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We investigated the hole-burning phenomena and homogeneous linewidtH iddpred Y%,05-based crys-
tals under the systematic control of disorder in the crystal. When divalent ions are doped inj@aR¥"
crystal, holes due to rearrangement of local structure aroufid iBns 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 Prions with oxygen vacancies is thought to be one of the origins of the hole
production and the line broadening. The interaction length betwe&ni®ms and oxygen vacancies is dis-
cussed[S0163-18209)01214-X]

[. INTRODUCTION only a few examples in which holes due to the lattice rear-
rangement have been observed. Studies on hole burning in
There are still many unsolved problems in disordered maEu*"-doped crystals were reported recefitfy.As for
terials. For example, various aspects of their thermodynamiPr**-doped crystals, it was reported that holes due to light-
cal properties at low temperatures have been explained imduced tunneling of D appeared in SgEPP' and
terms of two-level system@LS), but the origin of the TLS  CaR:Pr" containing D' ions!®!! Holes due to the same
often remains uncledr-3 One of the reasons for this situation mechanism were reported also in SrZ@®* based
is the lack of knowledge about the nature of disorder and obxides!? The former were reported with the interest of the
an experimental method to investigate it. Recently, persisterioles due to optical pumping mechanism among hyperfine
spectral hole burning has been recognized as a possible powplit levels of P#", and the relation between persistent holes
erful tool to investigate these problems from microscopicand disorder was not discussed. Previously we reported the
viewpoint. This phenomenon has been extensively studied ipersistent hole in YSZZrO,), — (Y ,03), J:PF" due to the
various materials, mainly due to the possibility of its appli- |attice rearrangement which may be concerned with oxygen
cation to high-density optical memories using frequency dovacancies®!* and also in YAG(Y%AIO, yitrium-
main recordind. Realization of room-temperature hole burn- aIuminum-garne)tPr3+.15 In addition, we reported the pre-
ing is one of the most attractive targets for recent researcliminary result that the introduction of Mg into Y,05:Pr*
work>~" On the other hand, the phenomenon of persistengrystals induces persistent hof&s’
hole burning is profoundly related to the nature of the disor- As for the existence of TLS, it is more often manifested
der, and a detailed investigation of the persistent hole burrby the appearance of a nearly linear temperature dependence
ing will provide a way of understanding the disordered ma-of the homogeneous linewidtH'(,,) at low temperatures
trix in which the optical centers are embedded. (Chonec T" wheren is slightly greater than or equal t9.1t
There are several mechanisms for persistent spectral holgas shown for inorganic glasses that the same value of
burning. Among them, the mechanism concerned with TLpbserved in the hole-burning result is also found for the tem-
in disordered materials is known as photophysical holgoerature dependence of the specific heat, consistent with the-
burning? It is believed that some slight rearrangement of theoretical models®
lattice is induced by optical excitation and a spectral hole is Studies on samples with systematically controlled disor-
locked persistently owing to a long recovering time of thisder will be also useful to understand the temperature depen-
rearranged configuration. In most cases, however, the detallence ofl ', in disordered materials. In these systems, the
of this structural change or even the relevant entity which ighature of TLS which broaderis,,,, may be clarified. From
bringing about the TLS is not clarified. This is mainly be- the study onI,, of Ew':Y,_,Sc0;, it was found that
cause the investigations were done in too complicated sysdisorder introduced by St replacing ¥* does not lead to
tems such as multicomponent glasses or polymers. In ordem increase if",om,.° The research in this direction should
to clarify the nature or the origin of the rearrangement or thebe promoted in order to understand the role and mechanisms
role of TLS, studies in materials with well-controlled disor- of disorder in determiningd’,, and its temperature depen-
der can be more fruitful approaches. Continuous changing alence in glassy materials.
the degree of disorder starting from an almost perfectly or- For these two purposes, that is, to clarify the hole-burning
dered system will be most useful for looking at the effect ofmechanism concerned with TLS and to understand the tem-
disorder in the hole properties. perature dependence bf,,, in disordered materials, we ap-
In inorganic crystals or mixed crystals with simple struc- plied hole-burning spectroscopy ta®;:Pr*" crystals doped
ture suitable for the systematic control of disorder, there aravith various amounts of Mg ions. We also investigated
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TABLE I. Samples used in this paper, including results of element analyses of metallic iop®JtP¥* crystals, and inhomogeneous
linewidths.

Sample notatich Concentration of Result of element  Estimated concentration Inhomogeneous
starting mixturegmol %) analysis of metallic of metallic elemerft linewidth
: element (mol %) (mol %) (cm™Y
Pt metallic element
Y,0;:P* (0.2) (undoped 0.2 0.58+0.01
Y,0;:PR* (0.2-Mg(0.1) 0.2 0.1 0.00938 0.005£0.0025 0.64:0.01
-Mg(0.3) 0.2 0.3 0.0108 0.0150.0075 0.66:0.01
-Mg(0.6) 0.2 0.6 (0.116° 0.03+0.015 0.68:0.01
-Mg(2) 0.2 1 0.0773 0.050.025 0.810.01
-Cal) 0.2 1 (0 (2.4+0.1)
-Ba(1) 0.2 1 0.0173 0.760.01
-Zr(5) 0.2 5 4.6 (18 0.1
Y,05:PP" (0.02-Mg(0.1) 0.02 0.1 0.005 38 0.0a50.0025

4Concentrations in starting mixturéprepared batch in powdeare used for sample notations. For examplgQXPr*(0.2)-Mg(0.1) is

(Y,03) (99.8 mol %-(Pr,03) (0.1 mol %9-(MgO) (0.1 mol %.

bResults of ICP-MS(induced coupled plasma mass spectrometric analgsidCP (induced coupled plasma emission spectrochemical
analysis, withx ).

This is less reliable than others, considering quality of analyzed blocks.

%alues larger than 1 mol % were obtained in the analysis, thus 1 mol % is assumed.

®Reduction factor of 1/20 from the starting mixtures and the error range5006 are assumed.

finhomogeneous linewidths were obtained at 4.7 K from luminescence excitation spectra, or from luminescence spectra excited nonselec-
tively by a xenon lamp with a broad bandpass filter for the values in parentheses.

samples with some other metallic ions. _ “undoped” Y,05:Pr** used in the previous pap&r?’ We
We have found in the previous paper that 20 K Is mostprepared samples with four different MgO concentrations,
appropriate for comparing persistent holes ipOY:Pr® i.e., 0.1, 0.3, 0.6, and 1 mol % in starting mixtures. In addi-

crystals!’?° At temperatures higher than 20 K the hole- jon samples with other divalent ions (€a B&") and tet-
burning efficiency is not large due to the thermal hole-yayaient ions (Z*) were examined. The crystalline struc-
recovery process, a_md at lower temperatures t_he rearrang@es were not changed by doping of these divalent or
ment mechanism is suppressed by the optical-pumpingsirayalent metallic ions in all of the 05:PP* samples, as
mechanism among hy_perfme split levels. We first measurge confirmed it by powder x-ray-diffraction patterns.
holes at 20 K in the five kinds of Mgo-dpped203:Pr3+ During the crystal growing procedures, some of the diva-
crystals. We describe the MgO-concentration dependence @t jons are subjected to considerable sublimation. There-
hole behavior. Then, we investigate the effect of other mefoye the real concentration of the dopant in the crystal may
tallic ion doping, i.e., C%‘Jrg Ba’", and Zf.H_ doping. Consid-  pe gifferent from the initial one in starting mixtures. In order
ering these results, we discuss the origin of the lattice reary estimate the real concentrations, we made element analy-
rangement. In addition, the interaction length of'Pions in ses using induced-coupled plasma mass spectrometric analy-
this mechanism is estimated. Lastly, we discuss the tempera;g (ICP-MS) or induced-coupled plasma emission spectro-
ture dependence of the homogeneous linewidth in the MgOghemical analysigICP) methods in several samples. The
doped crystals. results are shown in Table I.
We confirmed by the ICP method that the concentration
Il. EXPERIMENT of P is retained withint30%. However, the concentration
of the Mg ions is about an order of magnitude lower than
the value in the starting mixturéé.This is ascribed to the
The Y,05:PP" crystals were grown by the floating-zone high volatility of MgO. It is quite difficult to estimate the
method using a xenon arc image furndt&or starting ma- real concentration of Mg ions in the sample pieces used in
terials, powder reagents (®s;: 99.99%, Rare Metallic Co., the spectroscopic measurement. We have to use a different
Pr,05: 99.9%, other oxides with similar gradevere used. part of the block for the element analysis due to destructive
The concentration of Pt was always 0.2 mol %except for  nature of the ICP analysis. The rather large fluctuation in the
one sample used in Sec. ll)DWe mixed the powder in the reduction ratio of the M§'-ion concentration may be as-
ratio of (Y03 ((99.9xx) mol %)-(Pr,03) (0.1 mol%)-  cribed to the inhomogeneity of the crystal blocks which were
(metal oxide) k mol %) and pressed it into a rod. Then, we taken from the part with lower quality. The ICP results tend
sintered the rod around 1300 °C for a few hours in air. Weto be influenced by segregated Mg ions in the case of low-
grew crystals by the image furnace in an argon atmospherguality samples. For example, the relatively large value for
with a growing velocity of~20 mm/h. the Mg0.6) sample can be ascribed to this effect. The
To investigate the effect of doping divalent ions, we com-Mg?*-ion concentration in the sample pieces for optical mea-
pare the results of doped,®;:Pr** samples with that of surements is believed to be more stable. This is supported by

A. Samples
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the smooth change of the inhomogeneous linewidth seen iAH,(1)-1D,(1) transition of Pt" at 6189 A. The spectral
Table I. The order of the concentration of Rgamong these  width of the dye laser due to frequency jitter is5 MHz
four pieces for optical measurements is believed to be re¢~1074cm™.

tained. As shown in Table I, the reduction factor of Mg The laser beam was spatially filtered by a single-mode
distributes from 1/10 to 1/27, ignoring the N6) case. optical fiber. The output from the fiber was passed through a
Throughout the following semiquantitative discussions, wepolarizer, and then stabilized by a laser power controller
use a reduction factor 1/20 for all the samples. The expecte(CRI LPC-VIS). The laser beam was loosely focused on the
error range of the Mg -concentration will be=50%. Table sample surface with a beam diameter of @05 mm; this

| includes the estimated concentrations ofVlg diameter is retained more than 10 mm in the beam direction
Considerable reduction was observed in thearound sample position. This ensures the same density of the
Ba®" (1 mol %)-doped sample, while for the irradiating laser power on the sample, even if the sample

Zr** (5 mol %-doped sample the initial concentration is re- Position slightly changes. The sample surface was held at
tained after the crystallizaton. As for the ~45° to the irradiating laser beam in a continuous-flow cry-

Ca*(1mol %-doped sample, values larger than 1 mol % ©Stat(Oxford CF1204.

were obtained, the reason for which might be the relatively LhurPinesliz_elr_lce:'rom thetsamF?gI)e 5\’;?3 cpllﬁtcted Ibyta Itins to
large inhomogeneity of the sample doped with’CaWe a photomultiplier(Hamamatsu R955t a right angle to the

assume 1 mol % for the concentration of2CaAs is men- laser beam. The laser light was rejected and the lumines-
. : g ence was selected by sharp-cut filt¢foshiba R62 and
tioned above, the real concentration of metallic ions are no

: . . 63, and an interference filtelcenter wavelength:~6600
the same as those in the starting mixtures. However, we US® pand pass~150 A). The signal was recorded by a per-

the concentrations in the starting mixtures for sample notag,na| computer which controls also the laser wave number.
tions shown in Table I. _ . In measurements of hole spectra, we irradiated a sample by
The crystal structure of cubic 03 is of a rare-earth ses- ne |aser light with a fixed wavelength for the desired time.
quioxide C-type structure with space grou, (or, 1a3).*®  Then, we measured hole spectra with laser light attenuated
One unit cell contains 16 Y0; molecules. There are two by a factor of~100 as luminescence excitation spectra by
crystallographically different cation sites; 24*Yions oc- scanning the laser around the burning wave number. The
cupy the Wyckoff position 24 with site symmetryC,, and  scanning range was monitored by a Fabry-Perot-type spec-
eight Y3 ions occupy the position 8 with site symmetry trum analyzer.
Cg (or, Sg). The ratio of the number of, sites to that of

Cj; sites is 3:1.
It is generally agreed that the site occupation of'Fons IIl. RESULTS AND DISCUSSION
in Y,05 is substitutional on the two cation sites. Absorption A. MgO-doping dependence of holes

lines of PP* in Y,0; at 80 K were reported and assigned to
the C, site?* In all of our samples, we measured lumines-
cence and excitation spectra at 4.2 K to determine the ener

s_eparations betweerH, aqd 'D, levels. The energy posi- the hole is deeper and broader ag¥:Pr" includes a larger
tions of all of the absorption peaks are found to be almos&mount of MgO. This result suggests that MgO doping in-
exactly the same as those determined in Ref. 24; the differy ,ces the persistent hole.

ence is at most 6 cit, which may be attributed to the dif- ~ These holes have no antihole and are not erased by 300 K
ference of the temperature. Therefore, we conclude tiat Pr annealing®” The possible formation mechanisms are local

ions observed by luminescence spectroscopy in our samplgice rearrangement around3Prions, or photoionization
occupy theC, site where the crystalline field remains almost,om PR+ to PA*. Photoionization phenomenon was re-
unchanged by the doping. _ _ cently observed in Pr:YAG by using photon-gated
Inallthe sgamplesl, we measured the inhomogeneous lingshoioconductivity?® but there is no example of photoioniza-
width of tghe H4(})' D(1) transition(between the lowest  ion hole burning in P -doped materials. In addition, holes
levels of °H, and "D, 6189 Aat4.7K. It was determined  :oming from photoionization need at least two photons of
from luminescence excitation spectra for widths smaller tharg1gg A considering #5d absorption bands for photoioniza-
_1 . — . 1
1 cm ~. For widths larger than 1 cnt [Y2O3-P_'3+'Cd1) tion. It brings about quadratic or larger burning-intensity de-
and -Z(5)], we used luminescence spectra excited ”Onsele‘bendence of holes. However, in thesgOY:PP* systems
tively by a xenon lamp with a broa¢~100 A) bandpass roughly linear dependence was observed between 2 ¥w/cm
filter around 4700 A. The con_sstenc;i between these twonq 300 Wicrh burning. Therefore, the lattice rearrangement
measurements was confirmed ipO4:Pr*-Mg(1). In Table mechanism is more likely in these systeffis.
|, we summarize the values of the inhomogeneous linewidth. |, Fig. 2, hole widths[half width at half maximum
(HWHM), MHZz] are plotted against burning time. Samples
_ are Y,05:PP" (asteriskg Y,05:PP"-Mg(0.1) (triangles,
B. Hole-buming measurement -Mg(0.3) (square} -Mg(0.6) (circles, and -Md1) (crosses
As an excitation source for hole-burning experiments, weAt all the burning times, the width becomes larger as
used a single-frequency ring dye lag€oherent CR699-21  Y,05:Pr** crystals include a larger amount of MgO. In each
pumped by an argon-ion laséBpectra-physics SP20l6 sample, we obtained a homogeneous linewidth.§) from
We made hole-burning experiments by using thethe zero-burning limit of the hole widttHWHM) from the

Figure 1 shows persistent hole spectra burned at 20 K in
five MgO-doped ¥0;:Pr** crystals. Burning laser intensity
Was 2 wicri and burning time was 60 s. We find clearly that
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FIG. 1. Hole spectra at 20 K in 03:Pr**, Y,0;:Pr"-Mg(0.1),
-Mg(0.3), -Mg(0.6), and -Md1). Burning intensity is 2 Wicrhand

burning time is 60 s.
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FIG. 3. MgO concentration dependence of homogeneous line-
width (I',oy) at 20 K in MgO-doped YO5:PrP*, determined from
zero-burning limit of hole widths.

nearly linear dependence on the MgO concentration. This
figure will be discussed in Sec. IlID.

In order to compare the hole growth among the five
samples, hole areagdepth(maximum 100%xhole width
(full width at half maximum(FWHM), MHz)] are plotted
against burning time in log-linear scale in Fig.(we con-
firmed that the product of the depth and the width is equal to
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 the
®H,-1D, transition of the optical centers () is not
changed among the five samples. Then the area of absorption

data shown in Fig. 2. The obtained values are not far fronspectrum is proportional to the number of the centers. This

the leftmost points corresponding 6 s burning, which is
practically zero burning on the time scale of this figure.

means that the hole area is proportional to the number of
burned centers. This is fulfilled among the five samples with

In Fig. 3, homogeneous linewidths are plotted against théhe different homogeneous linewidtfsThus we can com-
concentration of MgO. We find that the linewidth shows pare the hole-burning efficiency among the five samples by

400 F 5
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FIG. 2. Burning time dependence of hole widthalf width at
half maximum, HWHM at 20 K in Y,0;:PP" (asterisky
Y,05:PP"-Mg(0.1) (triangle3, -Mg(0.3 (squarey -Mg(0.6)

(circles, and -Md1) (crosses

using hole areas shown in Fig. 4.

In Fig. 4, the area becomes larger as the burning time
increases in all the samples, and the area is larger as a
Y,04:PP* crystal includes a larger amount of MgO at all the
burning times.

8000 ,
Y,0,:Pr> - MgO / 20K
6000

4000

2000

Hole Area (Depth% xWidth MHz)

Burning Time (sec)

FIG. 4. Burning-time dependence of hole afdapti{%)xhole
width (FWHM, MHz)] at 20 K in MgO-doped ¥O5:Pr" plotted
against logarithmic burning-time scale; the samples ai@;¥r"
(asterisky  Y,0;:PrP"-Mg(0.1) (triangles, -Mg(0.3 (squarek
-Mg(0.6) (circles, and -Md1) (crosses Curves are the fitting re-
sults (see text
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B. Dispersive hole growth kinetics 0.10F

1. Model Y,0,:Pr> - MgO / 20K

In the first place, we discuss a model to describe the burn-g 0.08
ing curves shown in Fig. 4. We assume that depletion of the £ 6
original centers and buildup of products by hole burning is 5
governed by a rate constaf [K,= (k;/k¢)ql, wherek; is a 5004
tunneling rate to the photoproduct in the excited sthteas E
the relaxation rate from the excited state to the ground state2 0.02
(the reciprocal lifetimg q is the absorption cross section,
and| is the photon flux® The normalized concentration of 0.00
the centersVl is written by a rate equation

Scaled Burning Time (sec)

(d/dt)M(t) = —K;M(1), (1) FIG. 5. Relative hole area plotted against scaled burning time
(see text for the scalingt 20 K in MgO-doped YO,:Pr* plotted

. in log-linear scale; the samples are,O4:PrP* (asterisky
whereM(0)=1. We assume that the optical centers COUpleY203:?3r3+-Mg(0.1) (triangles, [-)Mg(0.3) zggquare}a “Mg(0.6)

to two-level Sy.StemS(TLS) of the matrix, althoth these (circles, and -Md1) (crossel The curve shows calculation based
samples used in this research are crystalline. Even in Cryss, o model in the text.

tals, a sample-dependent rather broad linewidth is found in

Refs. 14, 29, 30. It was reported that,04:EUW*" fiber 2. Scaling of the data among the samples

samples have low-energy states whose excitation energies, Before trying to fit the hole-growth data in Fig. 4, we
tunneling rates, and coupling strengths exhibit a broad distriexamine the possibility of scaling of the hole-growth data.
bution as in the case of glassés? After optical excitation  Among the five samples used here, we changed only the
during the hole-burning process, tunneling occurs within theconcentration of MgO. Hence we might expect that the data
double-well potential coming from TLS with a rate constantin the samples follow a simple scaling law. There are two
K;. We assume that the burning ratg is given by K;  ways of scaling, that is, the scaling of the ordinate, and that
=K? exp(—\), where \ is the tunneling parameter of the of the abscissa. Hole-growth data ofPions in %Iermanate
general form (2nVP/h?)¥2 (mis the mass of the tunneling glasses were well explained by the former scaffhtlever-
entity, V is the barrier height, and is the width of the theless, we find that the data in these MgO-dopg@sYPr*"
barrien, 28:31-33and K? is an attempt frequency on the order crystals do not follow a _smgle curve only by multlpl|caF|0n
of an optical-phonon frequend} After the tunneling occurs by ea(?h fe}rctor in the ord[nate scgfer example, the asterisk
and the optical center relaxes to the electronic ground stat YZO?"?S'i ) at 2000 s is located at-1/10 of the cross,
absorption frequency of the center changes, and then a hole203'P -Mg(1), at 2000 s, Wh"? the astensk asis at

is produced® ~1/40 of the crosk Thus, the scaling of the ordinate cannot

. be applied to these data.
If the rateK; is common to all the centers, hole-growth : ; - )
data should follow a simple exponential oM/(t) Then we apply the scaling of the burning tintthe ab

. scissa. For this scaling, we use the data in Fig. 4 and assume
=exp(—Ki) from Eq. (1). Nevertheless, all of the data in he appropriate scaling factor for burning tirfirning rate
Fig. 4 do not follow a simple exponential profile; the time j, each sample. By using each normalized tifeach burn-
development of the hole area largely deviates from an expang ratg for each sample, we plot hole areas in the five
nential function and shows saturationlike behavior at longesamples in Fig. Sthe ordinate of this figure is divided by
burning times. The simple optical saturation effect cannotz0 000 from Fig. 4, which will be explained in the fitting
explain these nonexponential profiles, because the maximupyocedurg Samples and corresponding symbols are the
hole depth is less than 20% in the experiments here. In somgame as those for Fig. 2. We find that all of the data reason-
cases, such profiles in hole-burning kinetics could be exably follow a single curve in the figur@ theoretical fit in the
plained by introducing distribution inte. Then,M(t) can be  next subsection that is, the hole-growth data in these MgO-
written as doped samples follow the scaling of the burning time. The
ratio of the normalization factor for burning time is
(1:8:50:100:40Dp for Y,05:PP",  Y,04:PP*-Mg(0.1),
M(t):f g(\)exd — K exp(—\)]dA, -Mg(0.3), -Mg(0.6), and -Md1).
The application of this scaling means that only the aver-
age burning efficiency of Pt ions is different among the
where g(\) is a distribution function ofA and [g(\)dA five samples. Nonexponential hole-growth curves suggested
=1. The introduction of distribution intb(? seems unneces- the dispersion in the burning rakg (or \) as is mentioned
sary, because the fluctuation of the factor exjpl would above. The existence of the scaling law in the burning time
give far larger effect®?® This distribution ofA may include indicates that there is no difference in the dispersion in the
its variation in one sample between the centers just resonakhtrning rate.
with the laser and those absorbing the laser at the wing of
their homogeneous linewidths. Some reports used flat distri-
bution for\ with cutoff procedure®®’ Others used Gaussian ~ The next step is to fit the hole areas in all of the burning

distribution383° times, that is, to find a good distribution function gf\)

3. Fitting the data
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explaining the whole hole-growth curve in Fig. 5. At first, we
consider the flat distribution fok, which was successfully i
applied toR’ color centers in LiF crystal&: It brings a loga-
rithmic time dependence of the hole area, that is, a straight=
hole-growth line against burning time in log-linear scale. As
is found in Fig. 4, it cannot be applied to these results.
Next, we try to use Gaussian distribution fpf\ ), that

is,
2 (A—Xg)?
oM)= Vmem( _T)’

where\ is the center of the distribution of, and o is the
width of the Gaussian. Then, we can write the expression for
M(t) as

S

t

density of occupied s

~20, ' 10 0 10 ' 20
deviation of tunneling parameter AL
2 . . . - .
M (1) = [ 2 * . (AN) K% FIG. 6. Time evolution of density of original centers against the
(= mol | ., ex 202 t deviation of tunneling parameteA{ =\ —\,). Values oft indi-
cate burning times.

xexp—(\o+ A)\)}}d(A)\), (2)  and those which can hardly be burned. The area of a hole in
a spectrum is proportional to the number of burned centers.
whereAN =\ — \, (deviation of the tunneling parameter ~ T1hus, some small hole can be burned in a very short burning
Before we apply the Gaussian distribution, we normalizelime, while a very long time is necessary to burn a large

the hole area in Fig. 4. We consider the maximum number ofi©!€. Figure 6 shows calculated results for distribution of
centers which can possibly be burned. Then, we use 70 odgmainin 8centgrs In the kmeltlc experiments wher} the time
=2 (broadening<175 Wt [Femogeneous wid of he POCEEISf Tl e iegrn i 47 e
broadest sample, j05:PP*-Mg(1)]x2 (fullwidth)x100%  _ >. a .
(fuII_ depth for_the norma_lization factor. '_I'his was useo_i in the 28?/'255;2335\83108 ;f]otvr;(; :ﬁgn;!?r?bgt?éﬁngﬁrtﬂg
ordinate of Fig. 5. In Fig. 2, the maximum hole width is
about twice that of the homogeneous width, thus we use th

Céenters before burning. In the experiment of Fig. 4, normal-
factor 2 as the effect of broadening. The maximum homogeb ed burning time ranges from 5 to-AC° which depends
neous width is used among the five samples. It is not cle

%Oth on time and the samples. We find that only the centers
that a hole with such a large area of 70000 can be reall hich can easily be burned in the tail of the distribution\of
burned even in YO5;:PP* with the smallest homogeneous

¥ontribute to the hole in this experiment.
X . . In Fig. 7, the scaling factor of burning time, that is, the
IlneW|dth. Nev_ertheless, the burning rate can be compared b Iativegburning rate, isg plotted against t%e concentration of
lo55 of the nommalization factor, 2 i described i Seo, i A MEC It the five kinds of YOs:Pr*"-Mg samples. We find
In addition, centers impossible,to be burned can be regard that the factor S-hOWS an fherease with the increase of the
' X ) . o gO concentration. This figure will be discussed in Sec.
as those hardly burned in the wing of the Gaussian d|str|bu-I D
tion of the burning rate. Therefore, we assume this normal-
ization factor. C. Effect of other metallic ion doping
Here, we try to fit the shape of the universal curve in Fig.
5 by using the two fitting parameters ef and K [K
EK? exp(—Ag)]- The result of fitting is shown in Fig. 5 by

In addition to the MgO-doped samples, we investigated
Y,0;:Pr* samples doped with various other metal oxides,

the solid curve, wherer andK are determined to be 5 and | sgoF
7.6x10 %571 respectively. The used parameter for the ab- E Y,0,:Pr> - MgO /20K
scissa for each sampleiex (burningtime)<1, 8,50, 100, = 40l =~ L &----
or 400 for Y,0;:PP", Y,05:Pr"-Mg(0.1), -Mg0.3), g
-Mg(0.6), or -Mg(1), respectively, and the calculated results = 3001
are shown in Fig. 4 by lines. These five values for the fivef
kinds of MgO-doped samples mean the relative hole-burning &
- : 28 200
rate, and correspond to the normalization factor obtained ing
the scaling procedure from Fig. 4 to Fig. 5 at the end of the &
preceding subsection. The agreement between the data ar & e + """""
the calculation in Figs. 4 and 5 is satisfactory. Tg R A
S o -® L { i ! !
4. Meaning of the model 000 001 002 003 004 005 006
MgO Concentration (%)

We consider the meaning of this model and the parametel
K. When we lntrodu%e the distribution intq the rate of the FIG. 7. MgO-concentration dependence of scaling factor of
depletion of center&; exp(—\) begins to have distribution. burning time or relative burning rate at 20 K determined from fit-
It means that there are centers which can easily be burneihg of the hole-growth data in Fig. 5.
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ization of such defects and the estimation of their densities

HOLE SPECTRA are quite difficult here. In this section, we discuss the charge-
Y,O3:Pr3* / 20K undoped compensating oxygen vacancies as entities contributing to
1.0 = the hole broadening and the hole productn.
Burning time V - One of the important unsolved problems about hole-
300sec. MgO 1 burning or linewidth related to TLS is whether they are in-
10 |- duced by a TLS adjacent to the center, or by a lot of TLS
1.0 spread over the matriThis is, in other words, the problem
E of the interaction length between the center and the TLS.
= When it is long, a center will be affected by many TLS
% 09 [ a0 1 distributed uniformly in a host. On the other hand, when the
E interaction length is short, a center will be influenced only by
= a small number of TLS surrounding the center, or even by
S one TLS adjacent to the center.
) The nature of TLS contributing to hole production and
é that to hole broadening might be different. The TLS which
4 BaO 1 produces a persistent hole should flip in the time scale of the
1.0 hole formation(seconds to houyswhile TLS which broad-
ens linewidth should flip in the time scale of the reciprocal of
the linewidth(ns to us). However, it has been shown in the
Zt0, 5 above discussions that both types of TLS is introduced si-
1.0 A multaneously, accompanying the oxygen vacancies. There-
, { , L 0 . fore, in the following, we discuss hole production and hole
-80x107 -40 0 40 80 broadening in the same way.

LASER FREQUENCY OFFSET (cm™)

- 1. Interaction length between Bf* ions and oxygen vacancies
FIG. 8. Hole spectra at 20 K in five J05:PP* crystals doped

with other metallic iongY ,05:Pr** (undoped, Y,05:PP*-Mg(1), Firstly, we examine the spatial distribution of oxygen va-
-Ca(1), -Ba(1), and -Z(5)]. Burning intensity is 2 W/cfhand burn-  cancies; whether the vacancies are distributed uniformly in
ing time is 300 s. the crystals, or gather around®Prions. For this purpose, we

made hole-burning experiments on the sample with the ini-

that is, Y,05:PP*-Ca(1), -Bdl), and -Z¢5) in Table I. Fig- tial concentration in the starting mixtures of
ure 8 shows hole spectra burned at the same burning condiY 203)(99.89 mol %-Pr,05(0.01 mol %-MgO(0.1 mol %); it
tion (2W/cn?x3005s) at 20 K in ¥Os:PR* (undoped, has one order of magnitude lower concentration of"Pr
Y,04:PR*-Mg(1), -Ca1), -Ba(1), and -Z(5). (0.02 mol % than other samples. Considering the reduction

We find that the holes in 30;:PP* (undopedl and factor 1/20 for M@" in sample growing obtained in Sec. I,
Y,05:PP*-Z1(5) have almost the same width and area. Thig®al concentration of My is 0.005 mol %(see Table I and
fact suggests that the Zr doping does not affect hole prop- the uncertainty 'SN.SO%)‘ In F.'g'r3+9’ we compare hole
erties in Y,05:Pr* crystals. On the other hand, when any spei:tra at 20 K in(a) YZO}'P (0.02-Mg(0.1), (b)
kind of M2+ (M2+:M92+, CE?Jr, or B£+’ that is, divalent Pf3 (02)-Mg(01), and(c) PP (02)-Mg(1) Theburnlng
metallic ion is included in the crystals, the observed holeNtensity is 2 WicrA and the burning time is 15 s. ,
width and area become larger than those in the undoped If the interaction length is short and the oxygen vacancies

crystal; we will discuss the difference of the width and the®nd to gather around Prions, the results ofa) and (c)
area among the threld2*-doped samples in the next sec- should be similar; it is becayse _the ratio of MgO td"Pis
tion. the same and thus each®Prion in both the samples feels
Considering charge compensation in the doping of diva@bout the same effect of the same number of vacancies.
lent ions into %,04:PP* crystals, we can expect that the _However, the result is §|gn|f|cantly different. The hole(@
introduction of M2* into the Y3* site is accompanied by IS far Iqrger than Fhat ifa). On the other hand, \{vhen the.
oxygen vacanciefone vacancy for twd2* ions). On the m_teractlon_length is long and the oxygen vacancies are dis-
other hand, in Z¥-doped %,04-PP*, no oxygen vacancy is tnbu_te_d uniformly, the results dfa_l) and (b) shquld be simi-
produced; interstitial oxygen ions or metallic ion vacancies@': It is because the concentration of MgO is the same and
should be produced. From this consideration, it is thought?us €ach Pr ion feels the same effect of the vacancies

that the oxygen vacancies play an important role in the holdT€lévant to the concentration of Pr Since the hole ira)
broadening and the production of persistent holes. is close to that ir(b), we find that the latter situation is more
likely. This situation was the same for other burning times.

Therefore, we can presume that &'Pion interacts in a long

distance with oxygen vacancies distributed uniformly in the
The determination of the precise origins of the holehost crystal.

broadening and the hole production might be difficult. We Secondly, we estimate the density of the oxygen vacan-

presume that the oxygen vacancies are at least one of tles and Pt ions. In the %0;:Pr*" (0.2 mol %9 crystals, the

origins. It is possible that other defects introduced withnumber density of Bf ions on theC, site is calculated to be

M2*-doping may also be important. However, the character2x 10'°cm™3, using a lattice constant 10.6 ‘A.Here we

D. Role of oxygen vacancies in hole properties
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lated as (6.%x10"cm %) " Y¥2=~60A (uncertainty

HOLE SPECTRA ~20%).
3 o When a larger amount of the vacancies are introduced
Y,05:Pr7 /20K B“ff;‘;%fm into the crystal, the number of the vacancies felt by ori& Pr
10 - ‘“’\/"*’“ T ion increases. When we assume that the homogeneous line-
(2) MgO Pr3+ width is in proportion to the number of the vacancies affect-
0.1 0.02 ing a PF' ion, the linewidth becomes larger with the in-
E crease of the vacancies. In the same way, when we assume
% that the average burning rate is in proportion to the number
m 10 W T of the vacancies affecting aPrion, the rate becomes larger
E (k)01 0.2 with the increase of the vacancies. From these assumptions,
o we can understand qualitatively the roughly linear relations
2 between the linewidth and the concentration of MgO shown
> @1 02 in Fig. 3, and between the burning rate and the MgO con-
2 10r T centration in Fig. 7.
R In Figs. 3 and 7, the linewidth and the burning rate seem
Depth to have different MgO concentration dependence; the homo-

% geneous linewidth(the burning rate may have weaker

(strongey dependence than the linear dependence on MgO
0.95 1~ 7] concentration. This may reflect the different nature of TLS
5 , : : ' L contributing to hole broadening or to hole production. How-
-80x10 -40 0 40 80 ever, we do not discuss their discrimination, because the
LASER FREQUENCY OFFSET (cm™) present results do not have enough data points or accuracy
FIG. 9. Hole spectra at 20 K in three kinds of MgO-doped for such a_dlscu§S|0n. .
Y,0, PP [(@ Y,05:PP(0.02-Mg(0.1), (b) Y,04:Pr*(0.2- In t_he discussion at_>ove, we presumed the I_ong-range in-
Mg(0.1, and (©) Y,0u:PF*(0.2-Mg(L)]. Buming intensity is 2 l€raction between PT ions and oxygen vacancies, and we
W/cn? and burning time is 15 s. esnma_ted thellower limit pf the interaction Iength~a§Q A.

If the interaction length is large enough, hole-burning dy-
namics of the irradiated ensemble of ions might be describ-
assumed 3/4 of the doped®Prions are substituted to th@, able by a single average response. This was not the case and
site. The density of the oxygen vacancies inthe dispersive hole-growth kinetics was obtained, as was
Y,05:PR*(0.2-Mg(0.1), for example, is estimated to be found in Sec. llIB. Thus there should be the upper limit of
1/30 of the P¥ ions, that is, 6.X 107cm™3 (uncertainty the interaction length. Obtaining the upper limit or the pre-

__ENO P : . cise length is left as a future problem.
50%), considering the reduction factor of 1/20 for kigin The Y,0; structure can be thought of as a defective CaF

samp_le growing. i . L structure, where the metallic ions are distributed on the cal-
This small ratio 1/30 confirms the uniformly distributed cium sites but the oxygen ions occupy only three-fourths of
oxygen vacancies as f_oIIows. If an oxygen vacancy tends the fluorine positiong? As was mentioned beford, this
be located near a Prion and the Pt ion interacts only  srycture with one-fourth of the anion sites vacant seems sus-
with the neighboring vacancy, at least 29/30 of Pions  ceptible for defects on the oxygen sublattice. It might be
could not interact with oxygen vacancies in possible that one extra oxygen vacancy introducedvigy
Y,03:PP*(0.2-Mg(0.1). Then the hole production and doping induces disordered oxygen arrangement on the sub-
broadening would be induced only in 1/30 of Pions and  Jattice. For example, if one oxygen vacancy is introduced,
not in 29/30. In this case, we can expect almost no change ithe surrounding anion vacant sites will be rearranged and
the hole behavior of YO,:Pr*(0.2-Mg(0.1), comparing it thus the disorder might extend to more than several unit
with undoped ¥O3:Pr**. Nevertheless, this is not the case cells. We did not consider such an effect in the above dis-
for the results in Sec. Il A, because the homogeneous linecussion, and assumed that charge-compensating oxygen va-
width or the average burning rate is about twice or eightcancies do not exchange any other vacancies and oxygen
times as large as those in undopegY:Pr** in Figs. 3or 7. jons. When we include this effect, the length-e60 A ob-
Therefore, it is most probable that the interaction betweenained above can be regarded as the lower limit of the dis-
oxygen vacancies and Prions is not a local one but ex- tance in which the disorder is brought about by the charge-
tends to a long distance, that is, thé'Pions feel the vacan- compensating oxygen vacancy. If we follow this assumption,
cies in a rather large volume which contains several or morg¢he cause of hole burning might somewhat be the short-range
vacancies. interaction between the center and this disorder. Then, this
From the above discussions, we found that even quite ghort-range interaction seems likely to induce dispersive
small number of oxygen vacancies, that is, 1/30 of the numhole-growth kinetics in Fig. 6, as is described in the preced-
ber of PF* ions [in Y,05;:PrP"(0.2-Mg(0.1)], can affect ing paragraph. In any case, the length in which the effect of
both the hole-burning rate and the width in almost all thethe oxygen vacancy on hole burning extends is obtained to
Pr** ions in the sample. Because the number of tHé Rms  be larger than-60 A.
is far larger than that of the vacancies, we can estimate the We consider other unknown defects as the origin of the
lower limit of interaction length between oxygen vacancieshole burning instead of oxygen vacancies, as was mentioned
and P?* ions as half of the average distance between oxygeim Sec. Il D. The similar rough estimation might be possible
vacancies in this sample. This length is approximately calcufor the defects which would be introduced wM¥ ™ doping.
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Because the density df1>" ions is twice that of oxygen F o v
vacancies, the lower limit in which the defects are brought 10 Y,04:Pr”" - MgO o
about or the effect of the defect extends, is estimated to be a 0 !f
[(~60A)%2]¥3=~50A (uncertainty ~20%). However, . (1).1 £
the characterization of the defects may be needed, in order to ;

§

¥

make such discussion more reliable. (+ Y0, )

T T T

2. Comparing holes in YO5:Pr3*-Mg(1), -Ca(1), and -Ba(1)

In this subsection, we discuss hole width and hole-
burning efficiency in the samples with the three different
kinds of divalent ions shown in Fig. Br,05:PP"-Mg(1),
-Ca1), and -B&1)]. From the results in Table I, the divalent
ion concentration in YO;:PP*-Ca1) is the largest and that
in -Ba(1) is the smallest. This order of concentration is sup-
ported by the inhomogeneous linewidths shown in Table I.
The width is the largest in -@4) and the smallest in -Ba).

In Fig. 8, we can compare areas and widths of the holes
burned in the thred?*-doped samples in the same condi-
tion at 20 K. We find that the order of the area and the width
is the same as that of the concentratioMt' ; they are the
largest in %,05:Pr"-Ca(1) and the smallest in -Ba). 0.0001

These results show thatrsrloles are broader and are more ' 10 46 100
easily burned as a )0;:P crystal includes a larger
amount ofM?" ions irrzlesvant to the kind df12*. This fact TEMPERATURE (K)
supports our conclusion that the hole-burning efficiency and FIG. 10. Temperature dependence of homogeneous linewidth
the hole width are controlled by the concentration of oxygerplotted in log-log scale in MgO-doped ,9;:Pr* crystals; the
vacancies, not by the doped metallic ions directly. samples are YO;:Pr** (triangles, Y,05:Pr**-Mg(0.1) (square}
and -Md1) (circles. The linewidth between 230 and 120 K was
. . obtained from luminescence linewidth in the three samples, and all
E. Temperature dependence of homogeneous linewidth : . o .

. e e of them show approximately the same linewidth; the corresponding
in Y ,03:Pr*, Y,03:Pr**-Mg(0.1), and -Mg(1) symbols are superposed each other. The linewidth in the two MgO-

We measured homogeneous linewidthl'{,) in doped samples between 40 and 10(dquares and circlgsvas
Y203:P|3*-Mg(0.1) and -Mg1) at various temperatures. In obtained from hole-burning measurement. The linewidth in
Fig. 10 the results are plotted; closed squares and circles a¥eQs:Pr’" between 60 and 30 Kopen triangleswas obtained from
the results of ¥O4:Pr**-Mg(0.1) and -Md1), respectively. ~fluorescence-line-narrowing technique, and that at 20 and 10 K
Triangles are the results of undopedO4:Pr** and crosses (closed triangleswas from hole-burning meelsureme(rﬁ_tef. 14.
are of Y203:Pr3+ grown in an air atmosphellé. Cross symbols denoting linewidth in,®;:PP* grown in an air

In the MgO-doped samples, we obtainEg,., between atmosphere, and dashed curve indicating a theoretical fit of the
' om . .
230 and 119 K from luminescence spectra under nonseleclz?-aman process were also described in Ref. 14.

tive excitation using a xenon lamp with a broad bandpas:alrown Y,0,:PP* (crosses This behavior, i.e., weak tem-
filter, as the homogeneous linewidth is larger than the inho: erature2 dzpendence of linewidth at Ic;W témperature is

Mogeneous Imeywdth_ at h'gh temperatures. In this temperag i 1 the finewidth in other disordered materials such as
ture region, the linewidth in these three samples shows aboyt, .- _ctabilized zirconia or silicate glad!314188y com-

the same value. Below 40 Ko was determined from the 504 these two kinds of MgO-doped samples, we find that

hole-burning experimentthe zero-burning limit of the half the linewidth becomes lar .pp3+ ;
: ) . e ger as a%:Pr* crystal includes
width at half maximum of holesBelow 9 K, it was difficult larger amount of MgO at all the temperatures below 20 K.

to determind’|,,, (zero-burning limij for the doped samples
in the present setup, because holes burned at this temperature
contain the hole component due to the optical pumping with
short lifetime!”2° The linewidth in undoped YO3:Pr*" be- In this paper, we investigated holes due to the local lattice
tween 60 and 30 K(open triangles was obtained from rearrangement in metallic ion-dopedQ4:Pr* crystals un-
fluorescence-line-narrowing technique, and that at 20 and 1@er the systematic control of disorder. In MgO-doped
K (closed triangleswas from hole-burning measureméfit. samples, we found that hole widthomogeneous linewidjh
Bars in the figure show the typical error ranges. is larger as the concentration of MgO increases. In the analy-

In undoped ¥O;:PP*, the temperature dependence of sis of hole-growth data in the MgO-doped samples, they fol-
the homogeneous linewidth down to 30 K follows the Ramaniow the scaling of the burning time. This scaled growing
process curve which is shown by a dashed line in therofile was successfully fitted by assuming that afifFions
figure!* However, in the MgO-doped samples the linewidth are coupled to many two-level systems and that the tunneling
begins to deviate from the dashed line around 30 K. At lowemparameter has the Gaussian distribution. We found that the
temperatures, the linewidth shows thdinear-like (T: tem-  burning rate increases monotonically with the increase of the
peratur¢ dependence similar to that observed in the air-concentration of MgO.
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When we compare the results of other metallic ion dop-to interact with oxygen vacancies distributed uniformly in
ing, we find that divalent ion induces hole broadening andhe host crystal with an interaction length larger tha®0 A
hole production while Z¥* ion does not. Hence, oxygen va- (uncertainty~20%).
cancies introduced into the crystals by divalent-ion doping is As for the temperature dependence of homogeneous line-
probably one of the origins of the line broadening and thewidth, the MgO-doped samples shdwlinear-like behavior
hole production. below ~30 K. The effect of disorder concerned with oxygen
From the relation between the hole-burning data and the@acancies on linewidth is thought to be revealed in this low-
concentration of oxygen vacancies, &'Pion is considered temperature region.
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