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Persistent IR spectral holes that exhibit glasslike characteristice—highly nonexponential low-temperature
relaxation behavior and a broad distribution of barrier heights chservable in thermal-cyeling studies—have
been produced in the inhomogeneously broadened 4.5-um "Fy — "Fy electronie absorption band of the Th* jon
in the mixed crystal Ba,_,_,La,Th,Fs,,,, Investigations of six compositions, ranging from x = 0, y = 0.005
to x = 0.30, y = 0.05, reveal no hole burning for the x = 0, y = 0.005 case and a hole-burning quantum effi-
ciency of the order of 5 x 1077 with a weak dependence of the lanthanide fraction for x + ¥ = 0,05, For all
compositions with x + y = 0,05 hole behavior is virtually identical, with both the widths and the peak positions
of the distributions of relaxation rates and barrier heights for these mixed crystals being typical of those found

for glasses.

INTRODUCTION

Persistent nonphotochemical spectral hole burning, in
which the defect electronic configuration iz not changed
by the hole-burning process, has been observed for a wide
variety of impurities in glasses for both electronic'® and
vibrational®’ transitions of the impurity. In the stan-
dard model for nonphotochemical hole burning in glasses®
it is assumed that excitation of the impurity leads to a
configuration change in the host surrounding the impu-
rity, resulting in a shift of the impurity transition fre-
quency away from the frequency of the exciting laser.
The large number of nearly degenerate configurations
available to the atoms of glasses, which is prerequisite
for hole burning by this mechanism, is also invoked in
the tunneling model*” for the low-temperature thermal
properties of glasses. The observation" of glasslike low-
temperature specific heat, thermal conductivity, and in-
ternal friction in the mixed crystal Ba,.,La.Fs,. suggests
that this class of material, like glasses, should have the
multiple configurations neecessary for nonphotochemical
hole burning.

Here we report the production of persistent IR spec-
tral holes (PIRSH') in the inhomogenously broadened
4.5-um 'Fy — 'F, electronic absorption band of the Th™
ion in the mixed crystal Ba,_,_,La,Tbh,Fs,.,,. These
PIRSH's display the characteristic properties of spectral
holes burned in true glasses, including highly nonexpo-
nential hole relaxation on time scales ranging from a few
minutes to many hours and a broad distribution of barri-
ers observable in thermal-cycling studies.

EXPERIMENTAL DETAILS

All the Ba,_,_,La,/Th,Fs,.., crystals used in this study
were grown by the Bridgeman method in graphite eru-
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cibles under an Ar atmosphere by using an rf heated
furnace. For hole-burning studies the samples, cut to a
thickness of 1.0 em, are mounted in an optical-access
superfluid He immersion cryostat equipped with ZnSe
inner windows and BaF; outer windows. The sample
temperature iz determined by using a calibrated C resis-
tor attached to the sample. PIRSH burning is performed
by using a tunahle Ph-salt diode laser, operating in the
2220-cm ™! region, focused to a cw intensity at the sample
typically of the order of 200 mW/em®. PIRSH’: are
burned by holding the laser frequency constant for several
minutes, then are probed with the same laser by sweeping
the laser frequency through a region centered on the burn
frequency. The width of any PIRSH produced is deter-
mined by using a calibrated Ge étalon, and the absolute
frequency is determined with a grating monochromator,
which also serves to select a single laser mode from the
typically multimode diode output.

RESULTS AND DISCUSSION

General

In this investigation the inhomogeneously broadened IR
absorption band necessary for PIRSH-burning experi-
ments is provided by the Th™ ion. Like La, Tb forms
a 37 ion when introduced into BaF,, and substitution of
either La®" or Th* for Ba®* results in an interstitial
F~ ion that is necessary for charge neutrality.'"® Simi-
lar glasslike behavior is therefore expected to be produced
by the introduction of either La™ or Tbh*" ions.

IR absorption spectra at 1.6 K for samples with various
La and Th concentrations are shown in Fig. 1. The over-
all effect of inereasing the lanthanide concentration is to
inerease the degree of inhomogeneous broadening of the
Th* transitions, so that the sharp lines associated with
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Fig. 1. IR absorption spectra of Ba;_..,La.Th,Fa,,,, mixed
erystals at 1.6 K, showing the Th"* electronic absorptions. The
La and Tb fractions, x and ¥, are (a) x = 0, ¥ = 0.05; (b) x = 0.05,
¥ = 0.05; (c) x = 0.10, ¥ = 0.05; (d) x = 0.15, y = 0.05; and
{e)x = 03,y = 006 The vertical dashed line indicates the laser
frequency, 2220.2 cm™', used in determining the hole-burning
quantum efficiency for each composition.
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Fig. 2. Shown here is a persistent spectral hole produced in

BaggLaggsThowFe; at 16 K by & 15-min burn at 2198 em ™ at an

intensity of 300 mWem®, Plotted is the laser-induced change in

the absorption coefficient, Aa, as a function of the offset from the
burning frequency.

specific defect clusters that are apparent at relatively low
concentrations eventually broaden and merge into a single
inhomogeneous band at the highest concentrations.

PIRSH burning has been observed for samples of
Ba,.,-,La, Th,Fa.,., with the following nominal (melt)
compositions: y = 0.05; x = 0, 0.05, 0.10, 0.15, 0.3,
Figure 2 shows the PIRSH produced at 1.6 K in the
x = y = (.05 sample by a 15-min burn at 2198 ¢cm™ at an
intensity of 300 mW/em®,

A possible mechanism for spectral hole burning, which
we rule out here, would be an internal relaxation bottle-
neck in the Th" ion itself. We do observe hole burning
by such an internal optical-pumping mechanism in an-
other rare-earth-doped alkaline-earth halide system,
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CaF;:Pr**. In that system we ohserve spectral hole burn-
ing for transitions in the crystal field split *H, — *Hj
manifold at ~4.5 um. Preliminary results show that for
CaF; with 1.0 at. % Pr®* the transition at 2194 cm™ pro-
duces holes ~140 MHz wide (FWHM) at 1.6 K with simple
antihole wings spread over a few hundred megahertz,
whereas the 2182-cm™ transition displays a complicated
series of holes and antiholes, with an antihole falling, sur-
prisingly, at the laser frequency. All holes ohserved in the
*H; — "H; manifold relax exponentially at 1.6 K with a
lifetime of 36 = 1 8. This behavior is reminiscent of that
observed for Pr** hole burning in the visible region, for
which the hole-burning mechanism is optically pumped
population redistribution among the hyperfine-"*" or su-
perhyperfine-'*"" split ground-state levels of the Pr** ion,
with hole filling occurring at the characteristic spin-
lattice relaxation rate.'® The present results for the
CaFy:Pr** *H, — *H; transitions are, to our knowledge,
the first instances of hole burning hy this optical-pu mping
mechanism to be observed in the mid-IR region.

In order to test whether PIRSH burning in the
Ba,-,-,La,Th,Fi.,., system could be due to such a mech-
anism, we prepared a sample with no La and only
0.5% Th. Since hole burning by means of internal popula-
tion redistribution of the ion itself should occur at any
concentration, this low-concentration sample would dis-
play PIRSH burning similar to that for the other samples
if this optical-pumping mechanism were responsible. At-
tempts to observe PIRSH burning in this x = 0 and
¥ = 0,005 sample, however, yielded null results, thus rul-
ing out the internal optical-pumping mechanism for the
Ba,-,-,La,Th,Fy,.., system. That the hole-burning
mechanism in Ba,_,-,La,Th,Fs,,., is not internal optical
pumping is further emphasized by the highly nonexponen-
tial nature of the hole decay, with very long hole lifetimes
(many hours) occurring at the slow end of the distribution
of relaxation rates.

Quantum Efficiencies

To investigate to what extent the La®" concentration af-
fects the hole-burning quantum efficiency, we have mea-
sured the hole growth as a function of time for all five
compositions under identical conditionsz (1.6 K, lazer fre-
quency 2220.2 em™', and intensity 160 mWjem®), using the
same diode-laser mode for all samples. We then calculate
the hole-burning quantum efficiency, n, from the short-
time hole growth behavior by using the definition of
Moerner et al.," where 5 can be expressed in terms of
experimentally accessible quantities as

. [dT(t)/dt]].. :
T 4/ (XS /N ToL — Ty — R)

where T(#) is the time-dependent external sample trans-
mittance at the laser frequency wy, T is the initial exter-
nal transmittance, R is the reflectance, I iz the external
laser intensity at the sample, and vy, is the hole width
(FWHM) measured in the small-hole limit (equal to twice
the homogeneous width), expressed in inverse centi-
meters. Sy is the integrated absorption strength of the
inhomogeneous band being burned; ie., S, = [ofw)de,
with the integral performed over the inhomogeneous
band. N.. is the density of centers (per cubic centimeter)

(1)
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Fig. 3. Hole-burning quantum efficiencies at 1.6 K for five
Ba,_._,La,Th,Fs,.,, compositions, all with Th fraction ¥ = 0.05,

plotted as a funetion of the La fra.ction! %, Identical burning con-
ditions and an intensity of 160 mW/em® at 2220.2 cm™" were used

for all compositions.

giving rise to the inhomogeneous absorption band. Here
we use the nominal 5% Th concentration, so that N, =
8.4 x 10 em™, and we define the inhomogeneous band as
being the entire Th"* "F; — 'F; region, from approximately
1800 to 3000 em™, so that 8., = 460 = 20 em™%. For all
compositions the hole width (FWHM) in the small-hole
limit at this frequency is 0.84 = 0.04 GHz.

The measured quantum efficiency is plotted as a
function of La™ concentration in Fig. 3. After an initial
increase in 7 from approximately 2 x 1077 for the 0% La
sample to approximately 5.5 x 1077 for the 5% La case, the
quantum efficiency remains constant, to within experi-
mental error, between approximately 5 x 1077 and & x
107". We note that these values fall well within the typi-
cal range for PIRSH-burning systems; the low absorption
cross section for the 'F; — "Fy transition, however, makes
this system relatively difficult for hole burning.

One might have expected a more dramatic increase in
the quantum efficiency with inereasing La®™ concentra-
tion on the grounds that increased La®' concentration
would increase the fraction of Th™ sites having sufficient
local configurational multiplicity for hole burning. The
results, however, suggest that such an effect is already
nearly saturated by the presence of Th** itself at concen-
trations of 5%. This inference is in agreement with the
idea that the multiple configurations associated with hole
burning are somehow associated with the F~ interstitials,
which are produced by the introduction of any trivalent
lanthanide, either La** or Tb*. The absence of hole
burning for the low-concentration 0.5% Th sample with
no La confirms that hole burning eccurs only when the
trivalent impurity concentration, and hence the density of
F~ interstitials, is greater than some eritical value, some-
where between 0.5% and 5%.

Low-Temperature Hole Relaxation

Monitoring the evolution of the hole size after burning
ceases reveals highly nonexponential refilling of the
PIRSH's in Ba,_,.,La,Th,Fi..., following a form virtu-
ally identical to that observed for PIRSH's burned in glasses.
Figure 4 shows the integrated area of the PIRSH burned
and probed at 1.6 K proportional to the number of centers
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remaining in the hole-burned configuration, plotted as a
function of time after the burning laser is removed, for
two compositions, (x = y = 0.05) and (x = 0.30, = 0.05).
The PIRSH relaxation behavior for the two compositions
is identical within experimental error.

As is the case with glasses,* "% the 1.6-K hole-
relaxation behavior is well deseribed by a simple model in
which it is assumed that relaxation proceeds by tunneling
between the ground-state configurations. The rate at
which a given center relaxes from the burned to the
unburned configuration is given hy

Iy = I exp{—A), (2)

where [ is an attempt frequency, assumed to be of the
order of a phonon frequency, and A is the tunneling
parameter, of the general form (2mV)'?d/h, where m is
the mass of the tunneling entity, V the barrier height, and
d the width of the barrier. In order to take into account
the distribution of environments seen hy the defect, we
simply allow the tunneling parameter A to assume a Gauss-
ian distribution about some center value A, as suggested
by Jankowiak et al ™™

G(A) = (1fm *a)exp[— (A = Aoffe’]. (3)

Thus, if Ng(0) is the total number of centers initially in
the hole-burned state, the number of centers having
burned-to-unburned relaxation rates between I exp(—A)
and [ exp[—={A + dA)] is” Ne{D)G{A)dA. The number of
centers with this relaxation rate remaining after time ¢ is
then given by

dNp(t) = N(0)G(A)dA exp[—Tut exp(—A)], (4)

and so the total number of centers remaining in the hole-
burned configuration after time ¢ is obtained by integrat-
ing Eq. (4) over all A:

Nslt) 1

el " [ = 2 i i
Ns(0) r’maju exp[—(A — Ao} /o "Jexp{—Tot exp(—A)JdA.
(5)
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Fig. 4. PIRSH relaxation at 1.6 K for two compositions in the
Bay_ ;- ,La,Th,Fay.y, system, x = 005 y = 0,05 (filled triangles)
and x = 0.05 y = 0.3 (open squares). Plotted for each case is the
integrated area of the epectral hole as a function of time after
burning ceases, with the hole area normalized to unity at ¢+ = 0.
The initial holes were burned for 15 min at 2220 em™'. The solid
curve is a fit to a Gaussian distribution of tunneling parameters
(see text).
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A fit of the data using Eq. (5) for both compositions is
shown by the solid curve in Fig. 4, where the fit parameters
are the Gaussian distribution width, ¢ = 461, and the
dominant relaxation rate T} exp{—Aq) = 1.28 x 10~ s,
These values, both the distribution width and the domi-
nant relaxation rate, are typical of those observed for
glasses. For instance, various experiments on the 1.6-K
relaxation of holes in the SeH vibrational band in glassy
Se could be fitted by using Eq. (5) with parameter values
ranging from o = 2.07 and [} exp(—Ay) = 5.5 x 107* 5!
to o = 2.70 and T} exp(—4) = 1.1 x 10~* 57, depending
on the burning laser intensity used, whereas for holes in
the SH vibrational band in glassy As.S; the parameters
ranged from o = 4.93 and I} exp(—Ay) = 3.6 x 107% s to
o = 6.56 and [ exp(—Ay) = 1.7 x 107! g1 47

The important aspect of these results is that they show
that hole burning in this system is not the result of just
one or just a few types of configurational change, such as
a single F~ interstitial undergoing a particular kind of
site-to-site hopping, for example, but is the result of a
huge family of configurational changes for which there is
a continuous distribution of barrier sizes. This is one of
the essential hallmarks of glassy behavior.

Distribution of Barrier Heights: Thermal-Cycling
Experiments

While low-temperature PIRSH-relaxation experiments
permit the determination of a distribution of tunneling
parameters for the centers involved in hole burning, the
quantities that go into the tunneling parameter, the height
and the width of the barriers, and the mass of the
tunneling entity cannot be disentangled by this kind of
experiment.

The distribution of barrier heights for this system, how-
ever, can be determined separately through a thermal-
cyeling experiment of the sort recently demonstrated by
Kihler et al.® In this experiment a hole is burned and
measured at 1.6 K; the sample is quickly heated to some
maximum temperature T, held at that temperature for
a fixed time 7., and then quickly cooled to 1.6 K; and the
hole is remeasured. The fraction of the hole that remains
after this thermal cycle (corrected for the fraction that
would have been lost anyway through low-temperature
tunneling) is a measure of the fraction of centers whose
barriers to hole refilling are greater than some critical
height, V, determined by T, and 7. To see this rela-
tionship, note that for a single barrier height V the Arrhe-
nius thermal barrier hopping rate R is

R = 0y exp(—V/&T), {6)

where k is Boltzmann's constant and (), is an attempt fre-
quency of the order of a phonon frequency, so that if we
instantaneously raise the temperature to T\,., maintain
the temperature for a time 7,4, and then instantaneously
cool the sample, the fraction f of centers that will not have
hopped the barrier after time 7y, is

f = exp[— Do exp(—V/kTw.,)]. {7)

The key to this argument is that, for fixed {1,, V, and m,,
this function can be approximated quite well as a unit-
step funection in Ty Above some critical value of T,
virtually all centers with barrier height V will have hopped
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the barrier after a time 7., whereas below thiz critical
value virtually none of them will have hopped. Con-
versely, this means that for a system with a distribution of
barriers, g{V'), each value of T, has associated with it a
value of the barrier height Vy given by

1"7] = kme ]-nﬁlﬂ'rhn}d}- {B}

such that all centers with barriers lower than V, will have
hopped the barrier after time .. In other words, the
fraction f of the hole that remains after thermal eycling to
T e for time 7y is

¥
L=l L g(V)av. ©)

Thus when .4 is held constant, eyeling to various values
of T, allows one to map out the distribution g(V). If
one plots the fraction remaining, £, versus V, obtained
from T, by means of Eq. (8), the distribution g(V) is ob-
tained by taking the derivative of f with respect to V.
Figure 5 shows the results of a thermal-cycling experi-
ment for the BagoLaysThowF:, sample. For each data
point in Fig. 5 a hole was burned at 1.6 K for 5 min at
2198 cm™' at an intensity of 300 mWem®., After a hole
measurement was obtained at 1.6 K, the sample was
warmed as quickly as possible to the maximum tempera-
ture T'n.., maintained at that temperature for a time 1.
of 30 s, then immediately cooled to 1.6 K, at which time
the hole was remeasured. To obtain the data points plot-
ted in Fig. 5, the final hole size was divided by its size
before thermal cycling, then corrected for the finite time
required for warming and cooling. This correction is
necessary because the entire cycle for a single data point
typically takes approximately 5-7 min, during which time
a hole maintained at 1.6 K would have decayed to —75% of
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Fig. 5. Thermal PIRSH erasure results for BﬂugLﬂ.nuﬁThumFgl.
Each data point was obtained by burning a hale at 1.6 K for 5 min
with 300-mWjem® intensity at 2198 cm™'; warming the sample to
the maximum temperature Ty, (bottom seale), holding it at T,
for 30 s, and then cooling it; and remeasuring the hole at 1.6 K.
Flotted is the fraction of the hole remaining, corrected for the
natural 1.6-K relaxation that would have occurred during the
time taken by the experiment. The top scale indicates the bar-
rier heights, V;, correafqnding to each T, for an assumed
attempt frequency of 10" ™. The fraction of the hole remaining
then corresponds to the fraction of centers having a barrier
height =15. The solid curve indicates a fit to these data based on
the Gaussian distribution of tunneling parameters obtained from
Fig. 4 (zee text).
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its initial size (compare Fig. 4). To take this decay into
account, we multiply the ratio of the final to the initial
hole size by a factor obtained from the fit of Eq. (5) to the
1.6-K relaxation shown in Fig. 4. It is these final values
that are plotted in Fig. 5 as a function of T\...

Examination of Fig. 5 reveals that the most rapid
increase in barrier hopping with increasing T\.., corre-
sponding to the main peak of the distribution of barrier
heights, occurs at approximately T, = 9 K. By using
Eq. (8) with our ty,e of 30 s and assuming an attempt
frequency {1, = 10" 57", we find that this temperature
corresponds to a peak in the distribution g(V) near
Vi/k = 280 K. The nearly flat region from approximately
Tosx = 13 K to Tuee = 17 K [or from V/k = 400 K to
V/k = 530 K, according to Eq. (8)] corresponds to a region
in which g(V')} in nearly zero. The final decrease in the
hole fraction above T, = 17 K appears to indicate a
second smaller peak in g{V') somewhere near T, = 19 K
or V/k = 590 K, though here the experimental uncer-
tainty is quite large.

If we now use these results for the distribution of bar-
rier height g(V') together with the distribution of tunnel-
ing parameters G(A) obtained from the 1.6-K hole
relaxation, we can obtain some idea of the mass of the tun-
neling entity and the tunneling distance. Starting with
the Gaussian G(A) used to fit the data of Fig. 4, we use the
square barrier form of the tunneling parameter,

A* = 2mVd® /K, (10)

to transform G(A) into g(V') and fit this (V) to the results
of Fig. 5, by means of Eq. (9), using the product md? as an
adjustable parameter. The solid curve in Fig. 5 shows the
resulting fit. For this fit we set both the tunneling
attempt frequency [Eq. (2)] and the Arrhenius attempt
frequency [Eq. (6}] equal to 10" 57! and used the experi-
mental value of 7 = 30 8. The value of md® used to
obtain this fit is 1.67 x 107" kg m* or, equivalently,
~100 amu A%, Given that the F mass is 19 amu, while the
remaining species’ masses range from 137.3 amu for Ba to
158.9 amu for Th, this value appears to be physically rea-
sonable; the tunneling involved in the 1.6-K relaxation
could, for instance, involve several F~ interstitials moving
~1 A. We emphasize, however, that, since many types of
eonfiguration are probably involved in the hole burning,
md?, like V, should take on a broad distribution of values,
and this analysis should be viewed mainly as a verifica-
tion that the assumption that relaxation occurs by tunnel-
ing at 1.6 K is physically reasonahble,

SUMMARY AND CONCLUSIONS

In summary, in the Ba,_._,La,Th,F:,,., system we have
observed persistent spectral hole burning that displays
striking similarities to nonphotochemical hole burning in
glasses. Both the highly nonexponential hole relaxation
at 1.6 K and the broad distribution of barrier heights seen
in thermal hole-erasure measurements are typical of
glassy systems. Taken together, moreover, the two types
of experiment support the tunneling interpretation of the
low-temperature hole relaxation. Over the composition
range 5-35% combined La and Th concentration, the
hole-burning quantum efficiency was found to be only
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weakly dependent on the lanthanide concentration, though
no hole burning was observed for the 0.5% Tb material.
Thus future studies intended to elucidate the role of lan-
thanide doping in producing the glasslike multiple configu-
rations necessary for hole burning should concentrate on
materials with lanthanide fractions of less than 5%,
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