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Systematic control of spectral hole burning and homogeneous linewidth by disorder
in Y2O3:Pr31 crystalline systems
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The Institute for Solid State Physics, University of Tokyo, Roppongi 7-22-1, Minato-ku, Tokyo 106-8666, Japan

~Received 6 August 1998; revised manuscript received 5 October 1998!

We investigated the hole-burning phenomena and homogeneous linewidth in Pr31-doped Y2O3-based crys-
tals under the systematic control of disorder in the crystal. When divalent ions are doped into an Y2O3:Pr31

crystal, holes due to rearrangement of local structure around Pr31 ions are burned. The burning curves are
successfully analyzed in terms of a distributed tunneling rate model for hole formation. The burning efficiency
from this analysis and the homogeneous linewidth become larger as the crystal includes a larger amount of
divalent ions. The interaction of Pr31 ions with oxygen vacancies is thought to be one of the origins of the hole
production and the line broadening. The interaction length between Pr31 ions and oxygen vacancies is dis-
cussed.@S0163-1829~99!01214-X#
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I. INTRODUCTION

There are still many unsolved problems in disordered m
terials. For example, various aspects of their thermodyna
cal properties at low temperatures have been explaine
terms of two-level systems~TLS!, but the origin of the TLS
often remains unclear.1–3 One of the reasons for this situatio
is the lack of knowledge about the nature of disorder and
an experimental method to investigate it. Recently, persis
spectral hole burning has been recognized as a possible
erful tool to investigate these problems from microsco
viewpoint. This phenomenon has been extensively studie
various materials, mainly due to the possibility of its app
cation to high-density optical memories using frequency
main recording.4 Realization of room-temperature hole bur
ing is one of the most attractive targets for recent resea
work.5–7 On the other hand, the phenomenon of persist
hole burning is profoundly related to the nature of the dis
der, and a detailed investigation of the persistent hole bu
ing will provide a way of understanding the disordered m
trix in which the optical centers are embedded.

There are several mechanisms for persistent spectral
burning. Among them, the mechanism concerned with T
in disordered materials is known as photophysical h
burning.3 It is believed that some slight rearrangement of
lattice is induced by optical excitation and a spectral hole
locked persistently owing to a long recovering time of th
rearranged configuration. In most cases, however, the d
of this structural change or even the relevant entity which
bringing about the TLS is not clarified. This is mainly b
cause the investigations were done in too complicated
tems such as multicomponent glasses or polymers. In o
to clarify the nature or the origin of the rearrangement or
role of TLS, studies in materials with well-controlled diso
der can be more fruitful approaches. Continuous changin
the degree of disorder starting from an almost perfectly
dered system will be most useful for looking at the effect
disorder in the hole properties.

In inorganic crystals or mixed crystals with simple stru
ture suitable for the systematic control of disorder, there
PRB 590163-1829/99/59~14!/9078~10!/$15.00
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only a few examples in which holes due to the lattice re
rangement have been observed. Studies on hole burnin
Eu31-doped crystals were reported recently.8,9 As for
Pr31-doped crystals, it was reported that holes due to lig
induced tunneling of D2 appeared in SrF2:Pr31 and
CaF2:Pr31 containing D2 ions.10,11 Holes due to the same
mechanism were reported also in SrZrO3:Pr31 based
oxides.12 The former were reported with the interest of th
holes due to optical pumping mechanism among hyper
split levels of Pr31, and the relation between persistent ho
and disorder was not discussed. Previously we reported
persistent hole in YSZ@~ZrO2!0.92~Y2O3!0.1#:Pr31 due to the
lattice rearrangement which may be concerned with oxy
vacancies,13,14 and also in YAG(Y3Al5O12, yttrium-
aluminum-garnet!:Pr31.15 In addition, we reported the pre
liminary result that the introduction of Mg21 into Y2O3:Pr31

crystals induces persistent holes.16,17

As for the existence of TLS, it is more often manifest
by the appearance of a nearly linear temperature depend
of the homogeneous linewidth (Ghom) at low temperatures
~Ghom}Tn wheren is slightly greater than or equal to 1!. It
was shown for inorganic glasses that the same value on
observed in the hole-burning result is also found for the te
perature dependence of the specific heat, consistent with
oretical models.18

Studies on samples with systematically controlled dis
der will be also useful to understand the temperature dep
dence ofGhom in disordered materials. In these systems,
nature of TLS which broadensGhom may be clarified. From
the study onGhom of Eu31:Y22xScxO3, it was found that
disorder introduced by Sc31 replacing Y31 does not lead to
an increase inGhom.19 The research in this direction shou
be promoted in order to understand the role and mechan
of disorder in determiningGhom and its temperature depen
dence in glassy materials.

For these two purposes, that is, to clarify the hole-burn
mechanism concerned with TLS and to understand the t
perature dependence ofGhom in disordered materials, we ap
plied hole-burning spectroscopy to Y2O3:Pr31 crystals doped
with various amounts of Mg ions. We also investigat
9078 ©1999 The American Physical Society
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TABLE I. Samples used in this paper, including results of element analyses of metallic ions in Y2O3:Pr31 crystals, and inhomogeneou
linewidths.

Sample notationa Concentration of
starting mixtures~mol %!

Result of element
analysis of metallic
elementb ~mol %!

Estimated concentration
of metallic elemente

~mol %!

Inhomogeneous
linewidthf

~cm21!
Pr31 metallic element

Y2O3:Pr31 ~0.2! ~undoped! 0.2 0.5860.01
Y2O3:Pr31 ~0.2!-Mg~0.1! 0.2 0.1 0.0093* 0.00560.0025 0.6460.01

-Mg~0.3! 0.2 0.3 0.0108 0.01560.0075 0.6660.01
-Mg~0.6! 0.2 0.6 ~0.116!c 0.0360.015 0.6860.01
-Mg~1! 0.2 1 0.0773 0.0560.025 0.8160.01
-Ca~1! 0.2 1 ~1!d ~2.46 0.1!
-Ba~1! 0.2 1 0.0173 0.7660.01
-Zr~5! 0.2 5 4.6* ~186 0.1!

Y2O3:Pr31 ~0.02!-Mg~0.1! 0.02 0.1 0.005 38 0.00560.0025

aConcentrations in starting mixtures~prepared batch in powder! are used for sample notations. For example, Y2O3:Pr31~0.2!-Mg~0.1! is
(Y2O3) ~99.8 mol %!-~Pr2O3! ~0.1 mol %!-~MgO! ~0.1 mol %!.

bResults of ICP-MS~induced coupled plasma mass spectrometric analysis! or ICP ~induced coupled plasma emission spectrochem
analysis, with* !.

cThis is less reliable than others, considering quality of analyzed blocks.
dValues larger than 1 mol % were obtained in the analysis, thus 1 mol % is assumed.
eReduction factor of 1/20 from the starting mixtures and the error range of650% are assumed.
fInhomogeneous linewidths were obtained at 4.7 K from luminescence excitation spectra, or from luminescence spectra excited
tively by a xenon lamp with a broad bandpass filter for the values in parentheses.
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samples with some other metallic ions.
We have found in the previous paper that 20 K is m

appropriate for comparing persistent holes in Y2O3:Pr31

crystals.17,20 At temperatures higher than 20 K the hol
burning efficiency is not large due to the thermal ho
recovery process, and at lower temperatures the rearra
ment mechanism is suppressed by the optical-pump
mechanism among hyperfine split levels. We first meas
holes at 20 K in the five kinds of MgO-doped Y2O3:Pr31

crystals. We describe the MgO-concentration dependenc
hole behavior. Then, we investigate the effect of other m
tallic ion doping, i.e., Ca21, Ba21, and Zr41 doping. Consid-
ering these results, we discuss the origin of the lattice re
rangement. In addition, the interaction length of Pr31 ions in
this mechanism is estimated. Lastly, we discuss the temp
ture dependence of the homogeneous linewidth in the M
doped crystals.

II. EXPERIMENT

A. Samples

The Y2O3:Pr31 crystals were grown by the floating-zon
method using a xenon arc image furnace.21 For starting ma-
terials, powder reagents (Y2O3: 99.99%, Rare Metallic Co.
Pr2O3: 99.9%, other oxides with similar grade! were used.
The concentration of Pr31 was always 0.2 mol %~except for
one sample used in Sec. III D!. We mixed the powder in the
ratio of (Y2O3) „(99.9-x) mol %…-(Pr2O3)(0.1 mol %)-
(metal oxide)(x mol %) and pressed it into a rod. Then, w
sintered the rod around 1300 °C for a few hours in air. W
grew crystals by the image furnace in an argon atmosph
with a growing velocity of;20 mm/h.

To investigate the effect of doping divalent ions, we co
pare the results of doped Y2O3:Pr31 samples with that of
t
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‘‘undoped’’ Y2O3:Pr31 used in the previous paper.17,20 We
prepared samples with four different MgO concentratio
i.e., 0.1, 0.3, 0.6, and 1 mol % in starting mixtures. In ad
tion, samples with other divalent ions (Ca21, Ba21) and tet-
ravalent ions (Zr41) were examined. The crystalline struc
tures were not changed by doping of these divalent
tetravalent metallic ions in all of the Y2O3:Pr31 samples, as
we confirmed it by powder x-ray-diffraction patterns.

During the crystal growing procedures, some of the div
lent ions are subjected to considerable sublimation. The
fore, the real concentration of the dopant in the crystal m
be different from the initial one in starting mixtures. In ord
to estimate the real concentrations, we made element an
ses using induced-coupled plasma mass spectrometric a
sis ~ICP-MS! or induced-coupled plasma emission spect
chemical analysis~ICP! methods in several samples. Th
results are shown in Table I.

We confirmed by the ICP method that the concentrat
of Pr31 is retained within630%. However, the concentratio
of the Mg21 ions is about an order of magnitude lower th
the value in the starting mixtures.22 This is ascribed to the
high volatility of MgO. It is quite difficult to estimate the
real concentration of Mg21 ions in the sample pieces used
the spectroscopic measurement. We have to use a diffe
part of the block for the element analysis due to destruc
nature of the ICP analysis. The rather large fluctuation in
reduction ratio of the Mg21-ion concentration may be as
cribed to the inhomogeneity of the crystal blocks which we
taken from the part with lower quality. The ICP results te
to be influenced by segregated Mg ions in the case of lo
quality samples. For example, the relatively large value
the Mg~0.6! sample can be ascribed to this effect. T
Mg21-ion concentration in the sample pieces for optical m
surements is believed to be more stable. This is supporte
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9080 PRB 59TSUYOSHI OKUNO AND TOHRU SUEMOTO
the smooth change of the inhomogeneous linewidth see
Table I. The order of the concentration of Mg21 among these
four pieces for optical measurements is believed to be
tained. As shown in Table I, the reduction factor of Mg21

distributes from 1/10 to 1/27, ignoring the Mg~0.6! case.
Throughout the following semiquantitative discussions,
use a reduction factor 1/20 for all the samples. The expe
error range of the Mg21-concentration will be650%. Table
I includes the estimated concentrations of Mg21.

Considerable reduction was observed in t
Ba21~1 mol %!-doped sample, while for the
Zr41~5 mol %!-doped sample the initial concentration is r
tained after the crystallization. As for th
Ca21~1 mol %!-doped sample, values larger than 1 mol
were obtained, the reason for which might be the relativ
large inhomogeneity of the sample doped with Ca21. We
assume 1 mol % for the concentration of Ca21. As is men-
tioned above, the real concentration of metallic ions are
the same as those in the starting mixtures. However, we
the concentrations in the starting mixtures for sample no
tions shown in Table I.

The crystal structure of cubic Y2O3 is of a rare-earth ses
quioxide C-type structure with space groupTh

7 ~or, Ia3).23

One unit cell contains 16 Y2O3 molecules. There are two
crystallographically different cation sites; 24 Y31 ions oc-
cupy the Wyckoff position 24d with site symmetryC2 , and
eight Y31 ions occupy the position 8b with site symmetry
C3i ~or, S6). The ratio of the number ofC2 sites to that of
C3i sites is 3:1.

It is generally agreed that the site occupation of Pr31 ions
in Y2O3 is substitutional on the two cation sites. Absorpti
lines of Pr31 in Y2O3 at 80 K were reported and assigned
the C2 site.24 In all of our samples, we measured lumine
cence and excitation spectra at 4.2 K to determine the en
separations between3H4 and 1D2 levels. The energy posi
tions of all of the absorption peaks are found to be alm
exactly the same as those determined in Ref. 24; the dif
ence is at most 6 cm21, which may be attributed to the dif
ference of the temperature. Therefore, we conclude that P31

ions observed by luminescence spectroscopy in our sam
occupy theC2 site where the crystalline field remains almo
unchanged by the doping.

In all the samples, we measured the inhomogeneous
width of the 3H4(1)-1D2(1) transition~between the lowes
levels of 3H4 and 1D2 , 6189 Å! at 4.7 K. It was determined
from luminescence excitation spectra for widths smaller th
1 cm21. For widths larger than 1 cm21 @Y2O3:Pr31-Ca~1!
and -Zr~5!#, we used luminescence spectra excited nonse
tively by a xenon lamp with a broad~;100 Å! bandpass
filter around 4700 Å. The consistency between these
measurements was confirmed in Y2O3:Pr31-Mg~1!. In Table
I, we summarize the values of the inhomogeneous linewi

B. Hole-burning measurement

As an excitation source for hole-burning experiments,
used a single-frequency ring dye laser~Coherent CR699-21!
pumped by an argon-ion laser~Spectra-physics SP2016!.
We made hole-burning experiments by using t
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3H4(1)-1D2(1) transition of Pr31 at 6189 Å. The spectra
width of the dye laser due to frequency jitter is;5 MHz
(;1024 cm21).

The laser beam was spatially filtered by a single-mo
optical fiber. The output from the fiber was passed throug
polarizer, and then stabilized by a laser power contro
~CRI LPC-VIS!. The laser beam was loosely focused on t
sample surface with a beam diameter of 1.0060.05 mm; this
diameter is retained more than 10 mm in the beam direc
around sample position. This ensures the same density o
irradiating laser power on the sample, even if the sam
position slightly changes. The sample surface was held
;45° to the irradiating laser beam in a continuous-flow c
ostat~Oxford CF1204!.

Luminescence from the sample was collected by a len
a photomultiplier~Hamamatsu R955! at a right angle to the
laser beam. The laser light was rejected and the lumin
cence was selected by sharp-cut filters~Toshiba R62 and
R63!, and an interference filter~center wavelength:;6600
Å, band pass:;150 Å!. The signal was recorded by a pe
sonal computer which controls also the laser wave num
In measurements of hole spectra, we irradiated a sampl
the laser light with a fixed wavelength for the desired tim
Then, we measured hole spectra with laser light attenua
by a factor of;100 as luminescence excitation spectra
scanning the laser around the burning wave number.
scanning range was monitored by a Fabry-Perot-type s
trum analyzer.

III. RESULTS AND DISCUSSION

A. MgO-doping dependence of holes

Figure 1 shows persistent hole spectra burned at 20 K
five MgO-doped Y2O3:Pr31 crystals. Burning laser intensity
was 2 W/cm2 and burning time was 60 s. We find clearly th
the hole is deeper and broader as Y2O3:Pr31 includes a larger
amount of MgO. This result suggests that MgO doping
duces the persistent hole.

These holes have no antihole and are not erased by 30
annealing.16,17 The possible formation mechanisms are loc
lattice rearrangement around Pr31 ions, or photoionization
from Pr31 to Pr41. Photoionization phenomenon was r
cently observed in Pr31:YAG by using photon-gated
photoconductivity,25 but there is no example of photoioniza
tion hole burning in Pr31-doped materials. In addition, hole
coming from photoionization need at least two photons
6189 Å, considering 4f 5d absorption bands for photoioniza
tion. It brings about quadratic or larger burning-intensity d
pendence of holes. However, in these Y2O3:Pr31 systems,
roughly linear dependence was observed between 2 W/2

and 300 W/cm2 burning. Therefore, the lattice rearrangeme
mechanism is more likely in these systems.26

In Fig. 2, hole widths@half width at half maximum
~HWHM!, MHz# are plotted against burning time. Sampl
are Y2O3:Pr31 ~asterisks!, Y2O3:Pr31-Mg~0.1! ~triangles!,
-Mg~0.3! ~squares!, -Mg~0.6! ~circles!, and -Mg~1! ~crosses!.
At all the burning times, the width becomes larger
Y2O3:Pr31 crystals include a larger amount of MgO. In ea
sample, we obtained a homogeneous linewidth (Ghom) from
the zero-burning limit of the hole width~HWHM! from the
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PRB 59 9081SYSTEMATIC CONTROL OF SPECTRAL HOLE BURNING . . .
data shown in Fig. 2. The obtained values are not far fr
the leftmost points corresponding to 5 s burning, which is
practically zero burning on the time scale of this figure.

In Fig. 3, homogeneous linewidths are plotted against
concentration of MgO. We find that the linewidth show

FIG. 1. Hole spectra at 20 K in Y2O3:Pr31, Y2O3:Pr31-Mg~0.1!,
-Mg~0.3!, -Mg~0.6!, and -Mg~1!. Burning intensity is 2 W/cm2 and
burning time is 60 s.

FIG. 2. Burning time dependence of hole width~half width at
half maximum, HWHM! at 20 K in Y2O3:Pr31 ~asterisks!,
Y2O3:Pr31-Mg~0.1! ~triangles!, -Mg~0.3! ~squares!, -Mg~0.6!
~circles!, and -Mg~1! ~crosses!.
e

nearly linear dependence on the MgO concentration. T
figure will be discussed in Sec. III D.

In order to compare the hole growth among the fi
samples, hole areas@depth~maximum 100%!3hole width
„full width at half maximum~FWHM!, MHz…# are plotted
against burning time in log-linear scale in Fig. 4~we con-
firmed that the product of the depth and the width is equa
the hole area within 10%!. Samples and corresponding sym
bols are the same as those in Fig. 2.

We can assume that the oscillator strength of
3H4-1D2 transition of the optical centers (Pr31) is not
changed among the five samples. Then the area of absor
spectrum is proportional to the number of the centers. T
means that the hole area is proportional to the numbe
burned centers. This is fulfilled among the five samples w
the different homogeneous linewidths.27 Thus we can com-
pare the hole-burning efficiency among the five samples
using hole areas shown in Fig. 4.

In Fig. 4, the area becomes larger as the burning t
increases in all the samples, and the area is larger a
Y2O3:Pr31 crystal includes a larger amount of MgO at all th
burning times.

FIG. 3. MgO concentration dependence of homogeneous l
width (Ghom) at 20 K in MgO-doped Y2O3:Pr31, determined from
zero-burning limit of hole widths.

FIG. 4. Burning-time dependence of hole area@depth~%!3hole
width ~FWHM, MHz!# at 20 K in MgO-doped Y2O3:Pr31 plotted
against logarithmic burning-time scale; the samples are Y2O3:Pr31

~asterisks!, Y2O3:Pr31-Mg~0.1! ~triangles!, -Mg~0.3! ~squares!,
-Mg~0.6! ~circles!, and -Mg~1! ~crosses!. Curves are the fitting re-
sults ~see text!.
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B. Dispersive hole growth kinetics

1. Model

In the first place, we discuss a model to describe the bu
ing curves shown in Fig. 4. We assume that depletion of
original centers and buildup of products by hole burning
governed by a rate constantKt @Kt5(kt /kf)qI, wherekt is a
tunneling rate to the photoproduct in the excited state,kf is
the relaxation rate from the excited state to the ground s
~the reciprocal lifetime!, q is the absorption cross sectio
and I is the photon flux#.28 The normalized concentration o
the centersM is written by a rate equation

~d/dt!M ~ t !52KtM ~ t !, ~1!

whereM (0)51. We assume that the optical centers cou
to two-level systems~TLS! of the matrix, although these
samples used in this research are crystalline. Even in c
tals, a sample-dependent rather broad linewidth is found
Refs. 14, 29, 30. It was reported that Y2O3:Eu31 fiber
samples have low-energy states whose excitation ener
tunneling rates, and coupling strengths exhibit a broad dis
bution as in the case of glasses.29,30 After optical excitation
during the hole-burning process, tunneling occurs within
double-well potential coming from TLS with a rate consta
Kt . We assume that the burning rateKt is given by Kt

5Kt
0 exp(2l), where l is the tunneling parameter of th

general form (2mVd2/h2)1/2 ~m is the mass of the tunnelin
entity, V is the barrier height, andd is the width of the
barrier!,28,31–33andKt

0 is an attempt frequency on the ord
of an optical-phonon frequency.28 After the tunneling occurs
and the optical center relaxes to the electronic ground s
absorption frequency of the center changes, and then a
is produced.34

If the rateKt is common to all the centers, hole-grow
data should follow a simple exponential ofM (t)
5exp(2Ktt) from Eq. ~1!. Nevertheless, all of the data i
Fig. 4 do not follow a simple exponential profile; the tim
development of the hole area largely deviates from an ex
nential function and shows saturationlike behavior at lon
burning times. The simple optical saturation effect can
explain these nonexponential profiles, because the maxim
hole depth is less than 20% in the experiments here. In s
cases, such profiles in hole-burning kinetics could be
plained by introducing distribution intol. Then,M (t) can be
written as

M ~ t !5E g~l!exp@2Kt
0 exp~2l!#dl,

where g(l) is a distribution function ofl and *g(l)dl
51. The introduction of distribution intoKt

0 seems unneces
sary, because the fluctuation of the factor exp(2l) would
give far larger effect.35,28 This distribution ofl may include
its variation in one sample between the centers just reso
with the laser and those absorbing the laser at the wing
their homogeneous linewidths. Some reports used flat di
bution forl with cutoff procedure.36,37Others used Gaussia
distribution.38,39
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2. Scaling of the data among the samples

Before trying to fit the hole-growth data in Fig. 4, w
examine the possibility of scaling of the hole-growth da
Among the five samples used here, we changed only
concentration of MgO. Hence we might expect that the d
in the samples follow a simple scaling law. There are t
ways of scaling, that is, the scaling of the ordinate, and t
of the abscissa. Hole-growth data of Pr31 ions in germanate
glasses were well explained by the former scaling.40 Never-
theless, we find that the data in these MgO-doped Y2O3:Pr31

crystals do not follow a single curve only by multiplicatio
by each factor in the ordinate scale@for example, the asterisk
(Y2O3:Pr31) at 2000 s is located at;1/10 of the cross,
Y2O3:Pr31-Mg~1!, at 2000 s, while the asterisk at 5 s is at
;1/40 of the cross#. Thus, the scaling of the ordinate cann
be applied to these data.

Then we apply the scaling of the burning time~the ab-
scissa!. For this scaling, we use the data in Fig. 4 and assu
the appropriate scaling factor for burning time~burning rate!
in each sample. By using each normalized time~each burn-
ing rate! for each sample, we plot hole areas in the fi
samples in Fig. 5~the ordinate of this figure is divided b
70 000 from Fig. 4, which will be explained in the fittin
procedure!. Samples and corresponding symbols are
same as those for Fig. 2. We find that all of the data reas
ably follow a single curve in the figure~a theoretical fit in the
next subsection!, that is, the hole-growth data in these MgO
doped samples follow the scaling of the burning time. T
ratio of the normalization factor for burning time i
~1:8:50:100:400! for Y2O3:Pr31, Y2O3:Pr31-Mg~0.1!,
-Mg~0.3!, -Mg~0.6!, and -Mg~1!.

The application of this scaling means that only the av
age burning efficiency of Pr31 ions is different among the
five samples. Nonexponential hole-growth curves sugge
the dispersion in the burning rateKt ~or l! as is mentioned
above. The existence of the scaling law in the burning ti
indicates that there is no difference in the dispersion in
burning rate.

3. Fitting the data

The next step is to fit the hole areas in all of the burni
times, that is, to find a good distribution function ofg(l)

FIG. 5. Relative hole area plotted against scaled burning t
~see text for the scaling! at 20 K in MgO-doped Y2O3:Pr31 plotted
in log-linear scale; the samples are Y2O3:Pr31 ~asterisks!,
Y2O3:Pr31-Mg~0.1! ~triangles!, -Mg~0.3! ~squares!, -Mg~0.6!
~circles!, and -Mg~1! ~crosses!. The curve shows calculation base
on a model in the text.
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PRB 59 9083SYSTEMATIC CONTROL OF SPECTRAL HOLE BURNING . . .
explaining the whole hole-growth curve in Fig. 5. At first, w
consider the flat distribution forl, which was successfully
applied toR8 color centers in LiF crystals.41 It brings a loga-
rithmic time dependence of the hole area, that is, a stra
hole-growth line against burning time in log-linear scale.
is found in Fig. 4, it cannot be applied to these results.

Next, we try to use Gaussian distribution forg(l),28 that
is,

g~l!5A 2

ps2 expS 2
~l2l0!2

2s2 D ,

wherel0 is the center of the distribution ofl, ands is the
width of the Gaussian. Then, we can write the expression
M (t) as

M ~ t !5A 2

ps2 E
2`

`

expF2
~Dl!2

2s2 2Kt
0t

3exp$2~l01Dl!%Gd~Dl!, ~2!

whereDl5l2l0 ~deviation of the tunneling parameter!.
Before we apply the Gaussian distribution, we normal

the hole area in Fig. 4. We consider the maximum numbe
centers which can possibly be burned. Then, we use 70
52 ~broadening!3175 MHz @homogeneous width of the
broadest sample, Y2O3:Pr31-Mg~1!#32 ~full width!3100%
~full depth! for the normalization factor. This was used in th
ordinate of Fig. 5. In Fig. 2, the maximum hole width
about twice that of the homogeneous width, thus we use
factor 2 as the effect of broadening. The maximum homo
neous width is used among the five samples. It is not c
that a hole with such a large area of 70 000 can be re
burned even in Y2O3:Pr31 with the smallest homogeneou
linewidth. Nevertheless, the burning rate can be compare
fair means using hole areas among the five samples reg
less of the normalization factor, as is described in Sec. II
In addition, centers impossible to be burned can be rega
as those hardly burned in the wing of the Gaussian distr
tion of the burning rate. Therefore, we assume this norm
ization factor.

Here, we try to fit the shape of the universal curve in F
5 by using the two fitting parameters ofs and K @K
[Kt

0 exp(2l0)#. The result of fitting is shown in Fig. 5 by
the solid curve, wheres and K are determined to be 5 an
7.6310210s21, respectively. The used parameter for the a
scissa for each sample isK3 (burning time)31, 8, 50, 100,
or 400 for Y2O3:Pr31, Y2O3:Pr31-Mg(0.1), -Mg~0.3!,
-Mg~0.6!, or -Mg~1!, respectively, and the calculated resu
are shown in Fig. 4 by lines. These five values for the fi
kinds of MgO-doped samples mean the relative hole-burn
rate, and correspond to the normalization factor obtaine
the scaling procedure from Fig. 4 to Fig. 5 at the end of
preceding subsection. The agreement between the data
the calculation in Figs. 4 and 5 is satisfactory.

4. Meaning of the model

We consider the meaning of this model and the param
K. When we introduce the distribution intol, the rate of the
depletion of centersKt

0 exp(2l) begins to have distribution
It means that there are centers which can easily be bu
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and those which can hardly be burned. The area of a hol
a spectrum is proportional to the number of burned cent
Thus, some small hole can be burned in a very short burn
time, while a very long time is necessary to burn a lar
hole. Figure 6 shows calculated results for distribution
remaining centers in the kinetic experiments when the ti
proceeds.28 In this figure, the integrand in Eq.~2! using s
55 for several values of normalized burning timet is plotted
against the deviation of the tunneling parameterDl. The
curve denoted byt50 shows the distribution ofl for the
centers before burning. In the experiment of Fig. 4, norm
ized burning time ranges from 5 to;106 which depends
both on time and the samples. We find that only the cen
which can easily be burned in the tail of the distribution ofl
contribute to the hole in this experiment.

In Fig. 7, the scaling factor of burning time, that is, th
relative burning rate, is plotted against the concentration
MgO in the five kinds of Y2O3:Pr31-Mg samples. We find
that the factor shows an increase with the increase of
MgO concentration. This figure will be discussed in Se
III D.

C. Effect of other metallic ion doping

In addition to the MgO-doped samples, we investiga
Y2O3:Pr31 samples doped with various other metal oxide

FIG. 6. Time evolution of density of original centers against t
deviation of tunneling parameter (Dl5l2l0). Values of t indi-
cate burning times.

FIG. 7. MgO-concentration dependence of scaling factor
burning time or relative burning rate at 20 K determined from
ting of the hole-growth data in Fig. 5.
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that is, Y2O3:Pr31-Ca(1), -Ba~1!, and -Zr~5! in Table I. Fig-
ure 8 shows hole spectra burned at the same burning co
tion (2 W/cm23300 s) at 20 K in Y2O3:Pr31 ~undoped!,
Y2O3:Pr31-Mg(1), -Ca~1!, -Ba~1!, and -Zr~5!.

We find that the holes in Y2O3:Pr31 ~undoped! and
Y2O3:Pr31-Zr(5) have almost the same width and area. T
fact suggests that the Zr41 doping does not affect hole prop
erties in Y2O3:Pr31 crystals. On the other hand, when a
kind of M21 (M21:Mg21, Ca21, or Ba21, that is, divalent
metallic ion! is included in the crystals, the observed ho
width and area become larger than those in the undo
crystal; we will discuss the difference of the width and t
area among the threeM21-doped samples in the next se
tion.

Considering charge compensation in the doping of di
lent ions into Y2O3:Pr31 crystals, we can expect that th
introduction of M21 into the Y31 site is accompanied by
oxygen vacancies~one vacancy for twoM21 ions!. On the
other hand, in Zr41-doped Y2O3:Pr31, no oxygen vacancy is
produced; interstitial oxygen ions or metallic ion vacanc
should be produced. From this consideration, it is thou
that the oxygen vacancies play an important role in the h
broadening and the production of persistent holes.

D. Role of oxygen vacancies in hole properties

The determination of the precise origins of the ho
broadening and the hole production might be difficult. W
presume that the oxygen vacancies are at least one o
origins. It is possible that other defects introduced w
M21-doping may also be important. However, the charac

FIG. 8. Hole spectra at 20 K in five Y2O3:Pr31 crystals doped
with other metallic ions@Y2O3:Pr31 ~undoped!, Y2O3:Pr31-Mg~1!,
-Ca~1!, -Ba~1!, and -Zr~5!#. Burning intensity is 2 W/cm2 and burn-
ing time is 300 s.
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ization of such defects and the estimation of their densi
are quite difficult here. In this section, we discuss the char
compensating oxygen vacancies as entities contributing
the hole broadening and the hole production.42

One of the important unsolved problems about ho
burning or linewidth related to TLS is whether they are i
duced by a TLS adjacent to the center, or by a lot of T
spread over the matrix.4 This is, in other words, the problem
of the interaction length between the center and the T
When it is long, a center will be affected by many TL
distributed uniformly in a host. On the other hand, when
interaction length is short, a center will be influenced only
a small number of TLS surrounding the center, or even
one TLS adjacent to the center.

The nature of TLS contributing to hole production an
that to hole broadening might be different. The TLS whi
produces a persistent hole should flip in the time scale of
hole formation~seconds to hours!, while TLS which broad-
ens linewidth should flip in the time scale of the reciprocal
the linewidth~ns toms!. However, it has been shown in th
above discussions that both types of TLS is introduced
multaneously, accompanying the oxygen vacancies. Th
fore, in the following, we discuss hole production and ho
broadening in the same way.

1. Interaction length between Pr31 ions and oxygen vacancies

Firstly, we examine the spatial distribution of oxygen v
cancies; whether the vacancies are distributed uniformly
the crystals, or gather around Pr31 ions. For this purpose, we
made hole-burning experiments on the sample with the
tial concentration in the starting mixtures o
~Y2O3!~99.89 mol %!-Pr2O3~0.01 mol %!-MgO~0.1 mol %!; it
has one order of magnitude lower concentration of P31

~0.02 mol %! than other samples. Considering the reduct
factor 1/20 for Mg21 in sample growing obtained in Sec. I
real concentration of Mg21 is 0.005 mol %~see Table I and
the uncertainty is;50%!. In Fig. 9, we compare hole
spectra at 20 K in ~a! Y2O3:Pr31~0.02!-Mg(0.1), ~b!
:Pr31~0.2!-Mg(0.1), and~c! :Pr31~0.2!-Mg(1). Theburning
intensity is 2 W/cm2 and the burning time is 15 s.

If the interaction length is short and the oxygen vacanc
tend to gather around Pr31 ions, the results of~a! and ~c!
should be similar; it is because the ratio of MgO to Pr31 is
the same and thus each Pr31 ion in both the samples feel
about the same effect of the same number of vacanc
However, the result is significantly different. The hole in~c!
is far larger than that in~a!. On the other hand, when th
interaction length is long and the oxygen vacancies are
tributed uniformly, the results of~a! and~b! should be simi-
lar; it is because the concentration of MgO is the same
thus each Pr31 ion feels the same effect of the vacanci
irrelevant to the concentration of Pr31. Since the hole in~a!
is close to that in~b!, we find that the latter situation is mor
likely. This situation was the same for other burning time
Therefore, we can presume that a Pr31 ion interacts in a long
distance with oxygen vacancies distributed uniformly in t
host crystal.

Secondly, we estimate the density of the oxygen vac
cies and Pr31 ions. In the Y2O3:Pr31~0.2 mol %! crystals, the
number density of Pr31 ions on theC2 site is calculated to be
231019cm23, using a lattice constant 10.6 Å.43 Here we
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assumed 3/4 of the doped Pr31 ions are substituted to theC2

site. The density of the oxygen vacancies
Y2O3:Pr31~0.2!-Mg(0.1), for example, is estimated to b
1/30 of the Pr31 ions, that is, 6.731017cm23 ~uncertainty
;50%!, considering the reduction factor of 1/20 for Mg21 in
sample growing.

This small ratio 1/30 confirms the uniformly distribute
oxygen vacancies as follows. If an oxygen vacancy tend
be located near a Pr31 ion and the Pr31 ion interacts only
with the neighboring vacancy, at least 29/30 of Pr31 ions
could not interact with oxygen vacancies
Y2O3:Pr31~0.2!-Mg(0.1). Then the hole production an
broadening would be induced only in 1/30 of Pr31 ions and
not in 29/30. In this case, we can expect almost no chang
the hole behavior of Y2O3:Pr31~0.2!-Mg(0.1), comparing it
with undoped Y2O3:Pr31. Nevertheless, this is not the ca
for the results in Sec. III A, because the homogeneous l
width or the average burning rate is about twice or ei
times as large as those in undoped Y2O3:Pr31 in Figs. 3 or 7.
Therefore, it is most probable that the interaction betwe
oxygen vacancies and Pr31 ions is not a local one but ex
tends to a long distance, that is, the Pr31 ions feel the vacan-
cies in a rather large volume which contains several or m
vacancies.

From the above discussions, we found that even qui
small number of oxygen vacancies, that is, 1/30 of the nu
ber of Pr31 ions @in Y2O3:Pr31~0.2!-Mg(0.1)#, can affect
both the hole-burning rate and the width in almost all t
Pr31 ions in the sample. Because the number of the Pr31 ions
is far larger than that of the vacancies, we can estimate
lower limit of interaction length between oxygen vacanc
and Pr31 ions as half of the average distance between oxy
vacancies in this sample. This length is approximately ca

FIG. 9. Hole spectra at 20 K in three kinds of MgO-dop
Y2O3:Pr31 @~a! Y2O3:Pr31~0.02!-Mg~0.1!, ~b! Y2O3:Pr31~0.2!-
Mg~0.1!, and ~c! Y2O3:Pr31~0.2!-Mg~1!#. Burning intensity is 2
W/cm2 and burning time is 15 s.
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lated as (6.731017cm23)21/3/25;60 Å ~uncertainty
;20%!.

When a larger amount of the vacancies are introdu
into the crystal, the number of the vacancies felt by one P31

ion increases. When we assume that the homogeneous
width is in proportion to the number of the vacancies affe
ing a Pr31 ion, the linewidth becomes larger with the in
crease of the vacancies. In the same way, when we ass
that the average burning rate is in proportion to the num
of the vacancies affecting a Pr31 ion, the rate becomes large
with the increase of the vacancies. From these assumpt
we can understand qualitatively the roughly linear relatio
between the linewidth and the concentration of MgO sho
in Fig. 3, and between the burning rate and the MgO c
centration in Fig. 7.

In Figs. 3 and 7, the linewidth and the burning rate se
to have different MgO concentration dependence; the ho
geneous linewidth~the burning rate! may have weaker
~stronger! dependence than the linear dependence on M
concentration. This may reflect the different nature of T
contributing to hole broadening or to hole production. Ho
ever, we do not discuss their discrimination, because
present results do not have enough data points or accu
for such a discussion.

In the discussion above, we presumed the long-range
teraction between Pr31 ions and oxygen vacancies, and w
estimated the lower limit of the interaction length as;60 Å.
If the interaction length is large enough, hole-burning d
namics of the irradiated ensemble of ions might be desc
able by a single average response. This was not the case
the dispersive hole-growth kinetics was obtained, as w
found in Sec. III B. Thus there should be the upper limit
the interaction length. Obtaining the upper limit or the pr
cise length is left as a future problem.

The Y2O3 structure can be thought of as a defective Ca2
structure, where the metallic ions are distributed on the c
cium sites but the oxygen ions occupy only three-fourths
the fluorine positions.23 As was mentioned before,19 this
structure with one-fourth of the anion sites vacant seems
ceptible for defects on the oxygen sublattice. It might
possible that one extra oxygen vacancy introduced byM21

doping induces disordered oxygen arrangement on the
lattice. For example, if one oxygen vacancy is introduc
the surrounding anion vacant sites will be rearranged
thus the disorder might extend to more than several u
cells. We did not consider such an effect in the above d
cussion, and assumed that charge-compensating oxyge
cancies do not exchange any other vacancies and oxy
ions. When we include this effect, the length of;60 Å ob-
tained above can be regarded as the lower limit of the
tance in which the disorder is brought about by the char
compensating oxygen vacancy. If we follow this assumpti
the cause of hole burning might somewhat be the short-ra
interaction between the center and this disorder. Then,
short-range interaction seems likely to induce dispers
hole-growth kinetics in Fig. 6, as is described in the prec
ing paragraph. In any case, the length in which the effec
the oxygen vacancy on hole burning extends is obtained
be larger than;60 Å.

We consider other unknown defects as the origin of
hole burning instead of oxygen vacancies, as was mentio
in Sec. III D. The similar rough estimation might be possib
for the defects which would be introduced withM21 doping.
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Because the density ofM21 ions is twice that of oxygen
vacancies, the lower limit in which the defects are brou
about or the effect of the defect extends, is estimated to
@(;60 Å)3/2#1/35;50 Å ~uncertainty ;20%!. However,
the characterization of the defects may be needed, in ord
make such discussion more reliable.

2. Comparing holes in Y2O3:Pr31-Mg(1), -Ca(1), and -Ba(1)

In this subsection, we discuss hole width and ho
burning efficiency in the samples with the three differe
kinds of divalent ions shown in Fig. 8@Y2O3:Pr31-Mg~1!,
-Ca~1!, and -Ba~1!#. From the results in Table I, the divalen
ion concentration in Y2O3:Pr31-Ca~1! is the largest and tha
in -Ba~1! is the smallest. This order of concentration is su
ported by the inhomogeneous linewidths shown in Table
The width is the largest in -Ca~1! and the smallest in -Ba~1!.

In Fig. 8, we can compare areas and widths of the ho
burned in the threeM21-doped samples in the same cond
tion at 20 K. We find that the order of the area and the wi
is the same as that of the concentration ofM21; they are the
largest in Y2O3:Pr31-Ca~1! and the smallest in -Ba~1!.

These results show that holes are broader and are m
easily burned as a Y2O3:Pr31 crystal includes a large
amount ofM21 ions irrelevant to the kind ofM21. This fact
supports our conclusion that the hole-burning efficiency a
the hole width are controlled by the concentration of oxyg
vacancies, not by the doped metallic ions directly.

E. Temperature dependence of homogeneous linewidth
in Y2O3:Pr31, Y2O3:Pr31-Mg„0.1…, and -Mg„1…

We measured homogeneous linewidth (Ghom) in
Y2O3:Pr31-Mg~0.1! and -Mg~1! at various temperatures. I
Fig. 10 the results are plotted; closed squares and circles
the results of Y2O3:Pr31-Mg~0.1! and -Mg~1!, respectively.
Triangles are the results of undoped Y2O3:Pr31 and crosses
are of Y2O3:Pr31 grown in an air atmosphere.14

In the MgO-doped samples, we obtainedGhom between
230 and 119 K from luminescence spectra under nonse
tive excitation using a xenon lamp with a broad bandp
filter, as the homogeneous linewidth is larger than the in
mogeneous linewidth at high temperatures. In this temp
ture region, the linewidth in these three samples shows a
the same value. Below 40 K,Ghom was determined from the
hole-burning experiment~the zero-burning limit of the half
width at half maximum of holes!. Below 9 K, it was difficult
to determineGhom ~zero-burning limit! for the doped sample
in the present setup, because holes burned at this temper
contain the hole component due to the optical pumping w
short lifetime.17,20 The linewidth in undoped Y2O3:Pr31 be-
tween 60 and 30 K~open triangles! was obtained from
fluorescence-line-narrowing technique, and that at 20 and
K ~closed triangles! was from hole-burning measurement14

Bars in the figure show the typical error ranges.
In undoped Y2O3:Pr31, the temperature dependence

the homogeneous linewidth down to 30 K follows the Ram
process curve which is shown by a dashed line in
figure.14 However, in the MgO-doped samples the linewid
begins to deviate from the dashed line around 30 K. At low
temperatures, the linewidth shows theT-linear-like ~T: tem-
perature! dependence similar to that observed in the a
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grown Y2O3:Pr31 ~crosses!. This behavior, i.e., weak tem
perature dependence of linewidth at low temperature
similar to the linewidth in other disordered materials such
yttria-stabilized zirconia or silicate glass.44,13,14,18By com-
paring these two kinds of MgO-doped samples, we find t
the linewidth becomes larger as a Y2O3:Pr31 crystal includes
larger amount of MgO at all the temperatures below 20 K

IV. SUMMARY

In this paper, we investigated holes due to the local latt
rearrangement in metallic ion-doped Y2O3:Pr31 crystals un-
der the systematic control of disorder. In MgO-dop
samples, we found that hole width~homogeneous linewidth!
is larger as the concentration of MgO increases. In the an
sis of hole-growth data in the MgO-doped samples, they
low the scaling of the burning time. This scaled growin
profile was successfully fitted by assuming that all Pr31 ions
are coupled to many two-level systems and that the tunne
parameter has the Gaussian distribution. We found that
burning rate increases monotonically with the increase of
concentration of MgO.

FIG. 10. Temperature dependence of homogeneous linew
plotted in log-log scale in MgO-doped Y2O3:Pr31 crystals; the
samples are Y2O3:Pr31 ~triangles!, Y2O3:Pr31-Mg~0.1! ~squares!,
and -Mg~1! ~circles!. The linewidth between 230 and 120 K wa
obtained from luminescence linewidth in the three samples, and
of them show approximately the same linewidth; the correspond
symbols are superposed each other. The linewidth in the two M
doped samples between 40 and 10 K~squares and circles! was
obtained from hole-burning measurement. The linewidth
Y2O3:Pr31 between 60 and 30 K~open triangles! was obtained from
fluorescence-line-narrowing technique, and that at 20 and 1
~closed triangles! was from hole-burning measurement~Ref. 14!.
Cross symbols denoting linewidth in Y2O3:Pr31 grown in an air
atmosphere, and dashed curve indicating a theoretical fit of
Raman process were also described in Ref. 14.
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When we compare the results of other metallic ion do
ing, we find that divalent ion induces hole broadening a
hole production while Zr41 ion does not. Hence, oxygen va
cancies introduced into the crystals by divalent-ion doping
probably one of the origins of the line broadening and
hole production.

From the relation between the hole-burning data and
concentration of oxygen vacancies, a Pr31 ion is considered
h

.

,

J

,
d
o

I

-
d

s
e

e

to interact with oxygen vacancies distributed uniformly
the host crystal with an interaction length larger than;60 Å
~uncertainty;20%!.

As for the temperature dependence of homogeneous
width, the MgO-doped samples showT-linear-like behavior
below;30 K. The effect of disorder concerned with oxyge
vacancies on linewidth is thought to be revealed in this lo
temperature region.
*Present address: Institute of Physics, University of Tsuku
Tsukuba, Ibaraki 305-8571, Japan.
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