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Persistent IR spectral holes have been burned for the first time to our knowledge in the fundamental stretching
mode (near 3.9 pm) of the SH ™ molecule, matrix isolated in alkali halides, by double-doping the host with a small
amount (2 mol. %) of a second alkali halide. A model iz propoged for the hole-burning mechanism, involving
180° recrientations of the SH™ molecules between configurations rendered inequivalent by strain field gradi-
ents arising from the double-doping. The holes are found to decay within tens to hundreds of seconds at 1.5 K,
implying that the barriers to the head-to-tail flips must be quite small.

1. INTRODUCTION

The technique of persistent IR spectral hole (PIRSH)
burning has proved useful in elucidating the local dy-
namics of molecular impurities doped in alkali halide
crystals.!® In this paper the first observation to our
knowledge of PIRSH burning of the SH~ diatomie in crys-
talline hosts is reported. This molecule is not observed to
burn as an isolated impurity in KI or Csl. However, the
addition of a small (~2 mol. %) amount of a second alkali
halide iz found to destroy the local symmetry around some
of the SH™ molecules, thus broadening the main vibra-
tional stretching band in an inhomogeneous manner as
well as creating a new mode that is assigned to a SH ™:ion
combination, where the ion in question is either a foreign
alkali or halide ion that substitutes for a host ion on one of
the nearest allowed sites. This new mode, as well as the
low-frequency wing of the broadened main band, are now
found to exhibit PIRSH burning. By studying the proper-
ties of the resulting holes and antiholes, new information
about the SH™ defect is obtained.

The organization of the paper is as follows. First the
experimental hole-burning setup and sample preparation
are described. Next, Fourier transform infrared (FTIR)
absorption spectra and hole-burning data are presented
for S8H™ doped in KI and Csl host crystals. Finally the
PIRSH burning results are compared with previous find-
ings for Re0,” hole burning® in strained KI and RbI erys-
tals and for CN~ hole burning® in KBr:NaBr, and
a possible model for the hole-burning mechanism is
discussed.

2. EXPERIMENTAL DETAILS

The experimental setup used for hole burning is similar to
that described in Ref. 5. Basically, a cw PbEuSeTe
striped double-heterojunction diode laser (DL), tempera-
ture and current tunable over the range 2322-2607 em ™,
is focused onto the input of a 1/2-m monochromator, The
monochromator selects one line out of the five or so modes
output by the DL and calibrates that line's frequency to

within ~1 em™. The exact frequency is determined hy
0740-3224/92/050T46-07305.00

observing the transmission at a known, sharp feature in
some sample, such as a SH™ stretching vibrational mode.
The useful continuous tuning range of the DL is limited to
~1/2 em™ because of the tendency of the laser to mode
hop. A 2.54-cm germanium étalon is uszed to calibrate
the actual frequency range of the laser sweep (in giga-
hertz) and to check for inéoherent or closely spaced multi-
mode output from the DL, The laser beam is principally
vertically polarized; however, a 5.3-um CdS half-wave
plate and a ZnSe Brewster-angle polarizer are used to
select other desired polarizations.

After the monochromator the beam is focused onto a
gsample held in an optical-access cryostat at 1.5 K; the
eryostat has sapphire inner and CaF, outer windows.
The spot size at the sample is measured as having a
FWHM of 76 um at the sample, when a Gaussian trans-
verse beam profile is assumed, and a power meter is used
to measure the maximum incident laser power (depending
on the exact frequency) of 90 uW just before the eryostat.
After correction for reflection losses at the windows,
these imply an incident intensity as high as 2 Wjem® at the
sample position. Lower incident intensities are obtained
by inserting neutral-density filters into the beam. Fi-
nally, the transmisszion through the sample is detected by
using a 77-K InSh photovoltaic detector and is recorded by
a digital storage oscilloscope under computer control.

The SH ~-doped alkali halide samples were grown by the
Czochralski method at Cornell's Materials Science Center.
Special precautions were taken to purify and dry the
starting materials. The samples were characterized
before the hole-burning measurements by using a FTIR
interferometer operating at a resolution of 0.04 cm™.
The actual SH™ concentration in a given sample can be
determined from the integrated absorption eross section®
at RT:

Iudp,w — 111 x 10" em + 20%, (1)

where v is the frequency in inverse centimeters, a(v) is the
absorption eoefficient in inverse centimeters, and N is the
defect concentration per cubic centimeter. This value for
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Fig. 1. Comparison of the FTIR absorption spectra at a 0.04-
em ' resolution and 1.5 K of nominally KI + 0.006 mol. % KSH
isolid curve) and KI + 2 mol. % KBr + 0.02 maol. % KSH (dashed
curve) in the region of the fundamental SH™ stretching mode.
The vertical scale on each curve has been adjusted to give a peak
value (for the “SH™ absorption band) of unity; the actual peak
absorption coefficients are listed in Table 1 along with the center
frequencies and FWHM's of the obeerved features.
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Eq. (1) was obtained by first measuring and integrating the
absorption spectra of several nominally KI + 0.2 mol. %
K5H samples and then dividing these integrals by the
actual SBH™ concentrations of the respective samples, as
determined by using the chemical analysis technique of
Ref. 7. It is assumed that this integrated cross section is
host independent to within the quoted error.

3. EXPERIMENTAL RESULTS
A. KI Host Samples

1. Fourier Transform Infrared Spectra

In Fig. 1 the FTIR absorption spectrum of a sample of
nominally KI + 0.006 mol. % KSH (solid curve) is
compared with that of nominally KI + 2 mol. % KBr +
002 mol. % KSH (dashed curve) at 1.5 K. The actual
SH™ concentrations (N), center frequencies (), peak
absorption coefficients (o .. ), and FWHM of the features
observed in these spectra are tabulated in the upper half
of Table 1. Sulfur has four naturally occurring isotopes:
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*85 (95.0% natural abundance), **S (0.76%), 'S (4.22%), and
*5 (0.02%, too small to chserve). With the assumption of
an isolated harmonic oscillator model for the internal
stretching vibration of the SH™ molecule, the center
frequency » of a given line is proportional to the recipro-
cal of the square root of the reduced mass, p = mamy/
[mg + my), where mg and my are the atomic masses of
the sulfur isotope and of hydrogen, respectively. One
would also expect the FWHM to be constant for the differ-
ent isotopes and expect the peak absorption coefficient
@peax t0 8cale with the natural isotopic abundance, Using
the values of 1+, and e, for ®SH"~ (see Table 1), one thus
predicts, for KI + 60 parts in 10° KSH,

v(MSH ") = 265667 cm™!,

v(¥EH ™) = 255784 em !,
Opea(SH ™) = 0.39 cm™,
ttpearl "SH ™) = 0.070 em ™.

These values are in approximate agreement with the tabu-
lated numbers. The three lines observed in KI + 60
parts in 10° KSH are therefore assigned to the stretching
modes of the three main isotopes of SH™, ag listed in the
last column of Table 1. The two lower-frequency lines
were incorrectly identified as SH™ cluster modes in previ-
ous studies of the IR spectra (see, for example, Ref. 7), in
part because of insufficient spectrometer resolution.
When Br~ atoms are additively doped into the sample
(see Fig. 1), the main *SH "~ line broadens asymmetrically,
and a new band appears between the *SH- and the *SH-
frequency locations. The most likely origin of this new
band is absorption by *SH" centers perturbed by the
presence of a single Br~ ion sitting on one of the twelve
nearest anionic sites, that is to say, a second-nearest
neighbor (2nn) to the SH™ in any one of the twelve (110)
directions. One would expect such a perturbation to
shift the “SH~ vibration to slightly lower frequencies
because of the enlarged lattice cavity in which the defect
resides, owing to the smaller ionic radius of Br~ compared
with that of I°. A simple statistical estimate confirms
this assignment: There is a 2% chance that any given I~
site will be occupied instead by Br~ (with a fully random

Table 1. Characteristics of the FTIR Spectral Features in Figures 1 and 5°

Sample N (ppm) ¥ {em™) e (em ™) FWHM {em™") Assignment
KI + 60 parts 88 2556.77 0.85 d 0.038 M|
in 10° KSH 2557.83 0.16 0.038 HBgH"
2558.95 8.7 0,043 i

KI + 2% KBr 150 2557.43 0.65 052 ¥SH":Br~
+ 0.02% KSH 2559.04 2.3 0.50 MgH-
Csl + 75 parts 66 2533.17 0,32 0.028 YgH-
in 10° KSH 253421 0.06 0.028 gy~
2535.32 3.2 0.030 HgH-
Csl + 2% Rbl B40 2533.20 0.55 0.23 MgH"
+ 0.05% KSH 2534.23 0.04 0.07 BgH-

263470 1.2 0.20 BoH-Rb*
2536.35 10.3 0.23 gl

*The first column gives the nominal sample concentrationa; the second the sctual SH ™ concentration N determined by using Eq. (1); the third the center
frequency ¢ of the band in question; the fourth its peak absorption coefficient o..; the fifth its FWHM (after decorvolving the 0.04-crm ™ resolution of the

FTIR in quadrature); and the sixth its assignment, as digcussed in the text.
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Fig. 2. Two holes separately burned in the ¥*SH ":Br~ band (left-
hand side, enlarged vertically by a factor of 3.5, as indicated) and
in the main **SH" vibrational mode (right-hand side). The
dashed curves are the original, unburned FTIR spectra from
Fig. 1, and the solid curves show the spectra resulting from burn-
ing at 2557.39 em™ for 2 min at 1 Wem® (left-hand side) and at
2568,78 cm ™" for 1 min at 0.8 Wem® (right-hand side).

distribution of Br~ ions in the lattice), and hence the prob-
ability of finding one 2nn =ite occupied by Br - relative to
that of finding none so occupied is 12 x 0.02/0.98 =
0.24. This agrees with the ratio of the areas of the
2557.43-em™' (neglecting the underlying “SH"- and
MSH" lines) and the 2559.04-cm™" bands, which is found
by integration to be 0.24. Similarly, the broadening of
the main *SH "~ mode may arise from Br~ ions sitting on
anionic sites further removed than 2nn from the defect,
4nn for example, with a consequently smaller influence on
the stretching frequency.

2. Hole Burning
Attempts were made to burn holes in both the singly
doped and the doubly doped samples at the various absorp-
tion features shown in Fig. 1. No holes were observed in
the singly doped sample; however, for the doubly doped
sample, holes could be burned in the “SH " :Br~ band and
on the low-frequency side of the asymmetric main line,
In Fig. 2 an example of a hole (solid curve, left-hand side)
burned for 2 min at 2557.39 em™ and 1 Wem® is plotted
on top of the unburned spectrum (dashed curve), and,
from a separate run (right-hand side), at 2558.78 cm ™" for
1 min at 0.8 Wiem®?. The antiholes are clearly visible as
regions of increased absorption beyond the wings of the
holes, peaking on average at ~4-GHz-higher and -lower
frequencies, It is impossible to determine whether all the
area of these holes is accounted for by their respective
antihole absorption strengths because of inadequate
signal-to-noise resolution and single-mode DL frequency
sweep range. At these intensities the maximum observed
hole depth in absorption was ~50%. Furthermore the
holes decayed within a matter of minutes [see Fig. 3(a)].
Hence the barrier between the original and the burned
configurations must be quite small, and the relaxation
undoubtedly competes with the burning efficiency, so that
100%-deep holes are not obtained.

The decay of a 3-min hole in transmission, burned in
the SH™:Br~ band at 2557.20 cm ™! with a 500-mWcm? in-
cident intensity, is plotted in Fig. 3(a). The filled circles
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show the decay that oceurs when the hole is continuously
monitored by repetitively sweeping the laser frequency
over the hole spectrum. The solid line is a fit to an expo-
nential with a 1/ decay time 7 of 73 5. However, it was
found that the probe laser itself contributes to the decay:
Blocking the laser after burning the hole and waiting for
some time before probing the spectrum, then repeating
these steps for other waiting times, reveals that the un-
probed hole [filled squares in Fig. 3(a)] decays with a
/e time 7' (dashed line) of only 260 5. Apparently the
probe laser contributes a second exponential decay with a
time constant 7*, so that 1/r = 14" + 14", with +" = 100 s,
Such an effect was seen previously' for the laser-induced
decay of PIRSH's burned in ReQ,”. Unfortunately it was
not possible to attenuate the probe beam after burning a
hole because of the tiny spot size and consequent high sen-
sitivity of the speetrum to minute deflections of the laser.
However it appears that the slow decay (v') is intrinsic to
the relaxation dynamics of the SH™ molecule in the host;
note in particular that the cold sapphire windows on the

In(AT) (ark. units)

A 1 i i

i L - i
a 50 100 150 200 250
decay time (s)

0.08

0.06

0.04

hole depth AT/T,

0.02

D':'ﬂ L Il i Il
o 30 &0 g0 120 150

burn time (s)

Fig. 3. (a) Decay of a hole burned for 3 min at 255720 em ™" and
500 mW/em® as measured by continuously sweeping the laser over
the spectrum (filled circles) and by waiting for some time before
probing the hole (filled squares, each point measured starting
from a fresh hole). The vertical axis is the natural logarithm
of the hole depth in transmission AT = T} — T,, where T} is the
burned and T, the unburned transmissions of the sample (in arbi-
trary units). The lines are best fits to an exponential: AT =
ATy exp(—t/7), where ATy = 110 and + = 73 & for the solid line,
and ATy = 130 and r = 260 a for the dashed line. (b) Growth of &
hole (filled circles) as a funetion of burn time at 2557.39 em ™" and
60 mW/em® burn intensity, The solid curve is a fit to Eq. (3), with
A= 00993 and I' = 0.0492 57",
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Fig. 4. Hole width (FWHM) as a function of burn intensity [

for 10-3 burns at 2557.99 em™ (filled circles). The solid line

is a least-ariunrea fit to the data: 1.276 GHz + (2.61 x

107* GHz em®/mW) x I.

cryostat filter out most of the RT blackbody background
radiation, so that this background should not be contribut-
ing to the hole decay. The most likely origin of this in-
trinsic decay is phonon-assisted tunneling®; proof could
come from an investigation of the temperature depen-
dence of +.

In order to quantify the efficiency of the hole-burning
mechanism, we measured the hole depth (waiting between
measurements for the previous hole to decay fully) as a
function of burn time near the peak of the SH™:Br~ band
at low burn intensity (2557.39 cm ™' and 80 mW/em?). The
results are plotted as filled circles in Fig. 3(b). The rela-
tive hole depth initially grows linearly with time but then
saturates at a final value that depends on the burn fre-
quency and intensity, at which point the increase in depth
reaches equilibrium with the relaxation back into the
unburned state.

The quantum efficiency 7 is determined by the rate at
which the hole initially grows with time, that is to say,
from the derivative at zero time':

he 1 dT, 1 T¥homa Y

" TT.at|wl-T,-R 2 I ' @)
ady

where I is the incident laser intensity, Yy, is the homoge-
neous linewidth (FWHM) of the absorption mode, and
R =[(n — 1)/in + 1)]?, where n is the index of refraction
of KI at the laser frequency v and R is the reflection loss
from the front surface of the sample (assuming no coher-
ence with the back-surface reflection). An exponential
fits the data (solid curve) in Fig. 3(b):

AT/T, = A[1 — exp(-T¥)], (3)

where AT = T} = T, is the hole depth in transmission;
T, and T, are the unburned and burned sample transmis-
sions, respectively, so that the slope at zero time,
dT%/T, d#|;=0, is ALl Inserting the appropriate values into
Eq. (2)[¥home i5 obtained using Eq. {4) below], one finds that
1 =159 x 107, that is to say, ~1 in every 1700 pho-
ton absorptions induces a center to burn.

As is well known,” the width of a PIRSH depends on the
incident burn intensity and burn time as a result of power
broadening and sample heating. Thus, in order to extract
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useful dynamic information in the long-time-scale regime
of PIRSH burning, it is necessary to measure the width
for several different intensities in the short-burn-time
limit and to extrapolate back to zero intensity to find the
true hole width (FWHM) v,. This measurement was
performed by burning 10-s holes [in the linear regime; see
Fig. 3(b)] at a laser burn frequency of 2557.39 em™. The
width was found to vary approximately linearly with in-
tensity, as plotted in Fig, 4. Similar widths were observed
for holes burned anywhere in the KI + 2% KBr + 0.02%
KSH spectrum,.

From the linewidth extrapolated to zero burn intensity,
Yhae; ONE can compute the homogeneous linewidth, vy,
assuming that no slow dynamical processes to which the
SH"™ molecules are coupled oceur in the time interval be-
tween hole burning and observation'; 4. is related in
turn to the total dephasing time T according to"

B e o) 8
Ty =y =Ty

where T, is the energy relaxation time and T%* is the pure
dephasing time. Assuming that the former dominates,
i.e, T =< T3* one can caleulate T from the hole width,
obtaining 250 ps for SH™ in KI + 2% KBr and 370 ps for
SH~™ in Csl + 2% Rbl. These results are in excellent
agreement with values for the energy relaxation time
obtained directly from measurements of the incoherent
saturation intensity."

Measurements of the polarization dependence of the
PIRSH's were performed, with the following results. A
hole was burned with [100] polarized light incident on a
[100}-cleaved erystal. The resulting spectrum was then
probed under both [100] and [010] polarizations. In both
cases the hole and antihole could be seen, and the hole
depths were approximately equal for the two probe polar-
izations, as were the antihole heights. Next a fresh hole
was burned with [110] polarization and probed with [110]
and [110] polarized light. In this case the hole and anti-
hole were both found to be strongly polarized in the [110]
orientation, with a weak residual [110] spectrum, which is
probably a result of the imperfect efficiencies of the half-
wave plate and the Brewster-angle polarizer. It should be
remarked that identical polarization dependences were
found for holes burned anywhere in the KI + 2% KBr +
0.02% KSH spectrum. In particular, no difference was
found for holes burned in the SH :Br~ band compared
with those burned in the main SH" line.

Yhole = 2'.f"]mm-an = ':4]

B. Csl Host Samples

Cesium iodide has a different crystal structure than does
potassium iodide. Consequently PIRSH's were also
burned in Csl to reveal how its structure influences the
hole properties.

1. Fourier Transform Infrared Spectra

In Fig. 5 the FTIR absorption spectrum of a sample of
nominally CsI + 0.0075 mol. % KSH (solid curve) is plot-
ted on top of that of nominally Csl + 2 mol. % RbI +
0.05 mol. % KSH (dashed curve) at 1.5 K. The actual
SH™ concentrations and center frequencies, peak absorp-
tion coefficients, and FWHM of the observed features in
these spectra are tabulated in Table 1 (lower half). In
this case the harmonic oscillator model predicts for
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Fig. 5, Comparison of the FTIR abeorption spectra at a 0.04-
em” " resolution and 1.5 K of nominally Csl + 0.0075 mol. % KSH
(solid curve) and Csl + 2 mol. % RbI + 0.05 mol. % KSH (dashed
curve) in the region of the fundamental SH™ stretching mode.
The vertical scale on each curve has been adjusted to give a peak
value (for the ™SH™ absorption band) of unity; the actual peak
absorption coefficients are listed in Table 1 along with the center
frequencies and FWHM of the observed features.

Czl + 75 parts in 10* KSH that

»(MSH") = 2533.09 em ™,

w(®*SH ") = 2634.25em ™!,
tpen(MSH ) = 0.44 cm ™,
el “SH ™) = 0,080 em ™,

again confirming the assignment of the three observed
lines to the stretching modes of the main SH™ isotopes,

The addition of Rb* atoms into the melt (see Fig. 5)
cauges the main line to broaden asymmetrically and a new
line to appear at 2534.70 cm™, hetween the ¥SH ™~ and
#SH™ modes. This new line is assigned to absorption
from a *SH "~ center with a single Rb* ion substituted at
one of its nearest cationic sites, or in other words, a first-
nearest neighbor (1nn) to the SH™ in one of the eight (111)
directions. Since there is a 2% chance that any given
Cs™ site is occupied instead by Rb* (assuming that the
presence of a given Bb* or SH™ ion does not influence the
probability for Rb* atoms to substitute at neighboring
sites), it follows that the probability of finding one 1nn
site occupied by Rb* relative to that of finding none is
8 x 002/098 = 016. This value can be compared with
the ratio of the areas of the 2534.70 cm™" and the
2535.35 cm™! lines, which is found by fitting the sum of
two Lorentzians to the spectrum, to be ~0.10, in reason-
able agreement. (The peak frequencies, widths, and
heights of these two lines, as listed in Table 1, were ob-
tained from this fit.)

2. Hole Burning

No hole burning was observed to occur anywhere in the
Csl + 75 parts per 10* KSH spectrum in Fig. 5. How-
ever, for the doubly doped sample, holes could be burned in
the ¥SH™:Rb* and on the low-frequency side of the main
MSH" line. Figure 6 shows examples of holes burned (in
separate runs) for 1 min at 2 W/em® into the spectrum of
Csl + 2% Rbl + 0.05% KSH at the following frequencies:
2534.81, 2534 89, 253501, and 253516 ¢m™'. The in-
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creased absorption in the wings of each hole indicates the
edges of the antiholes; however, these wings could not be
clearly followed further in frequency because of the pres-
ence of several nearby laser modes output by the DL in
this region of operation. MNote how shallow the holes are
{expanded by a factor of 37 relative to the FTIR spectrum
in Fig. 6); the maximum observed hole depth in absorp-
tion was only ~12%. This shallowness may be explained
in part by the fact that these holes were found to decay
significantly faster (1je decay time = 15 s in the dark)
than those burned in KI + 2% KBr + 0.02% KSH. The
hole FWHM in the low-intensity limit is ~860 MHz, to
within approximately +50% regardless of the burn fre-
quency. No probe polarization dependence was found for
the holes and antiholes under either [100] or [110] burn
polarization incident upon a [100]-cut erystal,

4. DISCUSSION

In this study it has been found that hole burning is ob-
served to occur only when the host is double-doped by the
addition of a second alkali halide. This result can be ex-
plained by the following argument. The homogeneous
width of SH" is equal to half of the low-intensity short-
burn-time hole width [see Eq. (4)] and is thus 0.021 em™
in KI + 2% KBr and 0.014 em™ in Csl + 2% Rbl. It is
reasonable to suppose that approximately the same values
would hold for the singly doped hosts, just as was explicitly
found to be true for CN:Na* compared with isolated
CN~ by fluorescence measurements.® Therefore, hy in-
spection of Table 1, it follows that the lines in the singly
doped hosts are almost homogeneously broadened (to
within a factor of 2) and thus would not be expected to
exhibit hole burning. It i= necessary to inhomogeneously
strain broaden the lines, by double-doping the hosts, in
order to make PIRSH burning allowable.

This situation is analogous to that discovered previously
for Re0,” (Ref. 1) and for CN-.* For Re0,” it was found
that the main line could be burned, provided that it was
strain broadened either by double-doping the host or by
gingle-doping with a sufficiently high Re0Q,;” concentra-
tion. For CN~, in contrast, the main line was never oh-
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Fig. 6. Holes individually burned in the “SH™:Rb* and the main
*3H" vibrational modes, The main curve (left-hand axis) is the
original, unburned FTIR gpectrum from Fig. 5, and the overlaid
curves (right-hand axis, with an expanded scale) show the holes
and the edges of the antiholes resulting from burning at 2534 .81,
2534.89, 253501, and 2535.16 em ™" for 1 min at 2 Wem®.
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Table 2. Observability of a Hole for a Given
Defect Symmetry and
Burn and Probe Polarizations

Defect Burn Probe Hole
Orientation Polarization Polarization Observahle?”

(100} [100] [100] Y
[010] N
[110] [110] Y
[110] Y
(111} [100] [100] Y
[010] it
[110] [110] Y
[110] N
{110) (100 [100] Y
[010] X
[110] [liﬂ] 5 4
[110] Y

*Y indicates that a hole may be observed for this choice of pelarizations,
and M indicates that holes eannot be seen.

served to burn; however, a neighboring line, attributed to
aCN™:Na® combination (that is to say, with a substitution
for a lnn K* atom by a Na* atom), could be burned.
In the present study it has been found that the strain-
broadened main line can be burned, as can a neighboring
line, which has been attributed to a SH":ion combination,

The models that are proposed to explain the hole-
burning mechanisms for ReO,” and for CN - are quite dif-
ferent from one other. An important question to ask is
therefore, which one is better able to explain the present
results for SH™? As is shown below, the answer is the
model devised for ReO,”, but with a couple of necessary
modifications.

To begin with, it is reasonable to assume that the SH-
hole burning proceeds by reorientation of the molecule,
since this mechanism has been proposed for all previous
PIRSH studies in alkali halides: Re0,”,! NO,™,** and
CN"." In that case the polarization results indicate that
for the SH™ center in KI + 2% KBr the recrientation
must proceed by 180° head-to-tail flips of the center. The
proof involves a consideration of both the hole and the
antihole polarization dependences.

First, the polarization of the hole indicates a {111} orien-
tation for SH™ in KI + 2% KBr. This implication can be
seen by correlating the observations at the end of Subsee-
tion 3.A.2 with Table 2, which lists under what combina-
tions of burn and probe polarizations a hole can be
observed for a given defect orientation, assuming that the
electric dipole moment of the defect lies parallel to its ori-
entation; that is to say, in this case, it lies along the line
Jjoining the centers of the 8 and H atoms. This orienta-
tion agrees with the results of stress measurements® on
singly doped KI. It is emphasized that the orientation of
the SH™ molecule is {111) even when it has a 2nn Br~ de-
fect. The SH™ dipole does not bend over into the particu-
lar (110) direction in which the Br~ ion is located, in
contrast to the case for CN:Na*; it was found® that the
CN~ molecule, which is {111) oriented in singly doped
KBr, reorients into the {100} direction, along which the
Na™ atom resides. Of course these two centers are not
exactly analogous in any case, because the Br~ substitu-
tion occurs farther from the SH™ defect than does the Na*
from CN~, namely, on a 2nn, not a 1nn, site. However,
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even for the SH™:Rb* center in CsI, where the substitu-
tion now occurs on a lnn site, the dipole is not oriented
along the (111} direction connecting the SH™ site to the
Rb* atom. Instead the polarization of the hole indicates a
{110} defect orientation.

Second the polarization of the antihole for the SH™ cen-
ter in KI + 2% KBr is found to be the same as that of the
hole. In particular no antihole is found for [110] burn
and [110] probe polarization. This implies that the hole-
burning mechanism cannot proceed by reorientation
between adjacent (111) potential wells. Only 180° head-
to-tail reorientations are consistent with the requirement
that the polarization dependence of the defect be un-
changed before and after hole burning. It may be that
this restriction to 180° reorientations arises from relax-
ation of the host atoms surrounding the SH™ dipoles. In
the case of Csl + 2% RbI it is not possible to determine
how the SH™ dipole is recrienting during hole burning,
since an antihole is observed for every combination of
burn and probe polarizations, owing to the (110} defect ori-
entation. For the sake of simplicity, however, it is as-
sumed that the reorientation proceeds by 180° head-to-tail
flips in this case also,

One last piece of information is important before a mi-
croscopic model for the SH™ hole-burning mechanism can
be proposed. This information concerns the location of
the antihole relative to that of the hole. For both the
SH":ion band and the main SH™ line (in KI + 2% KBr
and in CsI + 2% Rbl), the antihole absorption lies within
a few homogeneous widths of the hole, at both higher and
lower frequencies, and is significantly broader than the
hole. This situation is to be contrasted with that for
CN7™:Na', where the antihole appeared in a different ab-
sorption band than did the hole, 5.9 em™ (177 GHz)
removed in frequency from it.® The difference in the
SH™ stretching frequencies in the original and the burned
orientations is small and is distributed over a range of
positive and negative values, This observation strongly
suggests that the energy asymmetry for these two configu-
rations arises from short-range randomly varying strain
fields (or rather, strain gradients, in order to break the
inversion symmetry at the SH™ sites) in the crystal, ere-
ated by the presence of the 2 mol. % of size-mismatched
alkali or halide ions."

This idea, that the breaking of the configurational de-
generacy arises from elastic strain gradients in the host,
has been proposed previously! to explain the observation
of PIRSH burning in ReQ,~. Notice that in the cases of
both ReQ,” and SH~ the main line is found to exhibit hole
burning only in the wings. A natural explanation can be
suggested. Centers whose stretching frequencies lie in
the wings of the lines must be experiencing the largest
strains, (The singly doped boules presumably contain rela-
tively weak internal strain fields. Thus, in the doubly
doped samples, SH™ centers with stretching frequencies
that coincide with those of the respective singly doped
samples—that is, frequencies near the absorption peaks,
as seen from Figs. 1 and 5—must be sitting at sites of low
strain.) But the gradient of the strain field at some site
in the crystal is approximately proportional to the magni-
tude of the strain at that location (and inversely propor-
tional to the distance from the sources of strain, i.e., from
the Br™ or Rb* ions). One thus expects only those centers
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that lie in the wings of the main lines to burn holes, just
as is observed.

Pulling together the various threads of reasoning devel-
oped in this section, we propose the following model for
the hole-burning mechanism of SH™:

1. Once in every 1700 times that a SH™ molecule is
vibrationally excited, the molecule does not return to its
original ground state but to a state in which it is flipped
1807,

2. It requires tens to hundreds of seconds for a flipped
center in its vibrational ground state at 1.5 K to revert to
its original orientation.

d. The stretching frequency of a SH™ malecule typi-
cally differs by plus or minus a few gigahertz in its flipped
configuration, as compared with its original orientation,
as a result of short-range strain gradients arising from
the presence of neighboring alkali or halide jons, which
have a different size than the host ions. Thus a hole and
an antihole result when SH™ molecules flip over during
vibrational deexcitation.

It is straightforward to develop an appropriate mathe-
matical formalism for this model, patterned after the phe-
nomenology developed in Ref. 1. This development is
under way; preliminary results are encouraging.

5. CONCLUSIONS

Persistent infrared spectral holes have been burned, for
the first time to our knowledge, in the fundamental
stretching mode of SH™ doped in alkali halides by double-
doping the host with a small amount (2 mol. %) of a second
alkali halide. The key results obtained in the course of
this study are the following:

1. The PIRSH's decay within tens to hundreds of sec-
onds at 1.5 K, in contrast to the apparently permanent
holes burned in strain-broadened Re0,",! in NO," ** and
in CN":Na**®

2. SH~ is (111} oriented in KI + 2% KBr and (110}
oriented in Csl + 2% Rbl, even for the SH :ion
combinations,

3. The quantum efficiency for hole burning of SH™ in
Kl + 2% KBr is approximately § x 107,

4. The energy relaxation times are found to be 250 ps
for SH™ in KI and 370 ps in Csl.
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5. Hole-burning proceeds by means of 180" head-to-tail
flips of the SH™ molecule between orientations rendered
inequivalent by short-range strain field gradients arising
because of the double-doping of the crystal.

Future studies should focus on the nature of the local
potential energy surfaces of the SH™ molecules: Why are
the SH™ molecules restricted to 180° reorientations?
What is the nature of the barrier between the two configu-
rations? How do elastic strain gradients couple to the
8H"~ vibrations?
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