.1~10'
inter. V—+ V

Kr 987 0.68 (A =2.55) intra. V~ V 9.1&10

Legend: rad. , radiative decay; inter. V~ V, intermolecular vibrational-vibrational transfer; V~I., li-

brational relaxation, ' V~R, vibrational-rotational transfer; intra. V~V, intramolecular vibrational-
vibrational transfer.
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particular case is determined by the details of the interac-
tion between the vibrational mode and the other vibration-
al modes of the molecule and the host lattice.

e +2 (Al)
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APPENDIX A: DIPOLE MOMENT FOR THE
Re04 v3 MODE

The integrated absorption sum rule provides a con-
venient method for measuring the dipole moment of the
v3 vibrational mode. The sum rule can be written

where v is the frequency in wave numbers (cm '), g is the
index of refraction, M is the effective mass, X is the
density of oscillators per cm, and f is the oscillator
strength for the transition. f can be expressed in terms of
the dipole moment using

8n M*cv ip, i

h

which yields the expression

(A2)

S= I a(v)dv= — N, (A3)
band gQ g 3

where the local field correction factor is L = [—,
'

(ri +2)] .
Thus, in order to measure the dipole moment, the density
of absorbers E and the integrated absorption strength S
must be independently determined.

Four independent neutron-activation measurements of
N were performed on samples of KI:Re04 . The total in-
tegrated absorption for each of the samples was measured
at room temperature using a conventional infrared spec-
trometer, including corrections for reflection losses. The
resulting value for the dipole moment of the v3 mode was
computed to be

i p i
=3.35(+0.17)&(10 ' esucm,

which implies an oscillator strength of f=1.3 and an ef-
fective charge of e*/e =1.14.

APPENDIX 8: EXTRACTION OF I, FROM T(I)

Equation (1) can be integrated from z =0 to z =L, the sample length, to yield, for the homogeneous broadening case,

I(L) ao I(L)—(ao+a„)= ln + ln ap+a„ 1+I(0) a„ I
I(0)

exp+ 0!~ 1 +
$

For inhomogeneous broadening, integration of Eq. (1) gives

&n—ap 1—
0;o

' 1/2a„ I 0'o &n I
ln —+2 ln 1+ 1+—

p IS 7t np I$

I(p)

(B2)

Both of these equations are implicit, nonlinear relations between I(L) and I(0) with parameters I, and a„. Given values

for the parameters and I(0), a predicted value for I (L) can be computed using the modified secant iteration procedure.
The experimental measurements yield actual values for I(L) for each value of I(0). Marquardt's technique 7' was

used to determine best fit values of I, and a„using as a criterion the minimization of the sum of squares of the devia-
tions between predicted and actual values for I(L).
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