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Persistent spectral hole burning for R ' color centers in LiF crystals:
Statics, dynamics, and external-field effects
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The persistent spectral hole-burning properties of R color centers in pure and doped LiF single
crystals at liquid-helium temperatures are described and analyzed. Using frequency-modulation

spectroscopy and precision ratiometric transmission spectroscopy, a satellite hole structure has been
observed which varies with position in the inhomogeneous line due to excited-state splittings. Tran-
sient effects in the optical absorption indicate that an intermediate state with millisecond lifetimes is
involved in hole formation. The persistent holes have been observed to grow as the logarithm of
time and the logarithm of burning intensity in certain regimes, and a phenomenological tunneling
model has been used to explain the time and intensity dependence. The results suggest that 8'
centers interact via tunneling and local strains with a quasi-random distribution of nearby traps
which may be other color centers in the host material. A linear Stark effect has been observed in

agreement with earlier measurements. This work illustrates the power of hole-burning spectroscopy
to uncover static and dynamic interactions normally hidden by inhomogeneous broadening.

I. INTRODUCTION

Persistent spectral hole burning (PHB) has been demon-
stratK to be an important method for studying basic
properties of absorbing centers in solids that can be photo-
transformed between several possible ground states at
liquid-helium temperatures. '2 The mechanisms leading
to persistent spectral holes (i.e., those with lifetimes longer
than any excited-state lifetime) have been classified as be-

ing either photochemical, in which the center itself under-
goes photoionization, tautomerization, or some other
chemical reaction, 3 or photophysical (also termed nonpho-
tochemical), in which the photoinduced shift in absorp-
tion occurs due to reorientation of the center itself or to
rearrangement of the nearby host. In addition, persistent
spectral hole burning forms the basis for a possible new
optical-storage scheme, frequency-domain optical
storage, ' in which spectral holes in an inhomogeneously
broadened absorption profile at low temperatures are used
to encode digital information. Consequently, the proper-
ties of absorbing centers that show persistent spectral hole
production are of interest in both the scientific and tech-
nological communities.

Aggregate color centers in ionic solids provide a large
number of inhomogeneously broadened zero-phonon-line
(ZPL) optical transitions that may be studied for PHB.
Early in the history of hole burning, several color centers
in x-irradiated NaF were shown to undergo photo-
transformation at low temperatures, resulting in the for-
mation of persistent spectral holes. 9' The mechanism of
hole formation in these systems has been postulated to be
photochemical, involving photoinduced tunneling of the
excited electron away from the color center to a nearby
trap. Recently, contrary to the low (10 ) quantum effi-
ciencies observed for most color centers, ' ' high- (10 )

efficiency PHB was reported for the Fq aggregate center
in electron-irradiated Nap:OH

In this work we study the process of persistent spectral
hole formation for the 8330-A ZPL corresponding to R'
(or Fi ) color centers in pure (natural as well as isotopi-
cally enriched) LiF crystals as well as in LiF crystals with
several secondary dopants. The center consists of three
anion vacancies arranged in an equilateral triangle in the
(111) plane trapping four electrons. The zero-phonon ab-

sorption of this center was initially discovered and studied
using monochromator-resolution spectroscopy of the en-
tire inhomogeneous line. ' ' Here we use the high-
resolution technique of spectral hole burning to probe the
properties of the center inside the inhomogeneously
broadened absorption profile. This system was the first
material to show PHB in the technologically important
GaA1As laser-wavelength region (7500—8500 A) as
demonstrated with an infrared dye laser' and later with
semiconductor diode lasers. ' Recent experiments have
reported near-infrared hole burning in the 8892-A center
in NaF:OH (Ref. 11) and in organic materials as well. '

The hole-erasing properties of the R' center in polycrys-
talline thin films of LiF have been reported elsewhere. '

The hole line-shape systematics for dopants and colora-
tion methods other than those studied here are the subject
of recent work. '

This paper presents a summary of the statics, dynamics,
and response to dc electric and magnetic fields of spectral
holes for R' centers in pure and doped LiF single crystals.
Usin~ both laser frequency-modulation (FM) spectros-
copy and ratiometric transmission spectroscopy, we
have determined the low-power hole width at 1.3 K, the
variation in hole shape as a function of position within
the inhomogeneous line, the hole-growth kinetics includ-
ing quantum efficiency, the effects of several dopants, and
the Stark and Zeeman effects. Using a simple tunneling
model, we suggest microscopic origins for the logarithmic
hole-growth characteristic. The results presented here
clearly show the power of PHB spectroscopy in uncover-
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ing static and dynamic interactions in solids normally hid-
den by the inhomogeneously broadened line. In the rest of
this paper we describe these measurements in detail, in the
hope that some of the unusual properties of this system
will stimulate theoretical interest in the electron-tunneling
and -trapping process thought to be responsible for hole
formation in color centers as well as in PHB dynamics in
general.

R' in LiF:Mg

TABLE I. R' ZPL properties for various host crystals.

Host

LiF+0.05 mo1% MgF2
LiF+0.2 mol% MgF~
LiF (pure, natural)
LiF+0.2 mo1% CaF2
LiF+0.2 mo1% CuF2
6LiF (TLD)
~LiF (TLD)
LiF

ZPL line
center (A)'

8330.2
8331.2
8330.1

8330.8
8331.5
8335.4
8330.5
8330.6

ZPL width
(FWHM) (A)'

4.2
6.5
4.3
4.2
5.1

7.2
7.4
3.9

'Vacuum wavelength, accuracy: +0.1 A

II. EXPERIMENTAL DETAILS

A. Samples

The samples used in this study were cleaved from
Czochralski-grown ' single-crystal boules of LiF that
were in most cases intentionally doped by the addition of
various dopants directly to the melt. Table I (first
column) lists the compositions of the various samples
where the concentrations listed refer to the amount of the
dopant added. The actual concentrations of the dopant
ions in the grown crystals were typically 10 times smaller.
The bulk of the measurements were performed on crystals
doped with Mg + iona in the form of MgF2. (The di-
valent impurity is thought to stabilize the formation of
the R' electron-excess center by removing free holes dur-
ing irradiation and subsequent aggregation. ) Doping
with CaF2 and CuFi was also performed to test the effect
of other divalent metal impurities. In addition, pure
(natural) LiF obtained from Optovac, Inc. was utilized to
test if the effects observed depended upon the presence of
divalent dopant ions in the host. 6LiF was obtained from
Harshaw Chemical Company in the form of samples in-
tended for therm oluminescent dosimetry (TLD) and
therefore contained unknown proprietary secondary
dopants. Pure LiF was obtained from Harshaw Chemi-
cal Company in an already colored form by y irradiation.
All the other samples were colored by Cu or Mo Ea x ir-
radiation for 48—100 h at room temperature in a 850-W
x-ray-diffraction machine, which initially yielded ZPLs
with 50—75% absorptions that decayed to a depth of
20—50% after several days. For LiF doped with divalent
impurities, after the initial decay no degradation of ZPL
depth was observed on the time scale of 6 months or
more.

Figure 1 shows a typical transmission spectrum of the
R' ZPL for LiF+ 0.05 mo1% MgFz at 1.4 K obtained
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FIG. 1. Transmission spectrum of x-irradiated LiF+0.05
mol%%uo MgF2, showing the 8. ' zero-phonon-line absorption pro-
file at 1.4 K.

with the use of a Spex 0.75-m monochromator with 25-
pm slits. Using a Burleigh WA-10 wavemeter and a
single-frequency dye laser for calibration of the mono-
chromator, we find the line center (vacuum wavelength) to
be 8330.2+0.1 A with a full width at half maximum
(FWHM) absorption of 4.2+0.1 A. All hole-burning mea-
surements were performed at various locations within the
corresponding inhomogeneously broadened ZPL for each
sample. The phonon sideband at shorter wavelengths is
not shown in this figure.

Table I, second and third columns, summarizes the
measured ZPL center wavelengths and widths for all the
crystals used. The position of the ZPL can increase by as
much as 1 A due to the larger ionic radius of the Mg +,
Ca +, and Cu + dopants. In addition, large concentra-
tions of Mg + ions apparently increase the inhomogene-
ous broadening as measured by the ZPL width. The LiF
(TLD) sample shows an appreciable shift to longer wave-
lengths, reflecting the larger lattice constant of this host,
in agreement with previously published results. Lip is
similar to natural Lip owing to the 92.5% abundance of
Li in the natural material. The proprietary dopants in

both TLD crystals are probably responsible for the larger
ZPL linewidths in these hosts.

The hole-burning experiments were performed on sam-
ples either immersed in superfluid He at 1.4 K or rnain-
tained at a fixed temperature by fiowing He boiloff gas
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from a liquid-helium reservoir. Temperatures were mea-
sured with a calibrated carbon resistor.

8. Precision ratiometric transmission detection

Hole burning and hole detection were most often per-
formed in transmission in order to detect the hole shape
and amplitude directly. This dc-coupled method has
several advantages. It is sensitive to slowly varying re-
gions of the hole spectra and baseline shifts, and it is rela-
tively easy to calibrate absolute absorption changes. How-
ever, sharp features are not particularly emphasized. The
detailed experimental setup for precision ratiometric hole
detection at low scanning laser powers has been described
elsewhere. " Briefly, single-frequency laser radiation was
provided by a 3-Mhz-linewidth Coherent 599-21 infrared
dye laser (using Exciton Chemical Company LDS-820 or
LDS-821 infrared-laser dye) pumped with 6471-A radia-
tion from a Spectra-Physics 171 Kr+-ion laser. The laser
beam was split into two beams: sample and reference.
The sample beam was controlled by a mechanical shutter,
attenuated with neutral-density filters, and focused to a
2.6-mm-diam spot at the sample. The holes were detected
by attenuating the laser by 10, scanning the wavelength,
and measuring the transmitted sample-beam power with a
high-sensitivity silicon photodiode —low-noise preamplif-
ier combination. Laser-power variations were removed
from the transmission spectra by dividing the signal from
the sample-beam preamplifier by the instantaneous laser
power in the reference beam measured with a second sil-
icon photodiode. The precision ratiometer typically had a
1-ms time constant. The resulting normalized transmis-
sion spectrum was offset and averaged typically 8 times
with a digital storage oscilloscope. All frequency axes
were calibrated by measuring the transmission of a 1.50-
6Hz free-spectral-range etalon. For the hole-growth
measurements, the laser frequency was held fixed and the
time-varying output of the ratiometer was digitized and
stored without averaging.

C. Laser PM spectroscopy detection

For several experiments, laser FM spectroscopy was
used for hole detection. Laser FM spectroscopy is a
zero-background technique particularly suited to high-
speed measurement of sharp, weak absorptions and
dispersions; however, this method is insensitive to broad
features and baseline shifts and it is sometimes difficult to
calibrate absolute absorption changes. The basic ap-
paratus is shown in Fig. 2. Tunable single-frequency laser
radiation at co, was provided by the infrared dye laser
described above. A Laserrnetrics 1097 LiTa03 electro-
optic phase modulator driven at u =246 MHz placed
two out-of-phase sidebands on the laser carrier at co, +co
After propagation through the sample, the laser carrier
and sidebands were detected with a high-speed EGAG
FND-100 photodiode. Any disturbance in the amplitude
or phase of the sidebands due to frequency-dependent ab-
sorption or dispersion features (such as spectral holes)
produced a beat signal at co~ at the photodiode output.
The photodiode signal was amplified, phase-shifted to
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select the absorption phase, bandpass-filtered at 246 MHz
to reduce intermodulation products (not shown), and
detected using a phase-sensitive double-balanced rf mixer
driven at the local-oscillator (LO) frequency co~. The dc
output of the mixer is proportional to the difference in
optical absorption of the two sidebands, which yields a
derivative line shape for absorption features wider than
the sideband spacing. The mixer output was low-pass-
Altered to remove signals not at baseband and amplified
with a low-noise post-mixer preamplifier (not shown) be-
fore display and averaging on a digital storage oscillo-
scope. For more details regarding the laser FM spectros-
copy technique, the reader is referred to Refs. 20 and 24.

III. RESULTS AND DISCUSSION

A. Statics of the persistent hole line shape: Side holes

1. Dependence upon position uuthin the inhomogeneous line

As opposed to all other color centers in alkali halides in
which PHB has been observed, the hole shape for R'
centers in LiF varies with position within the inhomo-
geneous ZPL absorption. Figure 3 shows a sequence of
holes burned at widely varying locations in the inhomo-
geneous line for a typical host material, LiF + 0.2 mol%%uo

MgF2. These spectra were acquired using the ratiometric
transmission methods described in Sec. II B above. Many
more holes were burned at other locations within the ZPL,
but these traces serve as a sampling of hole shapes that
can be observed. For each trace, the narrow-band infrared
dye laser was held at a different flxed wavelength labeled
as 0 GHz in the figure. For this particular host, the ZPL
line center was ineasured (by reference to the wavemeter)
to be at 8331.2 A. In the short-wavelength tail of the
ZPL, a broad, almost featureless hole was observed, and
traces (a) and (b) in Fig. 3 are typical of this region. Over
a several A region near the center of the ZPL, hole shapes
like trace (c) were common. In the long-wavelength tail

dc
signal

FIG. 2. Schematic of experimental apparatus for laser FM
spectroscopy. The various components are described in the text.
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FIG. 3. Transmission spectra of holes burned at varying lo-
cations within the inhomogeneous ZPL absorption of 8' centers
in LiF+0.2 mol%%uo MgF2. The burning intensity was 21
m%'/cm, and the burning time was 1 s. The burn wavelengths
were {a) 8325.29 A, {b) 8325.48 A, {c)8329.98 A, (d) 8335.18 A,
(e} 8335.39 A, and (f) 8335.61 A. The ZPL line center for this
host was 8331.2 A. All six traces have the same vertical scale,
but the various traces have been offset for clarity.

of the ZPL, holes like traces (d)—(f) were typically ob-
served. The most striking feature of the hole line shapes
in Fig. 3 [especially visible in traces (c)—(f)] is the appear-
ance of satellite or "side" holes, i.e., additional increases
in transmission on both sides of the central peak.

Unfortunately, the side holes and the central hole over-

lap sufficiently such that detailed measurement of side-
hole positions and widths cannot be easily performed.
Nevertheless, certain qualitative observations can be
made. The hole shape shows no particular polarization
anisotropy: holes burned with the polarization vector
along either [100] or [110]show no change when scanned
in the corresponding orthogonal polarization. Depending
upon location in the ZPI, up to three side holes can be
observed on the low-frequency side of the line and up to
two side holes appear on the high-frequency side. Near
the center of the ZPL [Fig. 3, trace (c}], two side holes
typically appear on each side of the central peak, and the
first set of side holes are spaced approximately +1 GHz
from the central hole while the very weak second set are
approximately +2 6Hz away. This line shape is the one
most commonly observed near the center of the ZPL. On
the short-wavelength side of the ZPL [traces (a) and (b)],
the side-hole structure is quite difficult to see and even the
central peak is nonexistent, but on the long-wavelength
side [traces (d), (e}, and (f)], the high-frequency side holes
appear to move closer to the central hole and a third low-
frequency side hole appears at —500 MHz. The side
holes appear to have widths roughly 50% larger than that
of the central peak. Furthermore, the side holes are in
most cases asymmetrical in depth and position with
respect to the central hole. However, since the side-hole
structure cannot be clearly resolved into distinct peaks, it
is not easy to tell if a hole shape like trace (c) is composed
of five broad holes alone or of five holes on top of a broad

featureless hole similar to traces (a) and (b). The most
that can be said from these data is that the strength and
degree of asymmetry of the side holes clearly varies
dramatically with position in the inhomogeneous line with
an almost symmetrical line shape typically occurring near
the center of the ZPL.

These observations about the dependence of the hole
shape upon position in the ZPL together with similar ob-
servations for other host crystals (sm Sec. III A 3 below)

suggest that strain plays a role in the strength and posi-
tion of the side holes. Part of the rest of this paper will be
devoted to describing the effects of various perturbations
on the side-hole structure; in order to attempt to infer
their origin. It is worthwhile to note that any study of the
effect of perturbations on side holes must keep careful
track of position within the inhomogeneous line.

2. Possible origins for ihe side hoies

In general, side holes reflect the presence of splittings in

the excited state of the transition under study, just as an-
tiholes can appear at the sums and differences of ground-
and excited-state splittings when ground-state optical
pumping occurs (as in nuclear-quadrupole optical hole
burning ). In addition, side holes have been reported for
PHB in certain defect centers in diamond. Since no an-

tiholes are observed in the present case, we can make no
conclusions regarding the possibility of ground-state split-
tings. If the excited state is split into several sublevels and
no selection rule prevents transitions from the ground
state to the various excited-state sublevels, then side holes
will appear at the value of and sums of the various
excited-state splittings.

The R' center (a trigonal center with Ci, point group)
has an origin transition of Ai~ E symmetry. ' ' In
zero magnetic field, the E excited state can in the most
general case split into three sublevels under uniaxial stress.
Supposing that the three sublevels were split with split-
tings A and 8, the expected hole spectrum can be deduced
as follows: At different locations within the irradiated
volume, the single-frequency burning laser would be
resonant with each of the three excited-state sublevels, and
the photochemical reaction would remove three groups of
resonant centers from the absorption line. Now when the
hole is probed, enhanced transmission auld occur at
each of the three transition energies possible for the first
group, and similarly for the other two groups. The net ef-
fect for the general case is a central peak and three side
holes symmetrically placed on each side of the central
peak at spacings +A, +8, and +(A +8).

Considering spectra like Fig. 3(c) which consists of five
holes (central plus two roughly equally spaced side holes
on each side), one would therefore conclude that the excit-
ed state splits into three equally spaced sublevels (i.e.,
A =8) with approximately 1 GHz spacing. Moreover, the
asymmetric hole spectrum suggests that the hole-burning
efficiency from the various excited-state sublevels is not
constant. For the more complex hole spectra of traces
(d)—(fl, a different set of splittings would be implied. On
the other hand, traces (a) and (b} seem to imply that on
the short-wavelength side of the ZPL there is a wide dis-
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tribution of splittings such that the side-hole structure is
almost completely washed out.

Since the side-hole structure varies dramatically across
the inhomogeneous line, we are tempted to associate the
varying splittings with varying local uniaxial stresses.
(For a discussion of external stress effects on the entire
ZPL measured with linear-absorption spectroscopy, see
Refs. 8 and 12.) In the presence of stress fields of varying
symmetry and direction, the degeneracy of the E excited
state would be lifted to varying extents. It appears that as
one moves across the ZPL, a changing distribution of
local-uniaxial-stress values and directions gives rise to the
varying hole shapes. The real puzzle that these data
present is: why are the stress fields well-defined enough
to give a clear set of side holes at certain locations within
the ZPL? In the presence of random stress values, the
side-hole structure would wash out and that may be the
situation for traces (a) and (b). The only conclusion one
can make in the regions of the ZPL in which the side
holes are clearly visible is that the interaction that pro-
duces the inhomogeneous broadening is correlated with a
well-defined local uniaxial stress. Furthermore, the asym-
metry in the line shapes and the ratios of side-hole intensi-
ties indicates that the hole-burning efficiency is not con-
stant among the various sublevels. We are led to the pos-
sibility that the R' centers are in some way associated
with different types of nearby defects such as other color
centers or perhaps ions introduced by the doping. Wheth-
er or not these defects are intrinsic is an important ques-
tion, to be considered in the next section.

3. Dependence upon host crystal

To determine whether the Mg + ions or other dopant
ions were responsible for the side holes, PHB experiments
were performed in all host matrices listed in Table I. Of
particular importance is the fact that side holes were
clearly observed for the pure hosts as well as those doped
with divalent or TLD dopants. Furthermore, the side
holes in these other hosts also varied with position within
the inhomogeneous line in a similar fashion. In fact, no
dramatic systematic differences in hole shapes or dynam-
ics were observed for R' centers in the various hosts that
were larger than the changes in hole shape that occur for
a single host as described above. In particular, changes in
the host masses and spring constants produced by the iso-
topically enriched LiF (TLD) samples did not observably
affect the hole formation or dynamics. One may conclude
that the PHB properties under observation here are not
due to the various divalent dopant ions nor to phonon
dynamics that depend upon the isotopic composition of
the host crystal. This suggests that the side-hole structure
is for the most part intrinsic to R centers in x-irradiated
(and y-irradiated) LiF.

%e note that in order to produce reasonable quantities
of R' aggregate centers by x irradiation, far larger quanti-
ties of other color centers such as F or M centers are pro-
duced throughout the crystals. It seems plausible that lo-
cal strain or electric fields from these "intrinsic" defects
or other localized defects may be responsible for the

unusual side-hole properties. For example, each R' center
may be interacting with a distribution of other nearby
color centers which produces a stress field that splits the
E excited state. Different locations within the inhomo-

geneous line appear to be influenced by different distribu-
tions of nearby perturbing centers. This illustrates the
unique ability of PHB in uncovering local zero-field per-
turbations that are normally hidden in a broad, featureless
inhomogeneously broadened line.

All other experiments reported in this paper were car-
ried out using crystals of LiF:Mg + due to the ease of
forming deep ZPL's in this system. As no strong sys-
tematic differences were observed for PHB among the
various hosts listed in Table I, we feel that the results
quoted here are generally applicable to the E. ' center in all
the hosts listed.
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FIG. 4. Intensity dependence of spectral holes for 8 centers
in Lip + 0.2 mol% MgF2. The burning time was I s, and the
three traces have been offset and magnified where necessary for
clarity. The burning intensities and wavelengths were {a) 22
m%'/cm, 8334.02 A; (b) 2.3 m%'/cm, 8328.64 A; and (c) 210
IJ,W/cm, 8331.56 A.

4. Lou-intensity limiting hole width

To understand relaxation processes for the R' center, it
is important to determine the low-intensity limiting hole
width for the central peak for cases where the central
peak can be distinguished from the side holes. We assume
that the central peak reflects the hole width of interest in
the absence of splitting of the excited state. Accordingly,
holes were burned for fixed burning time with lower and
lower intensity until the limit of sensitivity was reached.
Figure 4 shows examples of holes burned for 1 s each over
two decades in burning intensity. The higher-intensity
burns of traces (a) and (b) clearly show somewhat broader
holes than the low-intensity burn of trace (c). For calibra-
tion, the relative hole depth of the central peak above the
baseline for trace (c) was b, TiT, =0.069, where hT is the
transmission change at the center of the hole and T~ is the
initial transmission (before burning). By fitting three
spectra like trace (c) to a phenomenological sum of
Lorentzian line shapes for the central hole and two pairs
of side holes, the low-intensity limiting width of the cen-
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tral peak was estimated to be 600+50 MHz, FWHM.
This hole width is much larger than the 40—80 MHz

widths observed for several aggregate color centers in NaF
at shorter wavelengths. Large hole widths have also been
observed for another infrared color center in NaF. " The
larger hole width cannot be due to power broadening be-
cause the saturation intensity for the R' system may be es-
timated to be near 9 W/cm, whereas the largest intensi-
ty in Fig. 4 is 22 mW/cm . The hole width is certainly
not lifetime-limited, because we have observed reasonably
strong fluorescence from the R' center and have no reason
to suspect that the excited-state lifetime is much shorter
than the 10-ns value reported elsewhere. s It is possible
that additional unknown dephasing effects are operating
to broaden the holes beyond the lifetime-limited value, or
that unknown spectral diffusion effects are responsible for
the observed widths.

5. Absence of hole interoc-tion effects

Several previous studies of PHB for R' centers in l.iF
have mentioned a hole-interaction effect termed "self-
erasing, " in which the apparent size of a hole decreases
after a second hole is burned nearby in frequency space. '6

In two recent reports the dependence of this effect on the
distance between the holes in frequency space was mea-
sured. ' All these previous measurements used derivative
hole-detection techniques such as FM spectroscopy or
wavelength modulation. Here we study the "self-erasing"
effect using transmission detection of the spectral features
so that the entire hole shape can be viewed easily.

Figure 5 shows a sequence of spectra of a portion of the
inhomogeneous line as several holes are burned closer and
closer together. In trace (a), a hole was burned at 8330 42
A corresponding to 0 GHz in the figure. For trace (b), a
second hole was burned + 5 GHz from the first. In trace
(c) another hole was burned at —3 GHz, and in trace (d) a
final hole was burned at —4.56 GHz. All four traces

have been offset by an equal amount for comparison pur-
poses. The results show that negligible degradation of al-
ready burned holes occurs when additional holes are
burned as close as 1.56 6Hz away. It appears that each
new hole simply uses the line shape of the old hole as a
background upon which the new hole is burned. %e note
in particular trace (d), in which the high-frequency side
hole from the new burn gives a region of zero derivative
that may look like a hole that is in between the new hole
for trace (d) and the hole for trace (c).

We now seek to understand why previous studies ob-
served a "self-erasing" effect with derivative detection
while our transmission measurements appear to show
negligible hole-interaction effects. Figure 6, trace (a)
shows a hole measured in transmission similar to those in
Fig. 5. Trace (b) shows the measured transmission spec-
trum after a new hole has been added at —1.5 GHz with
no offset between the two traces, and negligible degrada-
tion of the original central peak has occurred. Trace (c)
shows a derivative spectrum calculated from the transmis-
sion spectrum of trace (a), and trace (d) shows a derivative
spectrum calculated from trace (b). The derivative spec-
trum of trace (d) seems to show self-erasing, if the peak-
to-peak amplitude is used as a measure of the actual hole
depth. Now, for an isolated hole of reasonable shape, the
peak-to-peak amplitude of the derivative spectrum is pro-
portional to the hole depth. However, when two holes are
close together as in trace (d), the peak-to-peak amplitude
of the derivative spectrum is not proportional to hole
depth, because the steepness of the side of the central peak
has decreased. In addition, the new hole is burned using
as a baseline part of the original hole; since many centers
had already been burned out of the line in the tail of the
original hole, the resulting hole spectrum is not a linear
superposition of the two hole shapes. Thus, the observa-
tion of a decrease in the amplitude of the derivative signal
from the first hole can be explained without a "self-

(d)

(~)a
(b)
Ea)

—10

Frequency (GHz)

FIG. 5. Transmission spectra showing the absence of hole in-
teraction effects for E, ' centers in LiF+0.2 mo1% MgF2.
Starting with trace (a), a new hole was added for each succeed-
ing trace at the location of the arrow. All four traces have been
offset by equal amounts for clarity. The burning time was 1 s
and the burning intensity was 21 m%'/cm for each burn.
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FIG. 6. Measured transmission spectra and calculated
derivative spectra for R' centers in LiF+ 0.05 mol% MgF2
showing apparent "self-erasing" effects in the derivative traces.
Legend: (a) A hole was burned for 1 s with an intensity of 27
mW/cm at 0 GHz (8329.54 A}, (b) a second hole was burned at
—1.5 GHz, (c) calculated derivative spectrum for trace (a), and
(d) calculated derivative spectrum for trace (b).
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erasing" effect. One would predict that whenever two
holes are burned close enough together so that the tails of
the holes overlap, degradation of the peak-to-peak deriva-
tive height would occur and the degradation would in-
crease as the holes are burned closer and closer together.
This observation has implications for derivative detection
methods that might be used in actual readout of stored
data. To prevent line-shape distortion and the appearance
of spurious data, one would require that holes be placed
no closer than approximately 4 GHz from one another in
this material.

The lack of self-erasing effects for R' centers in LiF in-
dicates that the hole-burning process forms a product
state that does not absorb appreciably in the region of the
hole itself. This is to be contrasted with some nonphoto-
chemical mechanisms for hole burning in which the
product state does absorb in the spectral region of the
hole. The lack of self-erasing effects for the R' center,
coupled with the fact that uv radiation erases the holes
slowly, ' ' indicates that the process is indeed photo-
chemical, probably resulting from electron tunneling away
from the excited center and conversion of the 8' center to
a neutral R center. Unfortunately, experiments to detect
increased absorption in the R band failed due to the fact
that the area increase is spread over the entire R-center
absorption.

B. Dynamics

1. Persistent hole lifetime and temperature cycling

Holes burned in the R'-center ZPL are quite stable at
low temperatures: no observable degradation in hole
depth at 1.4 K was observed for dark times on the order
of 10 h. Furthermore, holes can withstand a certain
amount of temperature cycling without complete anneal-
ing of the hole and reversal of the photochemical process.
After allowing the cryostat to warm up to temperatures
near 77 K overnight, holes from the previous day could
regularly be observed, although with reduced amplitude
and increased width. In particular, a spectral hole burned
at 1.4 K withstood gradual warming to 20 K over a 2-h
period and cooling back to 1.4 K over an additional 30-
min period with negligible increase in hole width and only
a 15% decrease in hole depth. Careful measurements of
hole spectra as a function of annealing temperature in the
future may allow a determination of irreversible spectral
diffusion effects as well as the barrier height to reversal of
the hole-burning process.

2. Transient holes detected with FM spectroscopy

Throughout this paper, the word "hole" without any
qualifiers usually refers to persistent holes that last longer
than any excited-state lifetime. An an unexpected result
of FM spectroscopy measurements of the persistent holes,
transient holes were also detected with a lifetime in the
(10—100)-ins range This sect.ion describes several exam-
ples of persistent and transient PHB using FM spectros-
copy detection.

Figure 7 shows an example of PHB detection using the
laser VVI spectroscopy technique described in Sec. II C.

R' in LiF:Mg 1.4K

15 GHz
Scan Up Scan down

FIG. 7. FM signals resulting from PHB in LiF + 0.05 mol%
MgF2 at 1.4 K. The large signal results from reflection of the
laser beam off a solid etalon before impinging on the detector.
The laser frequency was held constant at the frequency corre-
sponding to the center of the photograph for 30 s at a laser
power of 10 m%' to burn the hole shown. The scanning laser
power was 10 pW in a 2-mm-diam spot, the burn wavelength

0
was 8330.02 A, and eight laser scans were averaged to produce
the trace shown.

The vertical axis displays the (dc-coupled) mixer output as
the laser frequency scans upward over a 15-GHz range in
a sawtooth fashion every 0.25 s and then reverses. To
calibrate the hole depth, the laser beam was refiected off a
10-GHz free-spectral-range solid etalon before impinging
on the detector. Considering the upward laser scan first,
the large derivative signal near the center of the scan re-
sults from the 50% deep absorption of the solid etalon.
(Recall that as the widths of the spectral features become
larger than the sideband spacing of 246 MHz, the FM sig-
nals approach the derivatives of the true absorption pro-
files. ) The signal from a spectral hole burned for 30 s
with a laser power of 10 mW in a 2-mm-diam spot ap-
pears at the exact center of the photograph. The hole
shows the same side-hole structure discussed above.
When the laser scan reverses (scan down), these spectral
features appear again with the opposite polarity.

Figure 8 shows a spectral hole similar to that in Fig. 7
on an expanded frequency and amplitude scale. Viewing
this trace as a derivative, the actual hole spectrum appears
to have two shoulders or side holes on the low-frequency
side located approximately 1 and 2 GHz from the center
of the hole, and one strong shoulder on the high-
frequency side 1 GHz from the center of the hole with
perhaps a weak shoulder at 2 6Hz. This side-hole struc-
ture compares well with the transmission spectra dis-
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cussed above and clearly shows the utility of derivative
spectra in enhancing the side-hole structure. However,
derivative spectra are not sensitive to broad features in the
wings of the holes.

The dc offsets that appear with opposite polarity in the
upward and downward scans in Fig. 7 are an indication
that transient holes are formed in addition to the per-
sistent hole. Here a positive (or negative) FM signal
means that the equality of the two sideband amplitudes
has been unbalanced by the sample absorption, and the
sign of the signal depends upon which sideband experi-
ences more absorption and the setting of the phase shifter.
We recall that as the laser scans, the trio of wavelengths
representing the carrier and the two sidebands move to-
gether as a unit with a constant spacing. The fact that the
sign of the FM signal depends upon the scan direction
means that the leading sideband (in time) always sees
more absorption than the trailing sideband. This strongly
indicates that during reading the carrier is burning a tran-
sient hole which only the trailing sideband can experience.
In order to observe such an effect, the transient hole must
decay quickly on a timescale compared to the laser-scan
period (0.25 s) but slowly on a scale compared to the time
between the passage of the carrier and one sideband (4.1

ms).

Figure 9 shows a test of this hypothesis. The laser is
repetitively scanned over a region of frequency space at
which no persistent holes have been burned (with no
averaging of the digitized mixer output). In part (a) of the
figure the upward and downward scans each occur in 0.25
s, and the amplitudes of the resulting dc signals are equal.
In part (b) the upward scan time has been increased to 2.5
s. Under these conditions the time between the passage of
the carrier and a sideband has been increased by a factor
of 10. As expected, the transient hole decays during this
time period, so that the dc signal during upward scans is
now quite small. During downward scans the dc signal is

R' in LiE:Mg

Cg
C

0

LL

R' in LiF, 1.4 K

12,005.1 cm

= 0.25sec =

Up down Up

(b)

Up Up
= 2.5 sec =

Up

0

Frequency (GHzl

FIG. 8. FM spectrum of a single spectral hole burned in the
8' center in LiF:Mg + ZPL origin absorption at 1.4 K. The
burning and reading conditions are similar to Fig. 7, except that
64 scans were averaged to produce this trace.

FIG. 9. Observation of transient hole-burning for E. ' centers
in LiF:Mg + using laser FM spectroscopy. {a) The laser scan is
symmetric, with 0.25 s for upward as well as downward scans.
The laser scan covers a 15-GHz optical frequency range. The
roles of positive and negative have been reversed compared to
Fig. 7 using the phase shifter. The lour trace schematically de-
picts the instantaneous laser frequency. (b) Asymmetric laser
scan: 2.5 s upward, 0.25 s downward. These traces were not
averaged.
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large as before.
We conclude that the bipolar dc offset is due to the

burning of transient holes in the R'-center absorption, and
that these transient holes have lifetimes in the range 4—40
ms. It is a useful feature of dc-coupled FM spectroscopy
that such holes can easily be detected, suggesting the pres-
ence of long-lived intermediate states. Since the R' ab-
sorption is of Az +E-character, the long-lived inter-
mediate states are probably 'E singlets or possibly quar-
tets populated by intersystem crossing from the 3E state.
An important question is whether or not the hole-burning
process proceeds through these intermediate states or
through the E state. One way to answer this question is
to perform hole-burning measurements at constant burn-
ing energy, a method that has clearly shown the presence
of bottlenecks in the burning cycle in other experiments.
We measured the hole depth for a burning energy of 6.2
p,J for burning times of 1 s, 100 ms, and 10 ms, and found
b, T/Tt ——0.069, 0.055, and 0.029, respectively. This is evi-
dence that the hole formation does proceed through an in-
termediate of lifetime in the (10—100)-ms range. Future
experiments to observe the absorption spectrum and life-
time of these states by modulation spectroscopy and
recovery of ground-state absorption should be attempted.

3. Persistent hole growth: Typical data

Figure 10 shows an example of the growth of the sam-
ple transmission measured at the center of the hole.
Hole-growth dynamics can be quantified by measuring
traces such as this for a variety of burning intensities.
The y axis shows the laser power transmitted through the
sample as a function of time as measured by the ratiome-
ter described in Sec. II B. The laser beam was unblocked
at t =0 in a region of the ZPL in which no holes had pre-
viously been burned, and the time-varying transmitted sig-
nal (proportional to the sample transmission when the
laser is unblocked) was recorded by a digital oscilloscope.
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FIG. 11. Time dependence of hole shape at constant burning
intensity of 20 mW/cm2. All holes were burned near the center
of the ZPL for R ' centers in LiF + 0.2 mol % MgF2. The burn-

ing times were (a) 1 ms, (b) 2 ms, (c) 5 ms, (d) 10 ms, (e) 20 ms,
(f) 50 ms, (g) 100 ms, (h) 1 s, and (i) 10 s. All traces have the
same gain, but individual traces have been offset for clarity.

The constant intensity probe beam serves to both burn and
detect the spectral hole as it grows. We note that the total
transmitted signal measures the increase in transmission
due to the transient hole as well as the persistent hole.
However, since the times of interest along the horizontal
axis are much longer than the lifetime of the intermediate
state, the transient hole contributes only a constant offset
to the signal in Fig. 10.

To complement time-domain traces like Fig. 10, Fig. 11
shows transmission spectra of persistent holes acquired at
constant burning intensity over a range of burning times
using the methods described in Sec. II 8. Starting at the
bottom of the figure, the burning time increases from 1

ms [trace (a)] up to 10 s [trace (i)), with the actual burning
times for all the other traces listed in the figure caption.
For each trace the burning wavelength was shifted by
0.1—0.2 A so that each hole would be burned in a virgin
region of the inhomogeneous line. For calibration, trace
(i) corresponds to a transmission change from 0.34 before
burning to 0.48 at the center of the hole after burning, so
bT/T, =0.41 for this trace. It appears that the hole
depth is saturating, but more careful study of the hole ki-
netics below shows that this is not the case. It is clear
that for short burning times the side-hole structure is not
so easily detected, but that for long burning times the
side-hole structure is quite apparent. The detailed time
dependence of the hole growth at 0 6Hz will be presented
in more detail below.

I I

20

Time (s)
30 40

4. Persistent hole growth: Effectiue quantum efficiency

FIG. 10. Hole-growth curve for R' centers in LiF+ 0.2
mol% MgF2 at 1.4 K. The vertical axis sho~s the sample
transmission derived from the laser power transmitted through
the sample as a function of time since the unblocking of the
laser beam at t =0. The ratiometer time constant was 3 ms and
the laser intensity was 21 m%'/cm'.

One benchmark parameter of the hole-growth dynamics
is the effective hole-burning quantum efficiency at small
burning time, q. This quantity can be estimated using the
t =0 time derivative of the sample transmission recorded
during the growth of a spectral hole, as in Fig. 10. This
technique, described more fully in Ref. 31, assumes that
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the hole kinetics are first order, which is a reasonable ap-
proximation for almost any process near enough to r =0.
The actual hole-growth dynamics for r ~0, are, in fact,
quite complex and clearly nonexponential, as wi11 be
described below. Nevertheless, the estimation of rj pro-
vides a useful quantity for comparison with the value of g
for other systems. We emphasize that the derivative is
computed for times longer than the growth time of the
transient holes described in the preceding subsection, so
that the effect of the transient holes is only to reduce the
excitation power somewhat.

Estimation of rI requires knowledge of 0, the low-
temperature peak absorption cross section for molecules
within a homogeneous linewidth of the laser frequency. "
The calculation of o, in turn, requires knowledge of the
oscillator strength for the ZPL, and the measured hole
width at low temperatures. We use values of f=0.02 (a
reasonable estimate for the oscillator strength attributable
to the ZPL for R' centers) and b,vh i,——625 MHz mea-
sured from the hole spectra. This yields an estimate for
the cross section 0 =1.3&(10 ' cm . Using the measured
values (dT/dt) ~, 0

——0.10 s ', T~
——0.31, and laser inten-

sity 21 mW/cm, we estimate the hole-burning efficiency
il to be 4)& 10 6. This estimate is probably useful only to
within an order of magnitude owing to the uncertainties
in the oscillator strength and T;.

The PHB efficiency for the R' system is similar to the
10 6 efficiencies characteristic of most other color
centers2 in alkali halides. It is clearly much smaller than
the quite large (10 2) value of g observed for the 8892-A
color center in electron-irradiated NaF. " The low value
of r) for R' centers in LiF suggests that the hole-
formation process involves tunneling over high barriers or
perhaps a two-photon stepwise process. Since the hole-
growth rate is not quadratic in the burning power (see
below) „atwo-photon [rocess for hole formation is unlike-

ly. In previous work ~'z2 bleaching of the R' absorption
occurred if samples were irradiated with R-band light
near 4000 A, suggesting that the excited state of the R' is
about 1.5 eV below the conduction band. Future experi-
ments should search for two-color photon-gated hole pro-
duction ' in this system.
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FIG. 12. Relative hole depth versus time for several burning
intensities for R' centers in LiF + 0.2 mo1% MgF2. The burn-
ing intensities were {a) 21 mW/cm2, (b) 6.0 mW/cm~, (c) 570
pW/cm, (d) 60 pW/cm2, and (e) 4.5 pW/cm . The straight line
is a least-squares log-time fit to trace (a) with standard deviation
0.0041. The ratiometer time constant was 3 ms.

with a small departure from a log time dependence at
times less than 1 s. Approximate logarithmic time
behavior is observed for lower burning powers, with larger
departures from this dependence at small burning time.
(This departure must eventually occur, because the hole
depth can only be rigorously zero at i =0). The straight
line in the figure is a least-squares fit to the data of trace
(a). It is clear that usual first-order kinetics cannot
explain this logarithmic time dependence. To our
knowledge, this is the first observation of such growth
dynamics for spectral hole burning.

To confirm that this logarithmic time behavior is not
an artifact of the measurement technique arising from the
transient holes described in Sec. IIIB2, persistent hole
depths as a function of burning time were determined
from actual spectra of the persistent hole similar to those
in Fig. 11. The result is shown in Fig. 13 and again a log-
arithmic time plot represents the data better than either

5. Persistent hole growth: Detailed dynamics at line center
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To further probe the dynamics of the persistent hole-
formation process, hole-growth curves similar to Figs. 10
and 11 were analyzed in detail. The intent here is to ex-
plain the time dependence of hole growth using a
phenomenological or even a microscopic model for the
hole-burning process as has been done for other sys-
tems. " Figure 12 shows the relative hole depth hT/T;
versus time for burning powers varying over more than 3
orders of magnitude. For small values of b, T/T~, the rel-
ative hole depth so defined is approximately equal to
(ha)1., where ha is the absorption-coefficient change at
the hole center and I. is the sample length. A logarithmic
time plot was found to represent the data better than log-
log or exponential plots. For the highest burning power
[trace (a)], the data follow a logarithmic time dependence
quite well over more than 2.5 orders of magnitude in time
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FIG. 13. Relative hole depth versus burning time for a series
of hole spectra similar to Fig. 11. The burning intensity was 23
mW/cm . The straight line is a least-squares fit to the data
with standard deviation 0.020.
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Figs. 12 and 14 to the fluence do not produce a universal
curve. For example, Fig. 15 shows the result if the data
of Fig. 12 are replotted as a function of fluence. It ap-
pears that the growth curves are approaching a log fiu-
ence dependence at the highest burning intensity [trace
(a)]. Thus these results are in good agreement with the
data resented in Ref. 16 which began at a fluence of 0.1

J/cm and an intensity of 0.7 W/cm . Such novel fluence,
intensity, and tiine dependences show that the kinetics of
PHB for R' centers in LiF are particularly interesting.
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10-5 10 ~ 10

intensity (V//cm )
FIG. 14. Relative hole depth versus burning intensity for (a)

t =1 s and (b) t=2.5 s for the sample of Fig. 11. The straight
lines are least-squares fits to the data.

0.4

an algebraic or exponential form over 4 orders of magni-
tude in burning time. The straight line in Fig. 13 is a
least-squares fit to the data.

In our prehminary report of PHB for the R' center in
LiF, ' a logarithmic dependence of hole depth upon burn-
ing fluence (tttI) was presented, where ttt is the burning
time and I is the burning intensity in W/cm . We em-
phasize that this result was obtained for burning intensi-
ties greater than or equal to 0.7 W/cm2. At lower burning
intensity, the hole-growth dynamics are more complex.
To measure hole growth as a function of burning intensi-
ty, the relative hole depth after a fixed burning time was
determined from a series of growth curves like Fig. 10.
Figure 14 shows the result for two burning times: the rel-
ative hole depth is proportional to the logarithm of the in-
tensity in both cases over more than 3 orders of magni-
tude. One might be tempted to conclude that the hole
growth in the low-intensity regime also follows a log flu-
ence form; however, attempts to fit the growth data of

6. Tunneling model for hole growth

These unusual growth kinetics provide fertile ground
for possible theoretical models for the microscopic mecha-
nism for PHB in this color-center system. Previous
models for the hole growth based on center reorientation
and on first-order kinetics with constant quantum effi-
ciency" do not fit the data for the R' center. On the oth-
er hand, logarithmic time dependences have been observed
in the time dependence of specific heat of amorphous
solids, to give one example. In fact, logarithmic decay
of spectral holes in a system with proton tunneling has
been observed and modeled assuming a coupling to a
broad distribution of two-level systems (TLS's). We are
led to present the following phenomenological model for
the hole growth in which the various R' centers are cou-
pled to a distribution of tunneling states that represent the
electron-trapping and hole-formation mechanism.

Figure 16 schematically shows the process. Light of
flux E (photons/scm~) excites transitions from ~22 to iE
with excitation rate oE. Any splitting of Z is ignored for
the purposes of explaining the growth data at line center.
From the triplet excited state, the system returns to the
ground state with rate I i via radiative and nonradiative
channels or intersystem crosses with rate I i~ to an inter-
mediate state or states, m. The transient hole studies of
Sec. IIIB2 above suggest that state m has a lifetime in
the range 4—40 ms; hence, the decay rate I ~=(4—40
ms) '. State m is to be viewed as the "left well" of a dis-
tribution of asymmetric two-level systems that represent
the tunneling process. In this model, we ignore reverse
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FIG. 15. Relative hole depth versus burning fluence for the
sample of Fig. 12. The burning intensities were (a) 21 m%'/cm,
(b) 6.0 m%/cm, (c) 570 p%/cm, {d) 60 p%'/cm, and (e) 4.5
p%/cm .

A 2

FIG. 16. Schematic of the suggested mechanism for hole for-
mation. The cross section for the Aq~ E transition is a, the
pumping flux is I', I I is the decay rate to the ground state from
E, I

&
is the rate populating intermediate state rn, I" is the

decay rate from state m back to the 3& ground state, and g' is
the product ground state.
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tunneling for simplicity, i.e., we assume that if electron
tunneling occurs to the "right well" via a phonon-assisted
process, for example, then the electron eventually enters a
new ground state g' representing the electron trap and the
center no longer absorbs at the laser wavelength.

Following the arguments of Anderson et a/. , we as-
sume that the ensemble of TLS's in the sample contains a
broad (uniformly distributed ) range of asymmetries and
tunneling splittings, which reflects our physical assump-
tion that the various centers have different nearby traps
for the ejected electron. Jiickle has shown that for this
type of TLS distribution, the distribution P(R) of tunnel-

ing rates R varies as

P(R) =(Ro/2)
R(1 —R /R, „)'i

where Ro is a constant and Rm~ is the rate for zero
asymmetry and total energy equal to the tunneling split-
ting. Now to produce a simple model, we note that al-
though several traps may be associated with each center in
the sample, only the trap with the largest tunneling rate is
important for any given center. Thus each center in the
sample may in an approximate way be indexed by the tun-
neling rate R of its primary TLS, and therefore P(R) may
be used as the distribution for R' centers. In this case, the
number of centers that react (tunnel} after a given time
just depends on the distribution of rates that are available.

To derive an expression for the time dependence of the
number of centers we use a modification of the approach
of Ref. 37. The normalization of Eq. (1) may be achieved
by assuming that there exists for any system a minimum
tunneling rate R;„that reflects an upper limit on the
barrier heights. There is also a maximum tunneling rate
R,

„

that occurs for centers coupled to TLS's that have
zero asymmetry and low barrier heights. We asume that
if the centers are irradiated for a sufficiently long time,
then all centers (in resonance) will eventually react. Thus,
integration of Eq. (1) from R;, to R should just pro-
duce the total number of centers within a homogeneous
width of the laser frequency, No.

To derive an approximation to the number of centers
that have reacted after time t at burning intensity I,
N(t, I), one need only integrate Eq. (1) from the smallest
rate that can contribute to the largest rate that can contri-
bute. The smallest rate that can contribute in time t is
bounded by the reciprocal of the observation time, 1/t. In
the regime where the overall reaction rate is limited by the
light excitation and not by the tunneling systems, the
maximum rate is bounded by the excitation rate oI/hv,
where h is Planck's constant and v is the frequency of the
laser beam. Thus we have that

N(t, I) =[In(4R,„/R;„}]
crI/hv

dR
R(1—R/R )'"

The result of the integration is logarithmic growth of the
hole of the form

6T N(t, I) ln(crIt/hv)

where a; is the initial absorption coefficient, L is the sam-

ple length, b, T/T; has been assumed small compared to 1,
and where Rm;„«1/t«crI/hv«Rm, „.For simplicity,
we have ignored the dynamics of the hole width, assuming
that the value of the absorption coefficient at the center of
the hole is proportional to the hole area. Thus, this sim-

ple phenomenological tunneling model predicts a logarith-
mic growth of the spectral hole at line center as a function
of the burning fluence (assuming constant hole width}.

Over the past decade, the TI.S mode13 has been most
successful in explaining ~round-state tunneling processes
in amorphous systems. It has also been applied to
ground-state PHB decay experiments. We realize from
the outset that the simple extension presented here cannot
be a complete description of the excited-state tunneling
process occurring for R' centers in LiF. In particular,
many of the unusual properties of amorphous systems are
driven by the extremely slow relaxations that can occur on
long timescales, but these long timescales probably do not
affect the R'-center growth because the intermediate-state
lifetime is only on the order of 10 ms. We thus welcome
future theoretical efforts toward a more complete descrip-
tion.

In spite of the sweeping assumptions leading to Eq. (3),
this simple model correctly describes the log fluence
dependence in the high-intensity regime presented in Ref.
16 and in Fig. 15, trace (a). The least-squares fit to the
latter is of the form a+bin(tI), with a=0.387 and
b=0.059S. From these fitting parameters and the fact
that T; =0.31, one can deduce from the slope of the loga-
rithmic fit that R,„/R;„=9.8 X 10'. To the level of ap-
proximation in use here, this ratio may be viewed as an
approximate nmasure of the width of the TLS distribu-
tion, and the distribution does cover a fairly broad range
of tunneling rates.

The measured time and fluence dependence of the data
at lower intensities depart from the simple model of Eq.
(3) for any of a variety of possible reasons: breakdown of
the assumption that the photon excitation rate is a reason-
able estimate of the maximum tunneling rate, breakdown
of the assumption of a uniform distribution of tunneling
systems, unknown details of the actual level structure and
relaxation rates for the optical transitions, etc. On the
other hand, the intensity dependence alone in Fig. 14 fol-
lows Eq. (3) quite well, but the physical reasons for this
effect are unclear. Nevertheless, the success of this
phenomenological tunneling model for the PHB dynamics
leads one to speculate on the nature of the traps with
which the various centers interact. It appears that the R'
aggregates are to a first approximation embedded in a sea
of traps with widely varying distances from the centers
and barrier heights to tunneling. Coupling this result
with the static hole-shape measurements of Sec. III A, we
are again led to postulate that the bath of color centers
other than R' centers in the sample are the source of both
varying uniaxial stresses and deep trapping sites for elec-
trons. In a sense, then, the data suggest that R' centers in
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x-irradiated single crystals of LiF interact with a random
distribution of TLS's that show dynamics similar to that
for amorphous glasses and polymers. This analysis of
hole-growth kinetics illustrates the power of PHB in un-

covering novel details of local dynamics of impurity
centers in sohds. To look for a clearer signature of the
phonon-induced tunneling process, future experiments
should consider measuring the temperature dependence of
the R' hole-growth dynamics.

C. Effect of external fields

1. Stark effect

To learn more about the effect of various external per-
turbations on spectral holes in the R'-center ZPL absorp-
tion, a series of Stark-effect measurements were complet-
ed. The electric field vector of the infrared laser beam
was chosen parallel to the dc electric field vector, which
was aligned along a [100] axis. In all cases, the light-
propagation vector was parallel to [001]. Figure 17 shows
the hole spectra for a variety of dc fields. Here a hole was
burned in zero field [trace (a), bottom], and then the field
was increased monotonically [traces (b)—(m)] and then re-
turned to zero [trace (n), top].

The Stark effect of spectral holes in color centers has
been used to advantage in the determination of exact sym-
metries of several ZPL's in NaF. ' ' For the R' center in
LiF, the width of the central hole and the interference
from the side holes makes clear observation of a Stark
splitting somewhat difficult. In fact, the most obvious ef-
fect of the external field is simply to appear to wash out
the hole structure, a phenomenon that may have some
practical applications which will be mentioned below.

Nevertheless, a hint of a splitting of the central feature is
evident in the figure in traces (g)—(k). Plotting the split-
ting as a function of field yields a linear Stark effect with
field sensitivity of 0.14 MHz/Vcm ' for each com-
ponent. We observed siinilar results for pure (natural)
LiF as well. This result compares favorably with the
linear Stark effect observed by Davis and Fitchen, who
measured the value of 0.12 MHz/Vcm ' for the same
geometry by applying 100-times-larger fields and measur-
ing the splitting of the entire R ZPL with linear spectros-
copy.

Stark spectra were also measured for the infrared polar-
ization perpendicular to the dc electric field, which
remained parallel to the [100] axis. Figure 18 shows the
results with zero field at the bottom [trace (a)], increasing
field up to trace (j), and zero field again for trace (k). For
this orientation the line splits into more components, and
the broad pedestal from the side holes precludes any esti-
mate of Stark-splitting coefficients. The overall effect is a
smearing of the transmission increase due to the hole over
a wider and wider range of the ZPL until the hole is
essentially no longer visible.

Figure 19 shows how this effect may be used to some
advantage to provide an additional dimension for the
burning of spectral holes. In trace (a), a hole was burned
at 0 GHz, 0 kV, and scarmed at 0 kV. In trace (b), a new
hole was burned at 0 GHz, 2 kV, and scanned at 2 kV. In
trace (c), the same spectral region was scanned at 1 kV;
only weak traces of both previously burned holes can be
observed. In trace (d), a new hole was burned at + 3.9
GHz, 2 kV, and scanned at 2 kV. Finally, in trace (e), the
line was scanned again at 0 kV; the hole at + 3.9 GHz is
essentially unobservable. These results show that to a lim-
ited extent a new spectrum of holes can be burned at each
of several widely spaced field values, a property that may
be of use in frequency-domain optical-storage applica-
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FIG. 17. Stark effect for spectral holes in the 8' ZPL in
Lip + 0.2 mol% MgF2 at 1.4 K for optical field parallel to dc
field parallel to [100]. The hole in {a) was burned in zero field
for 100 s at a laser intensity of 200 p%/cm2. The fields for the
other traces were (b) 371 V/cm, (c} 743 V/cm, (d) 1.11&10
V/cm (e) 1.49X10 V/cm, (f) 1.86&10 V/cm, (I) 2.23X10
V/cm, (h) 2.98X10' V/cm, (i) 3.72X10' V/cm, (j) 5.58X10'
V/cm, (k) 7.43X10' V/cm, (1) 1.12X10 V/cm, (m) 1.49X10
V/cm, and (n) 0 V/cm. The traces have been offset vertically
for clarity.
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FIG. 18. Stark effect of spectral holes for the case of optical
field perpendicular to dc field, which was parallel to [100]. The
hole in (a) was burned in zero field for 100 s with a laser intensi-
ty of 190 pW'/cm . The fields for the other traces were (b) 413
V/cm, (c) 826 V/cm, (d) 1.24)(10 V/cm, (e) 1.65&10 V/cm,
(f) 2.07X 10 V/cm, (g) 2.48X10 V/cm, (h) 3.31X10 V/cm, {i)
4.13X10 V/cm, (j) 8.26X10 V/cm, and {k) 0 V/cm. The
traces have been offset vertically for clarity.
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FIG. 19. Transmission spectra of holes burned with and
without applied fields for the orientation of Fig. 17. Legend:
(a} hole burned at 0 kV, scanned with 0 kV; (b} new hole burned
at 0 GHz at 2 kV, scanned at 2 kV; (c} scan at 1 kV; (d} new

hole added at 3.9 GHz at 2 kV, scanned at 2 kV; (e} scan at 0
kV. The sample thickness was 0.134 cm. The traces have been
offset vertically for clarity.

tions. This fact has been mentioned previously by several
authors. Here inhomogeneous electric fields were
not required: the effect depends upon the property of the
spectral holes to essentially disappear into the background
of the inhomogeneous line for sufficiently different ap-
plied fields.

2. Zeematt effect

As a final example of the effect of external fields on
spectral holes for R' centers in LiF, magnetic fields were
applied to the sample using a pair of small Helmholtz
coils. Here only qualitative studies could be performed
for reasons to be described below. The optical electric
field and the magnetic field were both aligned along a
[100] direction, and the light-propagation vector was
parallel to [001]. For this configuration, a trigonal A «E
transition should split into two components. Figure 20
shows the effect of magnetic field on a hole burned for
100 s with a laser intensity of 230)MW/cmz. The field in-
creases from 0 G in trace (a) up to 320 G for trace (e) (the
maximum field for our coils) and then returns to 0 G for
trace (f).

It is clear that obtaining a definitive set of Zeeman
splittings from data like Fig. 20 is complicated by the
weak Fabry-Perot structure in the baseline, the maximum
field available, and the width of the central peak and the
side holes. One may qualitatively observe that the central
peak appears to broaden and shift slightly to higher fre-
quency suggestive of a splitting. This is additional evi-
dence that the central peak is partly due to centers with
zero stress splitting. The low-frequency side hole grows
slightly and moves up in frequency while the high-
frequency side hole almost disappears. The source of
these effects is unknown at present, and in addition, the
side holes show different properties at different locations
in the inhomogeneous line. The strong reduction in the

FIG. 20. Zeeman effect for spectral holes in the R'-center
absorption. The magnetic and optical electric fields were both
parallel to [100]. The applied magnetic fields were (a) 0 G, (b)
80 G, (c) 160 G, (d) 240 G, (e) 320 G, and {f) 0 G. The traces
have been offset vertically for clarity.

orbital moment due to a dynamic Jahn-Teller effect' '
partially accounts for the small size of the observed split-
tings. Magnetic circular dichroism measurements of the
spectral holes in the future should provide more complete
information.

IV. CONCLUSION
We have reported the statics, dynamics, and effect of

external magnetic and electric fields on spectral holes for
the R'-center ZPL absorption in LiF. The hole shape
contains a central peak with a side-hole structure that
varies as a function of position in the inhomogeneous line
most strongly in the wings, suggesting a quasi-randoin
splitting of the excited state due to fairly well-defined lo-
cal stresses in the crystal. The source of the changes in
the side-hole structure may be the presence of other near-
by I"-, M-, and R-center defects produced by the coloring
process. Furthermore, the fact that fairly well-defined
hole shapes appear in some parts of the ZPL absorption
suggests that the local environments of some of the R'
centers are similar. The hole-growth kinetics are nonex-
ponential, showing a logarithmic time and intensity
dependence over several decades, and a logarithmic flu-
ence dependence at higher intensities. A simple tunneling
model that assumes that the bath of R' centers is coupled
to a random distribution of barriers to tunneling gives a
preliminary microscopic foundation for the logarithmic
fiuence dependence. The Stark and Zeeman effects are
consistent with previous data and the postulated splitting
of the E excited state. These results illustrate the power
of PHB measurements in uncovering dynamics and statics
hidden within inhomogeneously broadened lines. In par-
ticular, other photoionization processes for PHB in which
the trap states are randomly distributed throughout the
host may be expected to show logarithmic time depen-
dences. ' It is hoped that with the publication of these
results, theoretical interest will be stimulated in the in-
teresting properties of this and other systems showing
PHB.
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