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The dynamics of persistent nonphotochemical spectral-hole production in the v; vibrational mode
absorption of ReO,~ molecules in alkali halide crystals are described and analyzed. The holes form
at low temperatures with laser powers orders of magnitude below the saturation intensity I,. The
holes are shallow with steady-state widths and depths that are independent of burning laser power.
As a function of burning time, the holes grow very slowly, with a near-logarithmic growth at short
burning times and a less-than-logarithmic growth at long times. The holes may be erased using
laser irradiation at frequencies near the hole frequency. A model is presented for this process in
which reorientational tunneling between librational levels occurs during nonradiative vibrational de-
cay. This photon-induced molecular reorientation model accounts for most of the observed proper-
ties. The observation of persistent spectral holes for a high-symmetry photostable molecule in an
ordered, crystalline host shows that nonphotochemical hole burning is a general solid-state
phenomenon that can be expected to occur whenever the complete ground state of a system has con-
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figurational degeneracy.

I. INTRODUCTION

Recently, the formation of persistent spectral holes by
nonphotochemical or photophysical mechanisms has been
reported for several inhomogeneously broadened optical
transitions in solids.!=® A nonphotochemical mechanism
is one in which the absorbing center does not itself under-
go photochemical changes* (such as bond rearrangements,
loss of ligands, etc.) during spectral hole formation. An
important question to ask is the following: What are the
basic requirements for the formation of nonphotochemical
spectral holes that last much longer than excited-state life-
times at low temperatures? In a general sense, the basic
requirements for nonphotochemical hole formation are
three. First, there must be several ground-state configura-
tions of the total system, and the optical-absorption ener-
gies from these ground states must differ by more than
the laser linewidth. Second, there must exist an optical
pumping pathway that connects these ground-state config-
urations. Finally, the relaxation among the ground states
must be slower than the excited-state lifetime. If all these
conditions are met, persistent nonphotochemical holes can
result.

Systems that have shown photophysical hole burning in
the past have satisfied these requirements in various ways.
For example, the electronic transitions of photostable mol-
ecules embedded in glasses! undergo persistent spectral
hole burning due to interactions with the two-level sys-
tems characteristic of the glassy state. For the mixed
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molecular crystal pentacene in benzoic acid,? hole burning
is thought to occur due to tautomerization of the hydro-
gen bonds in the dimer host lattice near the impurity. An
infrared vibrational transition of 1,2-difluoroethane
dispersed in amorphous Ar shows spectral hole burning,’
presumably due to rearrangements of the nearby host ma-
trix. For all of these cases, a rearrangement of the matrix
near the impurity or a transition among some internal de-
grees of freedom of the matrix is responsible for the mul-
tiple ground-state configurations and subsequent forma-
tion of spectral holes.

In this paper we report the persistent spectral-hole
dynamics for a high-symmetry photostable molecule in a
simple, ordered crystalline host. The transition under
study is the v; internal vibrational mode of tetrahedral
ReO,™ molecules substitutionally doped into alkali halide
single crystals. The holes were produced with 10.8-um ra-
diation from CO, and semiconductor diode lasers at inten-
sities far below the two-level saturation intensity I;.
These holes have a variety of novel properties, and a
thorough description of the hole dynamics and possible
mechanisms forms the remainder of this paper. A prelim-
inary report of this work has already appeared.’

The observation of spectral holes for ReO,~ molecules
in alkali halides proves that neither host rearrangement
nor tautomerism is essential for the formation of per-
sistent nonphotochemical holes. The hole formation in
this system appears to involve reorientation of the excited
impurity molecules during nonradiative vibrational de-
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excitation. As a result of these measurements, persistent
nonphotochemical hole burning at low laser intensity is
shown to be a general solid-state phenomenon which may
be reasonably expected to occur whenever the ground state
of the system has configurational degeneracy.

II. EXPERIMENTAL

Two principal experimental arrangements were used for
these experiments: one setup using two CO, lasers and a
second setup employing a semiconductor diode laser and a
CO, laser. Complete details of the experimental ap-
paratus may be found in Ref. 6.

A. Hole burning with two CO, lasers

Figure 1 shows the experimental setup for CO,-
laser—CO,-laser hole burning. A continuous-wave, longi-
tudinally excited CO, laser was used as the vertically po-
larized tunable probe. Tunability was achieved by varying
the cavity length with a piezoelectric transducer on the
output mirror. No active cavity length or cavity tempera-
ture stabilization was used for these experiments. Since
the laser was operated on low-gain, high-J lines, single
longitudinal mode operation was easy to achieve, and the
laser could be cavity-length tuned over roughly an 80-
MHz range. Following the probe beam path in Fig. 1, the
average power was monitored with a thermopile detector.
A portion of the probe beam was split off and sent to a
heterodyne beat detector to be described below. Calibrated
CaF, attenuators at position Az were used to adjust the
probe intensity at the sample. The probe beam was
chopped at 167 Hz (50% duty cycle). A 10-in.-focal-
length ZnSe lens focused the probe beam on the sample,
yielding a spot radius of 0.035 cm at the 1/e? point. The
sample was mounted in a variable temperature (1.2—300
K) optical cryostat with ZnSe inner and NaCl outer win-
dows. The sample was usually oriented at 45° as shown in
the figure, in order to minimize the scattered pump radia-
tion at the detector. A 5-in.-focal-length ZnSe lens after
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FIG. 1. Experimental arrangement for CO,-laser—CO,-laser
hole-burning spectroscopy. Legend: A,,4p,4Ac, CaF, attenua-
tors; B, beam splitter; C, chopper; F, narrow-band filter
(10.6—11.35 pm); Ge, uncoated Ge wedge (2°) beam splitter;
Ge:Hg, photoconductive Ge:Hg detector; I, iris for alignment of
heterodyne signal; M, mirror; P, power meter; PA, stack-of-
plates polarization analyzer; PF, two-mirror polarization flipper;
S, sample in variable-temperature cryostat; SF, 0.011-in. spatial
filter; SH, shutter; Si:As, high sensitivity Si:As detector; W,
zeroth-order A /2 wave plate.
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the cryostat recollimated the probe beam, and more CaF,
attenuators at position A¢ allowed the signal at the detec-
tor to be adjusted. A ZnSe stack-of-plates polarizer was
used to reject horizontally polarized scattered pump radia-
tion. Just before the detector, a narrow-band ir filter
(10.6—11.3 pm) was used to reject black-body noise from
the laser discharge. This filter was essential at low power
levels because with 30 mm of CaF, in the probe beam, the
broadband black-body signal from the laser discharge
passing through the attenuators was larger than the 10.8-
pm ir signal. Finally, an extremely sensitive liquid-He-
cooled Si:As detector was used to measure the hole-
burning signal corresponding to the sample transmission.
The amplified signal from the detector was bandpass fil-
tered (3 Hz—10 kHz) and analyzed with a lock-in ampli-
fier. The lock-in amplifier output was normalized to the
probe laser average power using a precision digital ratio-
meter, and the resulting voltage proportional to the sam-
ple transmission was recorded on an x-y recorder.

For a number of experiments, the probe laser was used
to both burn and simultaneously detect the holes. Howev-
er, for erasing experiments, a second CO, laser, called the
pump, was required. The pump beam was generated by a
second continuous-wave longitudinally excited CO, laser
operating on the same laser line as the probe laser. The
pump laser was cavity-length-tuned to adjust its oscilla-
tion frequency relative to the probe laser. Following the
pump beam path in Fig. 1, the vertically polarized beam
exiting from the laser was sent through a two-mirror po-
larization flipper to produce horizontally polarized radia-
tion. Using a wedged Ge beam splitter, the beam was split
into a sample beam and a beam for heterodyne frequency
calibration. The polarization of the latter beam was rotat-
ed back to the vertical using a zeroth-order A/2 wave
plate. This beam was superposed in space with the verti-
cally polarized beam from the probe and was sent to a
Ge:Hg photoconductive heterodyne beat detector. Rela-
tive frequency calibration of the two lasers was achieved
by observing the amplified heterodyne beat from the
Ge:Hg photoconductive detector on a precision spectrum
analyzer. The beat could be observed at frequency differ-
ences up to 40 MHz. The peak-to-peak jitter of the
heterodyne beat was 2.5+0.5 MHz for a 3-sec averaging
time. This frequency jitter resulted from discharge index
of refraction and cavity-length fluctuations of the two
lasers, and defined the frequency resolution limit of the
experiment.

The pump beam used for erasing was attenuated by
CaF, flats at position A, and then was carefully spatially
filtered through a 0.011-in.-diam pinhole in 0.005-in.-
thick stainless-steel shim stock. This spatially filtered and
attenuated pump beam was controlled by a manual shutter
before impinging on the sample. The resulting beam at
the sample was Gaussian in transverse distribution with a
beam radius of 0.073 cm (at the 1/e? point).

B. Diode-laser—CO,-laser hole burning

Figure 2 shows the apparatus that was used for burning
and detecting holes with a semiconductor diode laser and
a CO, laser. For most experiments, holes were burned
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FIG. 2. Experimental arrangement for CO,-laser—diode-laser
hole-burning spectroscopy. Legend: A, CaF, variable attenua-
tors; B, beam splitter; C, light chopper; D1, main HgCdTe
detector; D2, hot CO, cell HgCdTe detector; D3, transmitted
pump pulse detector; E, Ge étalon; H, hot CO, gas cell; I, iris;
L1, 1.5-in. focal length antireflectance-coated collecting lens;
L2, f-number matching lenses for monochromator; L 3, pump
focusing lens; L4, detector focusing lenses; M, 0.75-m mono-
chromator; P, polarization analyzer; R, mirror; S, sample in
variable-temperature helium Dewar; SH, shutter; Z, zero-order
A /2 wave plate; SDL, semiconductor diode laser.

with the CO, laser and detected with the diode laser.
However, for some measurements, the holes were both
produced and detected with the diode laser.

A longitudinally excited, continuous-wave CQO, laser
operating on the 10.8-um P(42) line was used as a pump.
The pump beam was focused on the sample in a variable-
temperature optical cryostat with a 30-in.-focal-length
ZnSe lens and was attenuated with calibrated CaF, flats.
A zeroth-order wave plate was used to rotate the polariza-
tion of the pump laser into the horizontal plane. A low
speed shutter was used to irradiate the sample with pump
radiation for variable time periods. A pulse detector after
the sample provided a reference trigger signal. The pump
spot size at the sample was approximately 2.3 mm in di-
ameter.

The probe beam was generated by a current- and
temperature-tuned Pbg g¢Sng ;4Te semiconductor diode
laser. The laser was maintained near 20 K in a closed-
cycle helium refrigerator, and laser frequency jitter due to
current and temperature fluctuations was 10 MHz. The
diode laser was operated cw, and the laser control module
was set to produce a sawtooth current waveform at rough-
ly 500 Hz, which caused the laser frequency to scan over a
range of about +125 MHz every 2 msec. A removable
2.54-cm Ge étalon was used to generate rough frequency
calibration and verify single-mode operation.

After passage of the vertically polarized beam through
the sample in a variable-temperature optical cryostat, a
0.75-m monochromator was used to reject unwanted long-
itudinal modes. The probe spot size at the sample was
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roughly 7 mm in diameter yielding an intensity of roughly
100 uW/cm?. After passing through a vertically oriented
polarizer, the main probe beam was detected with a 77-K
HgCdTe detector, a narrow-band preamplifier (1 kHz—1
MHz), and a transient digitizer or a digital storage scope.
The digitizer was triggered to acquire a single 2-msec scan
of the probe laser at a variable delay from the start or end
of the pump pulse. These time-delayed spectra were
recorded and processed by a digital computer.

A considerable amount of effort was necessary in order
to find the laser operating conditions that would generate
tunable radiation including the P(42) CO, laser frequen-
cy, 922.9153 cm~'. To accomplish this, part of the probe
beam was split off, chopped, and sent through a hot cell
containing 20 Torr of CO, at 300°C before impinging on
a 77-K HgCdTe detector. By interrupting the high-speed
sawtooth scan of the laser and slowly ramping the laser
current, the lock-in detected signal from this detector
could be monitored for CO, absorption dips. In this
manner, suitable dc current offsets and laser operating
temperatures could be determined for operation near the
CO,-laser-line.

In order to provide frequency calibration of the time-
delayed hole spectra, the CO,-laser cavity length was ad-
justed to produce oscillation in two longitudinal modes.
The spacing between the two holes thus burned (80+10
MHz) was measured relative to the Ge étalon fringe spac-
ing of 0.049 18 cm ™.

C. Alkali-halide crystals doped with ReO4~ molecules

The samples used for these experiments were annealed,
Czochralski-grown single crystals of KI or Rbl. The
crystals were doped by the addition of from 0.02 to 0.8
mol % of KReO, or RbReOy, to the melt. The KI crystals
were doubly doped with either 2.5 mol % Rb™, 2.0 mol %
Na*, or 0.2 mol % Cs* ions in order to produce coin-
cidences with the P(42) CO,-laser line. The actual con-
centrations of the dopant ions in the grown crystals were
somewhat smaller than these values due to partial eva-
poration of the dopant during the pulling process. The
high-resolution linear spectroscopy of the v; internal mode
of ReO,~ molecules in alkali halides has already been
described.” Furthermore, transient hole-burning studies
and incoherent laser saturation have already been used to
measure 7} and T, for the v; excited state as a function
of temperature and host crystal.® For all of the hole-
burning studies reported in this paper, the holes are per-
sistent (i.e., last much longer than T';), and laser intensities
were maintained orders of magnitude below the saturation
intensity of ~10 W/cm?2.

III. RESULTS

In this section, the results of a variety of experiments
designed to elucidate the properties of persistent spectral
holes in ReO,~—alkali-halide systems are presented. The
CO,-laser—diode-laser techniques described in Sec. IIB
are utilized whenever possible. However, the diode laser
apparatus was only available for short periods of time.
Consequently, many properties had to be studied with one
or two CO, lasers only as in Sec. I A. The presentation
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of results is organized by property measured rather than
by experimental technique.

A. Lifetime, hole depth, and growth curves

Figure 3 shows the growth and detection of a persistent
spectral hole in RbI:ReO,~ using a single CO, laser
(called the probe) as described in Sec. IIA. The fixed-
frequency probe laser burns a hole, and the time-varying
probe laser transmission serves as a measure of hole depth.
This technique has the virtues of simplicity and freedom
from artifacts; however, the size of the hole is measured at
line center only. After cooling a sample of RbI:ReO,~ to
1.4 K in the dark, the laser is unblocked at time ¢, [Fig.
3(a)]. The vertical axis in Fig. 3 shows the infrared power
transmitted through the sample as a function of time. Im-
mediately after the laser unlocking, the sample transmis-
sion begins at the value Tj; it then slowly grows over
many seconds to a steady-state value T'y. After a dark
period of 10 min the laser is again unblocked at time f3
[Fig. 3(b)]: The sample transmission has remained at the
larger value T, indicating that the hole did not observ-
ably decay during this time interval. Longer dark times
could not be studied due to drift of the CO,-laser frequen-
cy during the dark interval.

Several conclusions may be drawn from data such as
that presented in Fig. 3. First, the hole lifetime at 1.4 K
is a good deal longer than 10 min. Second, the hole size
appears to saturate at a shallow value independent of the
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FIG. 3. Examples of persistent spectral hole growth. (a)
After cooling a sample of RbI+0.8 mol % KReO, to 1.4 K in
the dark, the CO,-laser probe beam was unblocked at ;. The
initial sample transmission is given by T}, and as the hole grows,
the sample transmission approaches the steady-state value T.
The laser beam is again blocked at ¢,. (b) After a dark period of
10 min, the probe beam is again unblocked at time t;.
T;=0.023, probe intensity, 150 uW/cm?.
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burning laser power. To be more precise, defining
AT =T —T;, the relative change in transmission AT /T;
is 0.34. This seems large, but only because the sample is
so strongly absorbing, 7;=0.023. A better measure of
hole depth is Aa/a;=(a;—ag)/a;. For Fig. 3,
Aa/a;=0.081, indicating that roughly 8% of all centers
stopped absorbing at the laser frequency. This fractional
change in absorption constant varies from 0.05 to 0.3 for
ReO, ™ in all the KI and RbI hosts studied.

Curves like those presented in Fig. 3 also illustrate how
persistent holes grow for the ReO,  —alkali-halide sys-
tems. The hole growth is nonexponential, showing a fast
rate at small burning time and slower and slower rate as
hole burning continues. Figure 4 shows the hole depth
Aa/a; derived from data such as that in Fig. 3(a) versus
burning time, with a logarithmic time axis. The data are
not exactly described by logt, but a linear versus log plot
removes more variation than any other standard plot. The
growth of the hole is certainly slow, growing roughly like
logt at small times and appearing to saturate at large
times. These novel growth curves will be discussed in Sec.
Iv.

An important question to ask is the following: How
does the growth of the hole depend upon laser power?
Given hole-growth curves such as Fig. 3, it is essentially
impossible to unambiguously define a growth rate.
Nevertheless, defining 7, as the (1/e)-folding time for the
approach of the sample transmission to steady state, then
(1/74) may be viewed as an effective growth rate. Figure
5 shows how (1/7,) depends on probe laser intensity.
Even with these approximations, the effective growth rate
appears to scale linearly with laser intensity, signifying
that a one-photon process is responsible for the hole burn-
ing.

B. Hole erasing

By using one CO, laser to burn and monitor holes (the
probe) and irradiating the sample with another CO, laser
(called the pump), information may be obtained about

Time (sec)

FIG. 4. Hole-growth data Aa/a; vs burning time for
RbI+0.8 mol % KReO,. The circles represent digitized values
of the hole-growth data of Fig. 3. The solid line is a least-
squares fit for small times. L =0.448 cm, a; =7.519 cm ™!, and
the probe intensity is 150 uW/cm?.
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erasing of spectral holes in the ReO,~ —alkali-halide sys-
tem. Figure 6(a) shows the growth and simultaneous
line-center detection of a hole burned by the probe laser,
as described in Sec. IT A and Fig. 3. If a second CO, laser
(the pump) displaced by 10 MHz from the probe irradiates
the sample for the time interval from ¢, to 3, the hole
burned by the probe is erased, as evidenced by the drop in

Rbl + 0.8 mol % KReO, '
1.4 K
T Tof (a) A
3 T| (b)
Bl 1
£
=
w
8
(= (b)
Pump on
1T T 1 L
0 ft, t; 15 30
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FIG. 6. Example of long-lived hole growth and erasing. (a)
After cooling the sample from 77 to 1.4 K in the dark, the probe
beam is unblocked at #;. The probe transmission increases very
slowly from T; to T over many seconds, indicating the growth
of a hole burned by the probe. 7;=0.02. (b) After long expo-
sure to the probe beam, the pump is unblocked at time ¢,, eras-
ing the probe hole, and blocked again at time #;. The difference
between the pump and probe frequencies is 10 MHz. The probe
intensity is 100 uW/cm?, and the pump intensity is 18 mW/cm?
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probe transmission from T, to T; [Fig. 6(b)]. When the
pump laser is off, the probe transmission again rises to
T, signifying reburning of the probe hole. For the exper-
imental situation in Fig. 6, the pump laser intensity is
much higher than the probe intensity, so the probe hole is
erased essentially completely. Of course, the pump is also
burning a new hole centered at the pump frequency during
this process.

This erasing phenomenon is a general feature of per-
sistent holes in the ReO, ™ —alkali-halide system. In order
to quantify this effect, measurements such as that depict-
ed in Fig. 6 may be performed as a function of detuning
Af between the pump and probe frequencies. The fraction
erased, F,, is defined by F,=AT,/AT,,,, where AT, is
the steady-state probe transmission drop, and
AT .x=T,—T;, is the maximum erasable signal.
(AT, is also equal to the hole size at line center.) Figure
7 shows the dependence of F, on detuning for two ratios
of pump intensity to probe intensity. Identical curves re-
sult for negative values of Af.

The shape of the F,-vs-Af curve is a result of the com-
peting effects of the two lasers in producing hole burning.
F, is near zero for small Af, grows to a maximum for
Af =10—15 MHz, and then falls off for Af > 15 MHz.
To understand this, two regimes may be considered. First,
for small Af, the pump laser is burning a hole quite close
to the probe frequency. (We recall that the probe has al-
ready burned a steady-state hole at Af =0 before the ap-
plication of the pump.) When the powerful pump beam is
applied, the probe team actually detects the transmission
due to the hole burned by the more powerful pump laser, at
a distance Af from the pump frequency. In particular, at
Af =0, the pump and probe holes overlap and F,=0.
Thus the shape of Fig. 7 for Af small should be expected
to be a partial reflection of the (inverted) shape of the
pump hole. Using this analysis, the (pump) hole appears
to be on the order of 10 MHz wide.

For the case of Af larger than the hole linewidth, the
pump and probe holes do not overlap so strongly, and F,
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FIG. 7. Fraction erased, F,=AT, /AT, vs detuning Af, be-
tween the pump and probe CO, lasers for ReO,~ molecules in
Rbl. An identical curve results for negative values of Af.
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may be approximately viewed as the extent to which the
probe hole is erased by the pump. At high ratios of pump
power to probe power, the probe hole is essentially com-
pletely erased for Af~10—15 MHz. At lower pump
powers, the fraction erased is correspondingly smaller. Of
particular interest is the fact that an appreciable fraction
of the probe hole can still be erased for Af values as large
as 30 MHz and larger. This shows that even for Af so
large that the pump and probe holes do not appreciably
overlap, irradiation in the extreme wings of the probe hole
can cause a redistribution of ground-state population and
consequent partial erasure of the probe hole. A
phenomenological model exhibiting this effect is presented
in Sec. IV.

C. Hole line shape

Measurement of the persistent hole line shape presents
some special problems, because exposure of the sample to
a probe beam for any reasonable length of time causes a
new hole to be burned at the probe frequency, thus alter-
ing the original line shape to be measured. The hole shape
was measured in two completely different ways. Figures 8
and 9 show hole line shapes acquired using a diode laser
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FIG. 8. Growth of the long-lived hole in KI:ReO4 :Rb™* dur-
ing the pump pulse. The pump pulse length is 120 msec. Each
trace corresponds to a single diode laser spectrum of the sample
transmission at the time delay shown from the beginning of the
pump pulse. The five traces have been offset vertically for clari-

ty.

7249

120-msec pump

165 msec

192 msec
c
o
‘»
R
£ 220 msec
(2]
c
e
o P
£ 80% |0 MHz
(723
o
o
2
- 256 msec

w\/\/\‘/;;/rn\;;c/\»
M«;:/n:;c/\

Frequency

FIG. 9. Decay of the long-lived hole in KI:ReO, :Rb™* after
termination of the 120-msec pump pulse. See Fig. 8. The time
delay shown is measured from the beginning of the pump pulse.

probe and a CO,-laser pump, and Fig. 10 shows line-shape
measurements made with two CO, lasers.

Figures 8 and 9 present time-delayed hole spectra taken
with a semiconductor diode laser as described in Sec. II B.
Figure 8 shows the growth of a hole in the
KI:ReO, :Rb* system at 1.4 K. Each trace corresponds
to a single scan of the frequency of the diode laser, with
the y axis proportional to the sample transmission. The
spectra have been acquired at various time delays from the
beginning of the 120-msec-long pump pulse. The slanting
baselines are artifacts due to low-frequency drifts and
high-pass cutoff frequency (ac coupling). The partial
dispersion shape in the trace for 110 msec is also an ar-
tifact, because the high-pass cutoff was set higher than
optimal in order to achieve maximum signal to noise with
minimum drift. These small inaccuracies do not obscure
the main result that the persistent hole spectrum consists
of a single, central hole, with width near 20 MHz. Since
the frequency jitter of the diode laser itself was approxi-
mately 10 MHz, more accurate linewidths were measured
with another technique (see Fig. 10). Nevertheless, one
may safely conclude that the hole linewidth [full width at
half maximum (FWHM)] is roughly equal to twice the
true homogeneous width of the ReO,™ transition in KI
(AVpom=9 MHz, as measured by excited-state saturation®).
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FIG. 10. Persistent hole line-shape measurements with two
CO, lasers for Rbl:ReO,~. The initial probe transmissions at
Af =20 and 22.5 MHz were averaged to define T;. The pump
intensity was 18 mW/cm?, and the probe intensity was 100
uW/cm? The open and closed circles correspond to measure-
ments at different sample locations.

Figure 9 shows hole spectra at various times after the
end of the pump pulse. The hole certainly lasts much
longer than the excited-state lifetime 7' [~ 16 nsec (Ref.
8)]. The hole decays in ~250 msec, however, due to the
continuous, sweeping irradiation by the probe laser. The
hole decay produced by the scanning diode laser is rough-
ly exponential in time, with a rate that depends upon the
power and the duration of the pump pulse that produced
the hole.

Another method of measuring the persistent hole line
shape is shown in Fig. 10. Here two CO, lasers are used
to perform a point-by-point measurement of the increase
in transmission corresponding to the formation of a hole
in RbI:ReO4~. The pump laser is left on for a long time
in order to burn a steady-state hole. Then the probe laser
is unblocked at a fixed detuning, Af, from the pump fre-
quency. The initial probe beam transmission is recorded
for each value of Af, and these transmission measure-
ments are plotted in Fig. 10 versus Af. Since the hole is
symmetric about the pump frequency, only positive values
of Af are plotted. The data show that the hole has a
linewidth of 10+2 MHz, which compares quite favorably
with twice the homogeneous width of the transition.®

This section on hole line shapes may be summarized as
follows. The hole spectrum consists of a single, central
hole of width 10+2 MHz in RbI and 20+4 MHz in KI,
which is essentially identical to the hole line shape for sa-
turation holes.® The poor signal-to-noise ratio in the
wings of the hole has not allowed the line shape to be con-
clusively characterized as Gaussian, Lorentzian, or some
other shape. Furthermore, due again to signal-to-noise
limitations and problems of accurate baseline determina-
tion, antiholes (or regions of increased absorption) were
not observed in the wings of the hole.

MOERNER, CHRAPLYVY, SIEVERS, AND SILSBEE 28

D. Quantum efficiency

One important parameter of the hole-burning process is
the quantum efficiency for persistent hole formation. The
total infrared absorption at a fixed frequency is propor-
tional to the number of centers within a homogeneous
linewidth of that frequency. One possible definition of
quantum efficiency is the number of centers that stop ab-
sorbing at the laser frequency divided by the total number
of photons absorbed. The inverse of this efficiency would
then be the number of photons required to cause one
center to stop absorbing at the laser frequency. This is a
time-independent definition only if the hole growth rate is
constant, which is not the case for the ReO,~ system (see
Sec. IITA). It would still be useful, however, to have a
simple measure of quantum efficiency so that the proba-
bility of occurrence of this nonphotochemical process per
photon per molecule can be compared with that for other
photochemical and nonphotochemical systems. An ap-
proximate quantum efficiency, 7., will now be defined
and computed for the ReO, ™ —alkali-halide system.

The number of centers per unit volume within a homo-
geneous width of the laser frequency may be written
N(t)=Nqo+AN(2), where Ny is the initial density before
hole burning and AN (z) is the time-varying component.
For instance, if the growth process were describable by a
single exponential, AN (t)= —[1—exp(—s;t)], where s, is
the exponential growth rate. The effective quantum effi-
ciency is given by the ratio of the initial rate of decrease
of N (z) to the rate of absorption of photons at t =0, or

_ d}Z t(t) %

7 —_— - 1t=0
e P b

v (1—-T;—R)
where V is the volume of sample irradiated by the laser, P
is the incident laser power, v is the laser frequency, T; is
the initial sample transmission (external transmittance), R
is the reflection loss, and 4 is Planck’s constant. dN (t)/dt
is determined from a trace of sample transmission 7 (¢t)
such as in Fig. 3 as follows. With the use of Beer’s law,
da/dt = —(TL)™'dT /dt, where a is the absorption coef-
ficient and L is the sample length. dN /dt can be comput-
ed from da/dt using the relation a=oN, where o is the
absorption cross section for molecules within a homogene-

ous linewidth of the laser frequency.

Calculation of 7, thus requires knowledge of the ab-
sorption cross section, o. This parameter may be deter-
mined by using sum-rule techniques. The standard in-
tegrated absorption sum rule’ can be written in the con-
venient form

(1)

87, |2
S= [ a@dv= ch"{;——‘f‘?LNmt, @)

where 7 is the index of refraction, L =[(n?+2)/31? c is
the speed of light, ¥ is the frequency in wave numbers
(cm™"), and W, is the frequency at the center of the band.
Ny is the density of absorbers producing the integrated
absorption S. For ReO,~ molecules in alkali halides, the
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dipole moment determined from neutron activation mea-
surements® is | @& |2=1.13(+0.11)x 107% (esucm)®. To
determine o, Eq. (2) can be applied to a Lorentzian homo-
geneous packet of width AV=(mcT,)~! at ¥, to obtain

16Ty L | I |2
7= h n 3

) (3)

=2CT2

S
N tot

where T, is the homogeneous transverse relaxation time.

These formulas may now be applied to the case of
ReO,~ molecules in alkali halides. With the use of the
measured relaxation time (in Rbl) T,=6.4x10"% sec,?
then 0=2.4x10"! cm? From a typical hole growth
measurement such as that in Fig. 3, d7T /dt =0.12/sec. At
a pumping power of 220 nW in a spot with Gaussian ra-
dius 0.035 cm (sample length 0.11 cm), the efficiency 7,
may be computed to be 21073, Values in the 103
range are typical of the ReO,™ system, and are to be con-
trasted with the 1075—10~7 efficiencies that have been re-
ported for nonphotochemical hole burning!? in the visi-
ble. A high efficiency of 102 has been reported® for
1,2-difluoroethane in amorphous Ar. The quantum effi-
ciency for ReO,~ in alkali halides ranks among the larg-
est measured efficiencies for persistent nonphotochemical
hole burning in solids.

E. Temperature dependence

The lifetime of persistent holes in the ReO,~—alkali-
halide system depends strongly upon temperature. If a
sample containing a long-lived hole is warmed from 1.4 to
10—15 K in a few minutes and then cooled down to 1.4 K
again, the long-lived hole disappears. If the sample is cy-
cled to roughly 6 K and back down to 1.4 K, roughly
30% of the long-lived hole anneals away. At 4.2 K, the
hole depth shows unmeasurable (less than 5%) decay dur-
ing 2.5 sec of dark time. Quantitative measurements of
hole lifetime as a function of temperature were not per-
formed, due to the unavailability of the diode laser and
other high-speed detection equipment at the time of the
temperature-dependent studies. It is not unreasonable to
assume, however, that the hole lifetime is on the order of
minutes at ~6 K, and considerably less than 1 min at
~10 K. Future studies of this system should include a
thorough investigation of lifetime as a function of tem-
perature.

This reduced hole lifetime complicated the
temperature-dependent measurements of hole linewidth
and hole depth. Figure 11 shows the temperature depen-
dence of the persistent hole linewidth for the
KI:ReO, :Rb* system. These data were derived from
diode laser scans of the hole line shape each taken within
2 msec after the termination of a pump CO,-laser pulse of
intensity less than 0.17;. The linewidth is roughly con-
stant up to ~8 K, and then the linewidth grows very rap-
idly. This temperature dependence mirrors that for sa-
turation holes presented in Ref. 8. The increasing
linewidth at temperatures greater than 10 K may be attri-
buted to phonon scattering processes.

The pump erasing phenomenon described in Sec. III B
allows a steady-state measurement of the hole depth,
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FIG. 11. Temperature dependence of the linewidth (FWHM)
of persistent holes in KI:ReO,:Rb*. The solid line is a guide
to the eye.

AT /T;, at any temperature. The reasonable (and experi-
mentally verified) assumption is made that the high-power
CO, pump at Af =10 MHz completely erases the probe
CO, hole, allowing the value of T; for the probe beam to
be easily measured. The growth of the probe transmission
from T; to T then allows the hole depth at a given tem-
perature ® to be easily measured. Contrary to expecta-
tions, the hole depth does not exhibit an Arrhenius
behavior. Figure 12 shows that the data follow the func-
tion exp(—®2?/@2), with ®,~5 K. Since the hole

o
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FIG. 12. Temperature dependence of the long-lived hole
depth for RbI:ReO,~. The hole depth AT /T;, derived from
pump erasing experiments at Af =10 MHz, is plotted vs the
temperature squared. The open and closed circles refer to two
different runs. The solid lines are least-squares fits to the data
as described in the text.
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linewidth is constant up to ~10 K, the area under the
persistent hole also falls with temperature according to
exp(—©2/@2).

F. Concentration dependence

Of particular interest in the determination of the under-
lying physics of the long-lived hole is the concentration
dependence of the hole depth. Unfortunately, the doped
RbI crystals have strong gradients of ReO,™ concentra-
tion, so that a measurement of the hole height and a sub-
sequent neutron activation measurement of the ReO,~
concentration in the same sample region is virtually im-
possible. However, what can be easily measured is the ini-
tial absorption before a hole can grow, a;, and the hole
depth Aa. With the use of the fact that the inhomogene-
ous width is independent of doping level and making the
reasonable assumption that the cross section o for the v,
mode absorption is also independent of doping level, «; is
directly proportional to the local ReO4~ concentration.

Figure 13 displays values of Aa and a; for several dif-
ferent samples. The various values of a; shown for the
same sample were derived from measurements at different
positions. The straight line is a least-squares fit to the
data with slope 0.8+0.2. The approximately linear depen-
dence of Aa on a; suggests that the long-lived hole depth
is linear in ReO,;~ concentration over a 30-fold range.
This implies that the mechanism for formation of the
long-lived hole is intrinsic to single ReQ,~ molecules.
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FIG. 13. Concentration dependence of the long-lived hole
depth. The circles correspond to measurements on an annealed
sample of RbI+0.8 mol % KReO,. The squares represent mea-
surements on unannealed RbI+0.4 mol % KReO,. In all cases,
T; and T were measured by using a pump CO, laser at Af =10
MHz to erase the probe hole. The straight line is a least-squares
fit to the data.
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Concentration-dependent processes such as vibrational en-
ergy transfer are not important for this system.

G. Frequency dependence within the inhomogeneously
broadened line

Since the inhomogeneously broadened v; mode absorp-
tion is 1—2 cm ™' in width in the RbI and KI:Rb* hosts,
a natural question to ask is whether or not holes can be
burned at frequencies other than the 10.8 um P(42) CO,-
laser line. Hole-burning experiments with a single diode
laser were performed to answer this question. The laser
frequency was held fixed for 1 sec to burn a hole, then re-
petitively scanned across the hole at a 1-kHz rate. Be-
cause the scanning diode laser also erases the hole, the
first laser scan after the burn period was stored in a digital
oscilloscope. This entire process was repeated 32 times
and the resulting scans were averaged.

In order to try to burn holes at line center, lightly doped
samples were grown. For RbI+0.001 mol % RbReO,,
line center for the '®*Re isotope is ~0.2 cm™! below the
CO, line P(44) at 1.4 K. Attempts to burn holes with the
diode laser on the sides or at the center of this line were
unsuccessful. In addition, hole burning was attempted at
the """ReO,~ line center for a sample of KI+0.001
mol % KReOy, 0.2 cm™! above P(42). Once again, no
long-lived holes were observed. Finally, hole burning was
attempted over a 0.1-cm~! range near P(42) in a sample
of RbI+0.8 mol % KReO,. The hole depth was observed
to decrease for burning frequencies closer to line center.

These results show that the long-lived hole-burning
phenomenon is somehow associated with the absorption in
the wings of a strongly inhomogeneously broadened line.
In the case of RbI+0.8 mol % KReO,, long-lived hole
burning is strongest in a 0.1-cm™! region near P(42),
~2.2 cm™! from line center, and for KI+0.005 mol %
KReO,4+2.5 mol % RbI, hole burning is strongest near
P(42), 0.2 cm~! from line center. This property of per-
sistent holes in the ReO,~ —alkali-halide systems suggests
that the hole-burning mechanism is associated with the
larger values of strain found in the wings of the inhomo-
geneously broadened line.

H. Stark effects

For a tetrahedral molecule at a perfectly cubic lattice
site, no first-order Stark effect can occur. However, hole-
burning spectroscopy allows studies of very weak Stark ef-
fects to be done inside the inhomogeneous line at extreme-
ly high resolution. Unfortunately, diode lasers were not
available for these experiments. Consequently, the tech-
nique that was used involved monitoring the total
transmission of a single CO,-laser probe beam during the
application of electric fields to the sample. The electric
field was applied along the [010] axis of a sample of
RbI+0.8 mol % KReO,4. The infrared beam propagated
along [001], and was polarized either parallel (E;||[010])
or perpendicular (Ei,[ [[100]) to the dc field Ege.

In a typical experiment, a persistent hole was burned in
the sample using the probe laser, causing the sample
transmission to reach T,,. Then various electric fields
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FIG. 14. Example of results from electric field experiments. Each of the four traces corresponds to the time-dependent sample
transmission of annealed RbI+0.8 mol % KReO, at 1.4 K. The zero line in the figure is appropriate for the uppermost trace, and
the other three traces have been shifted downward for clarity. The arrows mark the instants of application and removal (grounding)
of the electric field across the sample. For a plate gap of 0.35+0.05 cm, the corresponding electric fields are 50 V—140 V/cm,

100 V—290 V/cm, 150 V—430 V/cm, and 200 V—-570 V/cm.

were applied in a step-function fashion and the change in
sample transmission was recorded. For Erl Iﬁdc, no effect
was observed for electric fields up to 600 V/cm. Figure
14 shows the interesting effects observed for the orthogo-
nal case, E,lﬁdc. For small fields, a small drop in
transmission occurs upon application of the field, fol-
lowed by a slow recovery of the transmission to T'i,. Re-
moval of the field produces a similar transient. As the ap-
plied field is increased, the transmission drop grows, and
the transient at field removal is very similar to the tran-
sient at initial field application.

These results suggest that the electric field shifts or
splits the absorbing frequency of the centers interacting
with the probe beam. After application of the field, the
laser is interacting with a new set of centers, within which
a long-lived hole has not yet been established. The probe
laser then burns a hole in the absorption of these new
centers, producing the slow growth of the transmission
observed after the initial drop. The growth of this new
hole appears to erase the original hole, because when the
original centers are brought back into resonance with the
laser, the original hole regrows.

Several experiments were performed to more fully
characterize this process. The basic properties of the ef-
fect are as fcﬂlovz?.

(@ For E;||Eq4, analyzer axis ||E,, no observable
transmission drop occurs as stated above.

(b) For E,iﬁdc, analyzer axis |[Eir, large transmission
drops occur as shown in Fig. 14. Furthermore, no hys-
teresis occurs. Application of fields up to 570 V/cm in
130 V/cm increments produces small drops in transmis-
sion at each step, going up or down, for positive or nega-

tive voltages. The transmission drop saturates above 570
V/cm.

(c) For E;;1Eq, analyzer axis 1E,,, no signal is observed
above the rejection level of the polarizer. In other words,
application of electric fields does not depolarize the probe
beam.

Figure 15 shows the complete field dependence of the
relative transmission drop, AT /T. The lack of effect at
low fields can be interpreted as a frequency shift or split-
ting of the v; mode that is too small to affect the height of
the original hole appreciably. For fields > 600 V/cm, the
laser is forced to interact with totally fresh centers with
initial total transmission near Tj;.
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FIG. 15. Relative transmission change AT /T vs electric
field. For this sample of RbI+0.8 mol % KReO,, T=0.12,
and the laser intensity is 100 uW/cm? The peak height of the
long-lived hole is AT /T, =0.15.
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These results can be interpreted in the following
manner. The infrared beam interacts with transitions
with induced v; dipole moments parallel to the infrared
electric field. These centers appear to have a small per-
manent dipole that is perpendicular to the infrared electric
field. The size of this dipole can be estimated from the
known line shape of the long-lived hole and the data in
Figs. 15 and 10. 300 V/cm is sufficient to shift the hole
an estimated 5 MHz, so the permanent dipole has an es-
timated value of 3.3 1072 esucm. This dipole can be
associated with a small local departure from perfect sym-
metry, but why the ground-state population of the transi-
tion polarized perpendicular to this dipole depends upon
the Stark energy of the dipole is unknown at present.

I. Other properties

The persistent hole height and line shape do not depend
upon the relative polarizations of the burning and probing
beams.® In other words, if a hole is burned in one polari-
zation, a hole is also formed in the perpendicular polariza-
tion. This result is consistent with the triply degenerate v,
mode excited-state symmetry. A given redistribution of
the ground-state population carries no memory of the po-
larization of the v; mode excited state that was used to
achieve redistribution.

Application of rf magnetic fields up to 0.1 G in the fre-
quency range 2.5—60 MHz has no observable effect on the
long-lived hole.® This suggests that the formation of per-
sistent holes is not due to optical pumping of nuclear
quadrupole levels'® of the spin-> ®°Re and '®’Re nuclei
(quadrupole moments 2.7 and 2.6 b, respectively). Either
there are no electric field gradients to split the nuclear
quadrupole levels of the ground state, or there is a broad,
continuous distribution of field gradients at the ReO,~
sites.

No paraelectric resonance absorption is observed in the
range 26—40 GHz for ReO,~ molecules in the RbI or
KI:Na* hosts.®!! This casts doubt on the possibility of
local distortions of the ReO,~ environment sufficient to
produce electric dipole moments greater than 0.1 D. This
result makes the existence of a static Jahn-Teller distor-
tion and associated electric field gradients relatively im-
probable.

J. Summary

This section summarizes the properties of persistent
holes in the v; mode absorption of ReO,~ molecules in
alkali-halide hosts. All properties were measured at 1.4 K
unless otherwise stated.

(a) Persistent holes have been burned in the inhomo-
geneously broadened v; mode absorption of ReO,~ mole-
cules in a variety of doubly and singly doped KI and Rbl
crystals. The observation of long-lived holes does not ap-
pear to depend upon sample annealing.

(b) Holes have only been observed at or near P(42),
~2.2 cm from the '®ReO,™ line center in Rbl, and 0.22
cm™! from the '¥’ReO,~ line center in the KI hosts.
Long-lived holes cannot be burned with the diode laser in
the immediate region of the v; mode line center in either
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KI+0.001 mol % KReO, or RbI+0.001 mol % RbReOy,.

(c) The long-lived hole spectrum consists of a single,
central hole only. The poor signal-to-noise ratio in the
wings of the hole has not allowed the line shape to be con-
clusively identified as either Gaussian or Lorentzian. No
antiholes larger than 5—10 % of the hole height have been
observed in the wings of the hole.

(d) The linewidth of the long-lived hole is approximate-
ly the same as the linewidth of the transient saturation
hole.

(e) The long-lived hole is persistent at 1.4 K in conven-
tionally annealed samples, showing no decrease in ampli-
tude after 10 min in the dark. The lifetime may be much
longer.

(f) The long-lived hole depth saturates after long expo-
sure to the burning beam. Steady-state values of Aa/q;
range from 0.05 to 0.3.

(g) The time dependence of long-lived hole growth is
not exponential, nor is it described by a power law. The
growth appears to be characterized by a continuously
changing rate which is fast at small times and slow at
large times. The growth is roughly logarithmic at small
times, and less than logarithmic as steady state is reached.
The effective growth rate 1/7, depends linearly upon the
burning beam intensity.

(h) The hole height and line shape do not depend upon
the relative polarizations of the burning and probing
beams.

(i) A hole burned by one laser can be erased to varying
degrees by a second laser at detuning Af. After erasing,
the regrowth rate of the long-lived hole 1/7, depends on
Af. For detunings in the (10—15)-MHz range, probe in-
tensity 100 ,uW/cmz, and erasing beam intensities >20
mW/cm?, the erasing process is 100% efficient, i.e., the
sample transmission is reduced to the pristine, no-hole
value, T;.

() The long-lived hole depth A« is linear in the total ab-
sorption in the absence of the hole, @;. This suggests that
the hole depth is linear in the concentration of ReO,~
molecules in the sample, and that single, isolated ReO,~
molecules are responsible for the hole-burning process.

(k) Temperature dependence:

(i) The long-lived hole spontaneously anneals at sam-
ple temperatures above ~ 10 K.

(ii) The long-lived hole height depends upon tempera-
ture @, as exp—(©2/@2), with ®, ~5 K.

(iii) The hole width is independent of temperature for
® < 10 K, and grows very quickly for ® > 10 K.

(1) Erasing by a scanning diode laser: The hole decay
produced by a scanning diode laser is exponential in time,
with a rate that depends upon the power and the duration
of the pump pulse that produced the hole.®

(m) dc electric fields applied parallel to the polarization
vector of the burning beam have no observable effect on
the hole. Fields applied perpendicular to the infrared field
instantly erase part of the long-lived hole, and then a new
hole grows under the influence of the infrared beam. The
erasing depth is zero for small dc fields, and saturates at
complete erasing for fields > 600 V/cm. This process
shows no hysteresis and is reversible if the dc field is ap-
plied and removed in the dark.
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(n) Application of rf magnetic fields in the range
2.5—60 MHz has no observable effect on the long-lived
hole.

(0) Paraelectric resonance experiments in the range
26—40 GHz show no measurable absorption.

Any future models of long-lived hole burning for the v
vibrational mode of ReO,~ molecules in alkali halides
must provide the mechanisms responsible for these vari-
ous properties.

1V. DISCUSSION

A. Microscopic model

A natural configuration for the ReO,™ molecule substi-
tuted for the halide ion in an alkali-halide crystal is with
the four tetrahedral Re—O bonds directed along four of
the eight available (111) directions. Indeed, careful stud-
ies of the infrared and Raman spectra of ReO,~ mole-
cules in alkali halides!? indicate that the symmetry of the
ReO,~ molecule in the solid is still tetrahedral to high ac-
curacy. Furthermore, steric effects are expected to be im-
portant, because the ionic radius of the molecule [2.7 A
(Ref. 6)] is larger than the ionic radius of the halogen for
which the molecule substitutes (I ™—2.19 A). Examina-
tion of an ionic model for the lattice with the ReO,™ at
the halide ion site shows that the steric pressure from
nearby ions is somewhat relieved if the Re—O bonds lie
along (111) body diagonals.

The molecular ion thus may be expected to have two
configurations in the lattice related by a m/2 rotation
about a {(100) axis. These two configurations are concep-
tually equivalent to the two ways in which a tetrahedron
(with symmetry group T,) can be inscribed in a cube (with
symmetry group O). Steric effects can be expected to
produce a high barrier to rotation between the two config-
urations and infrared spectroscopy of the v; mode absorp-
tion (over a 0.2-cm~! range’) suggests that there are no
strong librational absorptions at low temperatures, in con-
trast to the situation for CN~ molecules in alkali
halides,'? for instance.

Figure 16 shows the expected energy-level diagram.
The two ground-state configurations are denoted 4 and B,
and they are connected by a configurational coordinate, 6.
The two configurations may be expected to differ in ener-
gy by an amount €, which is proportional to an appropri-
ate component of the elastic strain gradient due to nearby
defects. The upper wells correspond to the excitation of
one quantum of the v; vibrational mode. Owing to the
symmetry of the v; vibration (T',) and consistent with the
absence of strong phonon sum bands at low temperatures,
there is no Franck-Condon shift. However, due to the
weak interaction of the v; mode and the strain field, the
strain-induced inequivalence (€*) for the excited state is
assumed different from that in the ground state by an
amount #iA=€*—e¢. This strain inequivalence is the
mechanism whereby the infrared absorption frequency for
molecules in configuration 4 differs from that for mole-
cules in configuration B. The observation of strong per-
sistent holes only in the wings of the inhomogeneously
broadened line supports this assumption. The energy lev-
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FIG. 16. Potential energy diagrams for the ReO,~ spherical-
top molecule in the ground and excited v; mode vibrational
states. Two possible configurations 4 and B occur for each
state.

els in the inequivalent wells represent possible excitation
of librational modes of the ReO,~ molecules about the
equilibrium configuration. In order to achieve a long life-
time in a given well at 1.4 K, tunneling or phonon-
induced reorientation are assumed to be too weak to allow
reorientation in the librational ground state.

Various mechanisms for photoinduced reorientation
may now be described. Pathway P; in Fig. 16 consists of
the following steps: photoexcitation in well 4, configura-
tional tunneling to the new configuration B while in the
optically excited state, and subsequent relaxation to the
ground state of the alternate configuration. This mecha-
nism is very similar to that proposed by Hayes, Stout, and
Small to explain nonphotochemical hole burning for elec-
tronic transitions of molecules in glasses.! The principal
difference is that for the ReO,~ system, the configura-
tional degeneracy is provided by the optically active site
itself rather than by the presence of nearby tunneling sys-
tems in the host matrix. For neither the ReO,~ system
nor the glass system of Hayes, Stout, and Small is there an
evident reason why reorientation or tunneling should be
easier in the optically excited state compared to the
ground state. The hole burning described here is entirely
within a zero-phonon line, so the various librationally ex-
cited levels in the v; mode excited state are not accessible.

A more probable mechanism for hole burning is path-
way P,: excitation in configuration 4, nonradiative relax-
ation to an excited librational level in the vibrational
ground state of well 4, subsequent tunneling in this libra-
tional state to well B, and finally relaxation to the new
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ground state. This pathway is more natural because it
does not require more efficient tunneling from one config-
uration to another in the vibrational excited state com-
pared to the ground state. This process should be impor-
tant for the glass systems as well.

In any case, the consequence of molecular reorientation
is to shift the infrared absorptlon at any partlcular active
site from %4 to #iws where #ws —#ioi=#A=¢e* —e. Con-
versely, if the initial conﬁguratlon of the molecule were
orientation B and #w?> were in resonance with the laser en-
ergy, the optical absorption would shift from #iw? to fiwd
by an amount —#A. The probability for either process
would be determined by the microscopic branching ratios
of pathways P, and P, relative to the return to the initial
ground state without reorientation. Calculation of these
branching ratios is outside the scope of this paper, because
of the complexity of the vibrational decay process.®

B. Phenomenology

With the use of the ideas presented in Sec. IV A, a sim-
ple rate equation model for the photon-induced reorienta-
tion process may be formed. (A somewhat related kinetic
photo-orientation model for electronic transitions of PO, ™
molecules in KCI has appeared elsewhere.!*) This
phenomenological model can be used to calculate the ex-
pected hole line shape and hole-growth curves, which may
then be compared with the experimental data.

The basic assumption of the model is that the probabili-
ty of reorientation for a given center is proportional to the
absorption produced by the center at the frequency of the
burning laser, w,. Each center is characterized by two pa-
rameters: the difference in optical absorption energies for
the two configurations #A and the mean frequency
@=(w4+w%)/2. For the A configuration, the absorption
from the center at a frequency o given by a normalized
line shape f(w — %), and for the B configuration by a line
shape centered at o}, f(w—w%). The fundamental quan-
tity of the model is the probability that the center is in the
the A orientation, 3(@). Before any pumping light irradi-
ates the sample, the orientation probability B(@)=+ for
all values of @ (all centers). The effect of the pumping
light is to change the distribution of the centers among the
two orientations 4 and B. The basic rate equation then
becomes

4BB) _ p[1-p@))f (0, ~2—A/2)

—PR(@)f (w0, —B+A/2) @

where P is a measure of the pumping rate. It is propor-
tional to the pumping power, to the absorption cross sec-
tion, and to the burning efficiency 77 mentioned earlier.
This is simply a statement that if the center is in orienta-
tion A and absorbs a photon from the laser at ©p, then a
reorientation occurs (with probability 7) and vice versa if
the center is in orientation B. Thus if »f and w? are not
symmetrically displaced about w,, the pump produces a
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net reorientation into the state farther from the pump fre-
quency w,.

Equation (4) may be solved in the steady state to yield
expressions for the hole line shape and in the transient re-
gime to predict the hole growth. The condition for steady
state is d3(@) /dt =0, or equivalently that centers be excit-
ed by the pump from each of the configurations at the
same rate:

B@)f (0w, —o+A/2)=[1-B(@)]f (0, —B—A/2) . (5)

For a given functional form for f(w), Eq. (5) may be easi-
ly solved for B(@). The total absorption at frequency w, if
ay(w) defines the distribution of mean frequencies @ of
the A4, B pairs, is produced simply by summing the absorp-
tion contributions from all possible values of A and & (in
the presence of the pumping light)

ap@)= [

(Z()(E)dCT)

x [ gaxd
X {B@)f (w—dD+A/2)
Nf(w—a—A/2)Y,

(6)

+[1-B@

where g (A) is a normalized distribution function for A.

Physical insight allows certain simplifications of this
integral. Since the persistent hole widths are the same as
that for the transient saturation holes, the A distribution
cannot be broader than the width of the line-shape func-
tion f. This fact was verified directly by assuming both a
constant splitting of A; for all centers and a Lorentzian
splitting distribution and numerically evaluating the com-
plete double integral. In both cases, assuming a A distri-
bution (or a value of A;) that is larger in width than f(w)
produces holes that are larger than the transient saturation
holes. Thus the A distribution may be safely assumed to
be narrower than the line-shape function, f. If B(@) is ob-
tained from Eq. (5) and substituted in Eq. (6), and if ay(w)
is assumed broad compared with f(w) (strong inhomo-
geneous broadening), the hole line shape becomes

ao(a))—ap(a)) (AZ) f da df (0, —o)
aplw) - flow,—d) do
x Wlo=0) (7)
do
Here, (A%)= f B A)A%dA is the mean-square size of

the inequivalence sphttmg For the time dependence, Eq.
(4) may be easily integrated to give B(@,¢) which can then
be used in Eq. (6) to compute the growth of the hole at its
center, O=wp.

To generate hole line shapes and growth curves that
may be compared with measured data, a Lorentzian form
for fis assumed: f(w)=(T'/7)(@?+T?)"! where I is the
homogeneous radian halfwidth. Then the steady-state
value of B(@) is given by

oA @)

(0= .
A T 4+&24A%/4
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The hole line shape follows from a trivial contour integra-
tion of Eq. (7)

aglw)—ap(w)  (A?) d_
aplw) T2 do

(9]
w4417

9

Figure 17 shows the result for I'=1,{A%)=0.1. The fol-
lowing observations may be made.

(1) The steady-state hole depth at the center of the hole
is equal to (A2)/8I'%. Thus the hole is shallow for
(A?) <T?, and the depth is independent of pump power
level. In particular, the finite hole depth is not a conse-
quence of “two kinds of centers—burnable and nonburn-
able,” but rather it is a natural consequence of the model
with (A?) small. Furthermore, the holes are expected to
be deeper in the wings of the inhomogeneous line, because
(A?) is larger there.

(2) For {A?) <T?, the steady-state hole width is essen-
tially equal to the homogeneous width of the transition,
independent of the magnitude of the pumping power.

(3) The hole line shape is not Lorentzian, but has associ-
ated with it shallow, broad wings of increased absorption,
or antiholes.

(4) Erasure of the hole by irradiation at a frequency in
the wings of the hole follows directly from the model. In
addition, the model predicts decreased efficiency for this
erasure as the displacement of the erasing frequency from
the center of the hole is increased.

(5) At low temperatures, the steady state is a competi-
tion between rwo radiation-stimulated processes, not be-
tween a radiation-stimulated process and thermal erasing.
Hence the holes would be expected to persist in the dark.

The experimental results of Sec. III easily verify points

—tPT 1
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Hole Depth (arbitrary units)

w/T

FIG. 17. Hole line shape for the typical case A << I". Positive
hole depth corresponds to decreased absorption (hole).
'=1,(A?)=0.1.

1, 2, 4, and 5. Considering point 3, the direct line-shape
measurements of Sec. III C possess insufficient signal-to-
noise ratio to verify the existence of broad antiholes in the
wings of the holes. Nevertheless, we conclude that this
phenomenological model describes the steady-state proper-
ties of the persistent hole reasonably well.

Turning now to the time dependence of the hole, the
rate equation, Eq. (4), may be integrated for a Lorentzian
homogeneous line shape f to yield (with w,=0)

1 (10)

T (@+A/2)2+T12

B(@,t) =L (D) ‘1 —exp

(@—A/2)%+T?

This expression may be substituted into Eq. (6) to compute the growth of the hole. For optically thick samples, the
pumping parameter P is larger at the front of the sample than at the back. We thus take Eq. (10) to apply to a thin slice
dx of the sample at a position x from the input face and write P(x)=Pyexp( —a;x), where P, is a constant. This is not
a self-consistent solution to the problem, because the sample absorption a; is also taken to be as a constant. Neverthe-
less, for shallow holes, the assumption of constant absorption in the calculation of P(x) is quite reasonable. ‘

The complete hole growth may now be calculated by using Eq. (6) and integrating over all slices of sample from O to
the sample length L. Again making the reasonable assumption that the A distribution is narrower than f (), and fur-
ther choosing to calculate the hole growth at w =w, =0 yields

] . ay
T

ag(0)—ay(0,t)  (A2) 83 L ©w B2
= 1— d d e
wL f° > f—w MRS Otha
dominated by the fast rates of the centers near the laser

(10(0) o 8F2

frequency. At longer and longer times, the centers further
from the laser produce a slower and slower hole growth
rate.

Figure 18 shows a comparison of the predictions of Eq.
(11) with the experimental hole growth data of Fig. 4.
The integral was performed using Romberg and Gaussian
methods,!®> and the fit shown has only two free parame-
ters'®: the pumping parameter amplitude P, and the

1
62_}’_1‘2

—2tP(x)I
T

The essential physics of the model is evident from an in-
spection of this integral. The hole growth is clearly not
described by a single exponential. In fact, the total hole
growth is described by a sum over many exponentials cor-
responding to classes of centers further and further from
resonance with the burning light. The centers close to the
laser frequency (w,=0) will reach steady state quickly,
while those centers at larger detunings have larger time
constants. Thus, at small times, the hole growth would be
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FIG. 18. Hole depth vs burning time for RbI:ReO,~ at 1.2
K. The solid curve is the prediction of Eq. (11) for
Py=12,{A?) /T'?=0.89. The points are the data of Fig. 4.

mean square splitting, (A2). (For calculational simplici-
ty, all frequencies are measured in units of the homogene-
ous linewidth, hence I is set equal to 1.) The former pa-
rameter shifts the curve along the time axis and the latter
parameter shifts the fit along the Aa/a; axis. The fit re-
quired (A?)/I'>=0.89+0.1, which is consistent with the
requirement that (A2) <I'2. The required value of P,
was 12+1. Inspection of Eqs. (4) and (11) shows that the
physical meaning of the product Py is the probability of
reorientation per center per second. Thus PoI" may be
written

PoL =N ol , (12)

where .#" is the number of photons per second, .« is the
absorption probability per center per photon, and where 7
is the quantum efficiency for reorientation per center per
photon absorbed. Using the absorption cross section o of
Sec. III D, we immediately produce the simple relation

ol

Po=1p, 1> 13
where I is the beam intensity, v is the beam frequency,
and 4 is Planck’s constant. Thus the fit of Fig. 18 would
yield a value of 7=6X 1073, which differs by only a fac-
tor of 3 from the effective quantum efficiency 7, calculat-
ed in Sec. IIID. Thus the photon-induced reorientation
model describes the measured growth data of Fig. 18
reasonably well, although small departures of the model
from the data are evident at large times and at small
times.

The photon-induced reorientation model describes the
steady-state and transient features of persistent hole burn-
ing for ReO,~ molecules in alkali halides quite well. In
particular, the predictions of this model are inconsistent
with models of photochemical hole burning or with
models in which the shift in transition frequency A is
large compared with the homogeneous linewidth.
Nevertheless, persistent nonphotochemical spectral holes
(with somewhat different systematics) will result from any
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RbI+0.001 mol % RbReO,

0.03-cm™! resolution

Transmission (arbitrary units)

I - 1 | I
924 923 922 921 920 919 918

Wave Number (cm™')

FIG. 19. Infrared transmission spectrum of RbI+0.001
mol % RbReO, at 25 K.

A distribution that is at least larger than the laser
linewidth.

The success of this phenomenological photon-induced
reorientation model is encouraging. It would be more
satisfying, however, to find experimental evidence for a
microscopic model like Fig. 16, where tunneling between
librational levels of the vibrational ground state provides
the mechanism for reorientation. Accordingly, to comple-
ment the extremely high-resolution limited-range
(0.2—0.3 cm™!) spectroscopy of Ref. 7, we have per-
formed high-resolution (0.03 cm™!) linear spectroscopy of
the v; mode vibrational absorption over a 6-cm~! range.
Figure 19 shows the resulting transmission spectrum of
annealed RbI+0.001 mol % RbReO, taken at 25 K with
a Fourier-transform infrared spectrometer. (Lower tem-
peratures could not be reached with the cold-finger optical
cryostat in use.) The strong doublet is due to the two iso-
topes of Re, and the baseline oscillations with 0.7-cm™!
period are due to Fabry-Perot resonances. Unfortunately,
no strong librational sidebands are evident; librational
sidebands, if present, must be weak. It remains for future
experiments to elucidate the exact microscopic mecha-
nisms responsible for the photon-induced reorientation.

V. CONCLUSION

Using a variety of CO,-laser and diode laser spectro-
scopic techniques, the properties of persistent spectral
holes in the vibrational-mode absorption of a spherical-top
molecule embedded in a cubic site of alkali-halide lattices
have been described and analyzed. The essential features
of the phenomenon are well described by a photon-
induced reorientation model. These results stand in sharp
contrast to earlier nonphotochemical hole-burning studies
in organic crystals and glasses. In particular, photophysi-
cal spectral hole formation can occur even though the host
lattice undergoes no structural rearrangements or tau-
tomerism. Persistent nonphotochemical hole burning is
thus shown to be a general solid-state phenomenon which
can occur whenever the complete ground state of the sys-
tem has configurational degeneracy.
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