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Observation of persistent spectral hole burning of EG* in g’-alumina at 110 K
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Persistent spectral hole burnifgSHB has been observed at 110 K inEuexchanged N& 8’-alumina
crystals. This is the highest burning temperature for PSHB # Eloped materials. It is found that the long
lived holes at high temperature are caused by light-induced local motion of ions surrounding®thiizu
The results both of hole relaxation and temperature cycling measurements can be well interpreted by a hopping
model with a Gaussian distributed barrier height.

I. INTRODUCTION but only the mobile ion distribution in the two-dimensional
conduction plane becomes disordered in this material. In this
Persistent spectral hole-burnit@SHB) spectroscopy has sense, the structural properties@falumina are considered
been established as a powerful tool to investigate the strudo be intermediate between ordered and disordered materials,
tural and electronic properties of disordered matefi@are- ~ and are essentially different from those in glassy or amor-
earth ions have been used as optical centers for PSHB stughous materials. o _ _
ies, because they show narrow optical absorption bands, One of the agvantageiﬁf -alumina is that trivalent ions,
Especially, E&" has been widely adopted as a guest ion, dudor example Ed" and N&", etc., which are very useful for
to the simple excited energy levels. The mechanism of psH@ptical measurements, can be mtrod_uced into the _conductlon
on EG* doped materials may be caused by the two mechaPlane by the ion-exchange technique at relatively low
nisms: internal optical pumping between sublevels split bylemperaturé. This is a property ofg"-alumina that differs
hyperfine interactio? and due to light-induced ion rear- from that of g-alumina. Using this technique, the concentra-
rangement around optical centers. The latter has not bed}pn of trivalent ions can be easily controlled by exchange
reported. This is in contrast to the case of Pdoped sys- time and temperature. _ _
tems, in which PSHB is caused by configurational changes Eu’ _ions are introduced as optical centers in the two-
surrounding the Pf ions? Since the spin-lattice relaxation dimensional conduction plane ¢@f'-alumina crystals. Opti-
between hyperfine splitting sublevels has a strong temper&2al properties of El doped 8”-alumina have been exten-
ture dependence, the holes observed ii"Eioped materials ~ SiVely stud|ed11 by Simkin's group using site-selective
are stable only at very low temperatird&ecently, room SPectroscopy”™* They reported that Eli ions occupy the
temperature PSHB has been reported on?'Smdoped mld_—oxygen(mO) and BR sites. Using flligrescence line nar-
materials® However, high temperature PSHB above liquid Fowing (FLN) spectroscopy, Yugangt al.”” have measured
N, temperature is observed in only a few materials. the temperature dependence of the homogeneous
In this paper, we demonstrate persistent spectral holinewidthI'y) of the °Do-'F, transition of Ed™ in
burning in EG* dopedg’-alumina crystals at 110 K. This is #'-alumina on samples with different Na/Eu ratios.
the highest burning temperature among previously published
data for EG" doped systems.

B-alumina crystals(typically Na Mdg eAl10 38017 for Il EXPERIMENT
Na" B’-alumina’ belong to the family of3-alumina and are
well known as a typical superionic conducforTwo- Single crystals of sodiung’-alumina were grown by the

dimensional conduction planes are well separated by the spilux method from an eutectic melt of %@ (30 mol %9, MgO

nel block which consists of close-packed layers containing8.5 mol %, and ALO; (61.5 mol %.™* This composition is
aluminum, magnesium, and oxygen ions. There are two inficher in NgO thang’-alumina and melts at about 1983 K in
equivalent well-defined crystallographic sites, the so-calledh Pt crucible. This temperature were kept for 150 h. Typical
Beevers-Ros$BR) site and the midoxygemO) site, for  dimensions of grown crystals are 0.7 Tt plan@x0.5 cm.
mobile ions in the conduction plane. Since as-grown crystal€u®" B’-alumina crystals were prepared by the previously
of B’-alumina have nonstoichiometric composition, mobilementioned ion exchange techniquéy sealing sodium
(Na*) ions and vacancies always exist in the conduction3’-alumina crystals in a quartz tube together with Ey@hd
plane at above 300 K. Thus structural disorder, which is in‘eating to 923 K for 10 to 60 h. Clear colorless crystals were
duced by the randomness of the ion distribution, is intro-obtained. Since Eii ions in #’-alumina easily change into
duced in the conduction plane. However, it should be notedEW?" during the ion exchange, the oxidation state of the Eu
that the frameworKspinel block, which makes the periodic ion was checked by x-ray absorption near-edge-structure
potential for mobile ions, does not have structural disorder(XANES) spectroscopy. It was found from XANES spectra
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that only EG" ions existed in the so prepared samples. In
this study, we used 90% exchanged samples, i.e., the concen-

tration ratio of Nd to EU** ions was 0.1. This value was SK
determined by x-ray fluorescence analysis. The error of the 3+ on . ;
estimated ratio of N&EU®* is about+5%. Eu™" (3"-alumina \\/
Luminescence spectra under ultraviglel) light excita- 90% exchanged 110K
tion were obtained by using the 308 nm line of a XeCl ex- 50 -0 0 10 20
cimer laser. The laser beam was focused onto the sample in a ff Set [GHz]
closed-cycle He refrigerator which can cool the sample down
to 15 K. The luminescence was analyzed with a double
monochromatofresolution limit of 2 cm?) equipped with a
photomultiplier and a boxcar integrator. The gate of the box-
car integrator was opened from 0.1 to 2 msec after excitation.
A single-mode scanning ring dye lag6fOHERENT 899- ) _ . ‘ . _ .
21) with a nominal linewidth of 1 MHz was used as a light 565 570 575 580
source for hole burning. The dye laser was operated with Wavelength [nm]
rhodamire 6 G for excitation of the Eli ions. The laser
power was stabilized by a power controli@ambridge Re-
search Inc. LPC-visand was changed by neutral density
filters. The laser power was typically 400 mW/tfor burn-
ing and at least two orders of magnitude less for reading.

Intensity

nsity

Inte

FIG. 1. Luminescence spectra of Fuwexchanged N&
B"-alumina under UV light excitation at 15 K. The inset shows hole

The hol detected b ina the lumi s%ectra at 5 and 110 K. These spectra are well reproduced by a
€ holes were detected by measuring the IuminescenG&, o ia curvesmooth lineg The burning time and fluence are

e?(citation spectrum. The luminescence from.the sample Wasgno sec and 400 mW/(?mrespectiver. The probe light is attenu-
dispersed by a monochromatdr= 30 cm equped with @ 4ted with a neutral density filter/400.
cooled photomultiplief(Hamamatsu R943-02Signals were

detected by a lock-in amplifier and were accumulated 10-30

times by a digital storage oscilloscope. The frequency of rin

laser was scanned by a wave generator. The scan time is 3&9'981 which are shown in the inset of Fig. 1, are observed at
to 0.5—2 s/scan. 578.5 nm. Such long-lived holes are dominant only in the
The Samp|es were p|aced in a Cryostmxford Instru- I’egion around 57850.5 nm. The reason Why the PSHB
ments CF-120¢and could be cooled down to 5 K. The tem- occurs in only a narrow part of the absorption band is not
perature was controlled by a temperature contrai@xford  clear at present. The typical hole depth is about 15-20 %.
Instruments CF-124(etween 5 and 300 K, and was moni- Since antiholes are not observed in the long-lived hole spec-
tored by a calibrated germanium resistaccuracy of 0.1 K tra and the hole width is larger than that of the short-lived
holes, we assigned that the long-lived hole in®*Etin
B’-alumina is caused by a photoinduced rearrangement of
the local structure surrounding the optical centers.
lIl. RESULTS AND DISCUSSION The remarkable feature of this system is that holes can be
burned up to 110 K. As mentioned above, hole burning in
Figure 1 shows th&D ,-’F, transition region of the lumi- Ev®* doped systems has been caused by the optical pumping
nescence spectrum of %ue;changecﬂ’—alumina(QO% ex- mechanism in previous studies, and is stable only at very low
changed excited at 308 nm. According to the assignment offémperature. The burni'ng temperature of 110 K is t.he highest
Simkin et al, ™! the bands at 572 and 577 nm correspond tgcmperature reported literature for Eudoped materials.
the emissior; of EYi at BR and mO sites, respectively. Since '_I'he ref'””?g dynamlcs .Of holes,_ burned and probed_at 110
the relative intensity of these bands changes with a change fﬁ Is shown in F'g'.z' This flgure is plotted as a function of
ime after the burning laser is removed. The hole area after

the Na/Eu concentration ratio, the site occupancy of E rmina reveals a hiahlv nonexponential time behavior which
strongly depends on its concentratin. urning reveais a nighly nonexponential ime benhavio ¢
has been commonly observed in disordered materials. Such

In this study, we tuned the laser wavelength within the : : . )
inhomogeneously broadené®,-'F, transition to the 577 nonexpon_ent|al peh_avpr has been |_nterpreted by tunneling
o0 models with a distribution of tunneling paramet&td® In

nm band(mO bang. When holes are burned at 577.5 nm, ur study, holes are burned and probed at relatively high

which is the high energy side of the mO band, narrow an !
short-lived holes accompanied by antiholes are predomi—emper""twe(110 K). Thus.we have analyze'd with a ther-
ally activated model, which has been applied to high tem-

nantly observed. The hole area rapidly decreases after tHB : ;
burning laser is removed. The life time of the holes is abouPerawre PSHB in Sfi doped m_ate_nalil;‘?
2 min at 5 K. These are the characteristic features of hole- The relaxation rate of holeR is given by
burning spectra observed in various *Eudoped glasses.
From these results, we concluded that this short-lived hole is
created by optical pumping of ground-state nuclear hyperfine R=Ryexp(— V/KT); (1)
levels, which has been usually observed irf Edoped ma-
terials.
In contrast to 577.5 nm excitation, wide and long-lived here R, is the attempt frequency of particles akdis the
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FIG. 3. Hole area plotted as a function of the cycling tempera-
ture Trhax- The burn and probe conditions are the same as in the
FIG. 2. Hole relaxation at 110 K for 90% exchanged®Eu inset of Fig. 1. The solid curve is a fit to a Gaussian distribution of

B'-alumina. The hole area is normalized to unitytat0. The burn barrier heights with the values of the parameters shown in this
and probe conditions are the same as in the inset of Fig. 1. The solf#gure-
curve is a fit to a Gaussian distribution of barrier heights with the

values of parameters shown in this figure. . ) ) ) )
During this process, the hole is partially refilled by the ther-

mal process across the barriers in the ground state.

The dependence of the hole ardaon the cycling tem-
perature is shown in Fig. 3. The hole is burned at 80 K. For
a system with a distribution of barrierg(V), the fractionf

- of the hole that remains after thermal cyclin is given
0(V)=(2m0®) Pexif ~(V-V)¥l207). (@) S yelingTiga,is g
The time dependence of the hole afda) for a sequence of
filling is fitted by the following equation:

thermal barrier height. We have assumed thdias a Gauss-
ian distribution given by

f=1-

KTmasdn(Rot)
f " gy @)

+ o0
A(t)=f g(V)exp(—Rt)dV. (3)  heret is the holding time a .. In this casé is 30 s. The
- data shown in Fig. 3 are well described by this model with a
Gaussian barrier height distribution represented in @y.
A fit of the data using Eq(3) is shown in the solid curve in usingV, (=0.33 e\j) and 0=0.07 eV. These are exactly the
Fig. 2, where the fit parameters are the dominant relaxatiosame values used for the fitting of Fig. 2. Since the result of
rate Ryexp(—Vo/kT)=5x10"% s! and 0=0.07 eV. If we  two independent experiments can be reproduced with the
assume that the frequendy;, is equal to the attempt fre- same values of the parameters, it is confirmed that the hole
quency of a Na ion in the conduction plaf88 cni ), which  dynamics is well described with our model.
has been obtained by Raman scattefinthe barrier height The high temperature part of homogeneous linewidit)
V, is estimated to be 0.33 eV. The hole relaxation by then this system have been studied by FLN spectros¢ojpe
thermal process has been reported in’Smioped SrFCI®  hole width observed above 80 K is consistent with The
The distribution of barrier heights estimated in our study isdetermined by FLN. The preliminary study of low tempera-
far smaller than that obtained in the Shrsystem. The rela- ture PSHB reveals that the temperature dependentg aé
tively small distribution of barrier heights j@"-alumina may  well as thel’},, at a given temperature strongly depends on
be due to its intermediate nature between an ordered ara’/Eu®" ratios in crystals. The results of temperature de-
disordered material. Especially, in the case@falumina, pendence of’, for different compositions will be published
the ordered and disordered regions are separated each othelgsewhere.
i.e., only the two-dimensional conduction plane contributes The potential barrier heights between neighboring” Na
to the structural disorder. This feature is quite different fromsites is estimated to be 0.37 eV using the path-probability
the other crystalline disordered system, for example SrFQinethod?® This value is very close to the barrier height esti-
(Ref. 16 and yttria-stabilized zirconi¥ etc., in which the mated in this study. This suggests that PSHB is caused by
two-level tunneling system model has been successfully apptically activated motion of a residual Naon near the
plied. optical centers. However, the structure of the conduction
The distribution of barrier heights for this system can beplane has not been fully resolved in Huexchanged N&
also investigated by measuring the thermal recovery of holeg3”-alumina. More detailed structural studies of the conduc-
In this experiment, a hole is burned at a certain temperaturgon plane will be needed to clarify the origin of this PSHB,
(Tp), and the hole area is measured. After cycling through and, furthermore, will lead to the development of high tem-
certain temperatur@ ,.,, its area is measured again®f.  perature PSHB in Eli-doped materials.
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