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Photoionization spectral hole burning and its erasure in Li2Ge7O15:Cr 3¿:
Effects of site-dependent energy-level shifts within the band gap
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We report on investigations of the dependence of ionization spectral hole burning efficiencies on the location
of impurity ion energy levels relative to both the host valence band and the conduction band. An ideal system
is Cr-doped Li2Ge7O15, where the Cr31 ions occupy three distinct noncentrosymmetric Ge41 sites, which differ
from one another by the location of their charge-compensating ions. Most important for our investigation is the
large~;eV! and site-specific shift of the Cr31 energy levels relative to the host valence and conduction bands.
As a result, only one of the three sites shows persistent spectral hole burning. It is shown that this result can
be understood from an analysis of the differences of the energy-level locations of the ground and excited states
of the three Cr31 centers relative to the host bands. Two of the centers have their energy levels sufficiently
close to the host conduction band such that two-step ionization, and thus persistent spectral hole burning, can
occur. However, for one of the centers the ground state lies so close to the valence band that an erasure process
involving promotion of an electron from the valence band to the ionized center leads to the restoration of the
initial charge state. This erasure process, clearly demonstrated in this paper, has to be considered when
evaluating the hole burning potential of doped insulators, especially those with relatively narrow band gaps.
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I. INTRODUCTION

If impurity ions are stable in more than one valence sta
photoionization can lead to persistent spectral hole burn
~PSHB!.1 This effect reveals important fundamental inform
tion on the homogeneous linewidth of electronic transitio
of impurity ions, is a tool to investigate dynamical process
in ordered and disordered solids, and has the potentia
providing a mechanism for high-density data storage and
tical processing.1 Photoionization occurs under monochr
matic irradiation resonant with a subset of ions within t
inhomogeneously broadened zero-phonon line and prod
a stable spectral hole by converting some of the reson
ions to the oxidized valence state. A number of interest
questions are connected with the mechanism of the photo
ization: the ionization process, the nature of the traps
volved, and the processes by which the charge transpor
curs. Here, the process of photoionization spectral h
burning ~chemical hole burning! occurs in two steps. In the
first step, resonant absorption of the monochromatic li
excites the ion from its ground state to its excited metasta
state. In the second step, photoionization of the ion ta
place by promoting the impurity electron from the me
stable state to the conduction band via absorption of a sec
photon, provided either by the monochromatic source use
excite the ion to the metastable state or a secondary so
A central issue in understanding the processes involve
the photoionization is the location of the ground and exci
levels of the dopant ion relative to the insulator conduct
band: the photon energies of the light sources used hav
be large enough to bridge the two energy gaps involved
the ionization process. While focusing on the ionization~do-
nor! process, a second, equally important process has
PRB 610163-1829/2000/61~19!/12848~6!/$15.00
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generally overlooked: charge-transfer~acceptor! processes
that promote an electron from the valence band to the im
rity ionized in the hole-burning process. Since charg
transfer processes have a large cross section, they ca
more efficient than two-step ionization processes. These
strongly quench the hole-burning process when the gro
state of the impurity ion is sufficiently close to the valen
band. In this paper we demonstrate the importance of
process.

The importance of the role of the impurity ground-sta
location relative to the host valence band can be dem
strated in a system where a single probe ion occupies dif
ent sites. These sites should differ in the location of the
purity energy levels with respect to the host bands, wh
retaining the energy gap between the impurity ground a
first excited metastable state. This kind of system has b
realized in Cr-doped lithium heptagermanate crysta
Li2Ge7O15, ~LGO! codoped with Mg, where the Cr31 ions
occupy three distinct sites. These Cr31 centers differ from
one another by the location of their charge-compensa
ions resulting in a large and site-specific shift of the Cr31

energy levels relative to the host valence and conduc
bands.2 These shifts are caused by a combination of the lo
Coulomb field resulting from the different types and loc
tions of the charge-compensating ions and the lack of inv
sion symmetry of the sites, producing large~;eV! relative
linear Stark shifts. Furthermore, the optical properties
LGO:Cr31,Mg have been studied previously,2 and a photo-
current under resonant excitation in theR lines (4A2⇒ 2E
transition! for two of the three Cr31 centers was observed
This provides direct evidence for two-step photoionization
these two Cr31 centers via the intermediate2E state, allow-
ing two-photon hole burning.
12 848 ©2000 The American Physical Society
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II. SAMPLE PREPARATION AND CHARACTERIZATION

Single crystals of LGO doped only with Cr~LGO: 0.02%
Cr!, and codoped with Mg~LGO: 0.02% Cr, 0.02% Mg!,
were studied. The crystals were grown by the Czochral
method in Sevastyanov’s group of the Institute for Cryst
lography, Moscow.

Chromium-doped LGO crystals display narrow zer
phononR lines of the ‘‘Cr31-Li1’ ’ center corresponding to
transitions between ground (4A2) and excited (2E) states of
Cr31 ions in an octahedral coordination. Double-dopi
LGO crystals with Cr and Mg leads to two more Cr31 cen-
ters. These centers differ in their type and in the location
the adjacent charged defect providing local compensatio
the excess negative charge of the Cr31 ion which substitutes
for Ge41 in the GeO6 octahedron2 ~see Fig. 1!. For the
Cr31-Li1 center, the charge compensation is provided by
interstitial Li1 ion shifted along thea axis relative to
Cr31~Ge41!. For two types of Mg-compensated centers,
charge compensation is provided by Mg21 substitution either
on a Li~1! site @Cr31-Mg21~1! center# or on a Li~2! site lo-
cated on the twofoldC2 symmetry axis passing through th
center of the GeO6 octahedron@Cr31-Mg21~2! center#—see
Fig. 1. Spectroscopically, the different sites are reflected
shift of theR lines. TheR-line luminescence spectra at 77
@well below the ferroelectric transition temperature of 280
~Ref. 3!# of both the Cr31 and Cr31, Mg21 samples are
shown in Fig. 2. The assignments of the different transitio
have been previously reported.2 The R lines associated with
the Cr31-Li1 center occur in both the Cr31 and doubly doped
Cr31,Mg21 samples. In the ferroelectric phase, two sets oR
lines ~R and R8! are observed for this site. At helium tem
perature theR1 and R18 lines occur at 695.4 and 696.1 nm
respectively. In the doubly doped Cr31,Mg21 sample, two
additional sets ofR lines are observed. The first Mg
compensated, triclinic, center, Cr31-Mg21~1!, displays
tR1 ,tR18 lines at 697.3 and 697.6 nm. The second M
compensated, monoclinic, center, Cr31-Mg21~2!, shows only
a singlemR1 line at 694.0 nm. All wavelengths are given fo

FIG. 1. Fragments of Li2Ge7O15 paraphase lattice projected o
the ‘‘bc’’ plane ~left! and the ‘‘ab’’ plane ~right! after ~Refs. 4 and
5!. An octahedron of GeO6 with its surrounding tetrahedra of GeO4

is shown. Small open circles, position of octahedral Ge41 substi-
tuted by Cr31 ion. Large circles, Li1 ion positions: regular Li~1!
and Li~2! ~open circles! and nonstoichiometric interstitial~solid
circle!. Arrows indicate the directions of the permanent dipole m
ments of Cr31.
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T52 K, the temperature relevant for the hole-burning e
periments presented in this paper. We would like to note
this point already that the shift of theR lines is relatively
large, indicating strong internal electric fields due to the
and Mg charge-compensating ions. Two-step photoion
tion observed in the photoconductive response under r
nant excitation of the Cr31-Mg21~2! and Cr31-Li1 centers
( mR1 , mR2 , andR1 , R18 , R2 , R28! is shown in Fig. 2, indi-
cating the potential of photochemical hole burning of two
the three sites.

III. SPECTRAL HOLE BURNING

Spectral hole burning was studied on theR lines @ 4A2
→E(2E) transitions# from the ground4A2 state to the lowest
sublevel of the metastable2E doublet of Cr31 centers of the
three different centers described above.

The burning and detection of persistent spectral ho
within the R-line contours were carried out with a Cohere
CR 899 ring dye laser using the dye DCM Special produc
a laser linewidth of 0.5 MHz. Samples were immersed
liquid helium (T52 K) inside an optical cryostat. Spectra
holes were observed by scanning the laser frequency w
simultaneously observing the fluorescence in the pho
sideband emission of the2E→4A2 transition with a photo-
multiplier ~PMT!. The detection was performed at powe
well below those used for hole burning by decreasing
laser power by three orders of magnitude using neutral d
sity glass filters. We note that scanning did not cause
erasure of the burnt holes. The detection spectral regio
the phonon sidebands was isolated from the excitation l
with an interference band-pass filter~710 nm, 10 nm
FWHM! in front of the PMT. The output of the PMT wa
recorded with a digital storage scope, using a ratioing te
nique to normalize the excitation spectrum to the laser int

-

FIG. 2. Luminescence spectra atT578 K ~top! and ‘‘resonant’’
photocurrent excitation spectrum atT52 K ~bottom!.
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12 850 PRB 61S. A. BASUN et al.
sity and to compensate for fluctuations of the laser power
this way it was possible to perform a step-by-step scan o
the whole zero-phonon line, although theR1 lines in
LGO:Cr31 are several times broader than the laser s
range~20 GHz!.

The luminescence excitation spectrum after burning
spectral hole at 694.0 nm is shown in Fig. 3. The doub
character of themR1 line shape results from the4A2 ground-
state splitting. The value of the splitting is obtained by fitti
the observed spectrum to two Lorentzians of identical wid
using a variable splitting. The magnitude of the splittin
10.060.2 GHz, is similar to that seen for Cr31 in other
hosts.6–8 Very similar splittings were also found for the oth
R1 lines of LGO:Cr, Mg~R1 , R18 , tR1 , and tR18!. In addition
to the hole observed at the laser frequency, a sideh
shifted to higher frequency by 10.160.1 GHz, is seen in Fig
3. It occurs because the first site-selective step in the ph
ionization process results from excitation of the Cr31 from
its upper ground-state component~the laser was tuned to th
low-frequency part of the absorption doublet!. Since the
photoionization process oxidizes the Cr31 ions resonant with
the laser, their total contribution to the absorption spectr
is removed. Hence a reduced absorption is also seen a
quencies resonant with transitions from the lower grou
state component. Deep persistent holes were observed
frequencies within the inhomogeneously broadenedmR1
doublet. The sidehole is observed shifted either to lowe
higher frequencies than the main hole by 10.160.1 GHz de-
pending on where the laser was tuned within the dou
structure. Within experimental error, the splitting is alwa
the same as the splitting of the doublet in the excitat
spectrum.

To study the depth and width of spectral holes as a fu
tion of burning time, a spectral hole was burnt at a fix
wavelength, 694.0 nm, with a weak incident power dens
of 80 mW cm22. The depth of the hole rises with increasin
burning time and reaches a value of more than 20%~Fig. 4!.
The width of the hole is about 300 MHz and broadens o
slightly with an increase in the hole depth~Fig. 4, inset!. It is
seen from Fig. 4 that even a hole depth as large as 20

FIG. 3. mR1 line shape at a temperatureT52 K. Solid line:
luminescence excitation spectrum after burning at 694.0
Dashed and dotted lines: two Lorentzian fit to themR1 line shape
before burning and its separate components, respectively.
In
er

n

a
t

s
,

le,

o-

re-
-
all

r

t

n

-

y

y

is

still far from the saturated value. With an increase of incide
power density, the rate of burning increases rapidly; with
W cm22 it takes only a few seconds to burn a hole with
depth of;10%.

The absence of the hole burning on the Cr31-Mg21~1!
center is consistent with our findings that a two-step proc
does not bridge the gap between the Cr31 ground state and
the conduction band, as is evident from the lack of an
servable photocurrent under resonant excitation~see Fig. 2!.
However, it is surprising that the Cr31-Li1 center does not
exhibit hole burning, although two-step resonant excitat
leads to photoionization. It is important to note that on t
zero phononR1 lines of the Cr31-Mg21~1! and Cr31-Li1

centers, no hole burning was observed even with m
higher incident power densities~up to 100 W cm22, and
burning periods of up to several tens of minutes! than those
used for the Cr31-Mg21~2! center.

IV. DETERMINATION OF THE Cr 3¿ ENERGY LEVELS
WITH RESPECT TO THE HOST BANDS

To tie these hole-burning results to the location of t
Cr31 energy levels with respect to the host conduction a
valence bands, photocurrent excitation spectroscopy~photo-
conductivity! was performed.

For the photoconductivity experiments, the samples
mounted on the coldfinger of a temperature variable cryos
pressed between two nickel meshes that serve as transp
electrodes. Photocurrents are excited by a 300 W Xe
lamp spectrally filtered by an f/2 double monochroma
~McPherson! and measured with a Keithley 6517 electrom
eter. To utilize the high sensitivity of the electrometer, ad
tional features of the setup include electrical shielding a
high mechanical stability of the sample mount, resulting
detectable photocurrents of less than 10215A. Typically, a
field of up to 10 kV/cm is applied across the sample, wh
results in stationary photocurrents on the order
10215– 10212A.

As a general rule, photoconductivity data can be prope
interpreted only in conjunction with complementary abso
tion, emission, and excitation spectra. Emission and abs
tion data were taken from previous publications.2 Additional

.

FIG. 4. Hole depth vs period of burning at 694.0 nm with 8
mW cm22 at a temperature ofT52 K. Inset: spectral hole profiles
after 60, 480, and 1200 s of burning~a, b, andc, respectively!.
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photoexcitation spectra were recorded using a SPEX fl
rometer.

The absorption spectrum of the singly doped sample
hibits, in addition to the intra-ion Cr31 absorption bands
U(4A2→4T1) and Y(4A2→4T2), a strong uv absorption
band with a threshold at about 350 nm~3.5 eV!, labeled
uv-Li in Fig. 5~a!. This has been ascribed to the absorption
Cr31-Li1 centers caused by one-photon donor-type ioni
tion of the Cr31 ion from the 4A2 ground state.2 In the
double-doped sample, an additional uv absorption band
be observed. Since this band overlaps theY and uv-Li bands,
we have plotted in Fig. 5~a! this band@labeled uv-Mg~2!# as
the difference in the absorption of the two samples, mu
plied by the ratio of the Cr31Mg21~2! to Cr31-Li1 concen-
tration. The concentration ratio was estimated by compa
the fluorescence intensities under excitation into theY band.
The normalized presentation reveals an absorption onse
the uv-Mg~2! band at 3.0 eV, which has been assigned to
ionization of Cr31 on the Cr31-Mg21~2! center.2

A direct confirmation that these uv-Li and uv-Mg~2! ab-
sorption thresholds correspond to the energy difference
tween the4A2 levels of these centers and the bottom of t
conduction band is obtained through the measurement o
long-wavelength threshold of the one-photon photocond
tivity spectra. Figure 5~b! shows the one-photon excitatio
spectra of the stationary conductivity measured on the sin
doped Cr31 and the doubly doped Cr31,Mg21 samples. For
the single-doped samples, where Cr31-Li1 centers dominate
a conductivity threshold is observed at 3.5 eV that matc

FIG. 5. ~a! Absorption, ~b! one-step photocurrent excitatio
spectra of Li2Ge7O15:Cr and Li2Ge7O15:Cr,Mg crystals, and~c!
photoluminescence excitation spectrum of Li2Ge7O15:Cr monitored
at 700 nm. All spectra taken atT5300 K. The excitation spectra~b!
and~c! are normalized to the incident photon flux. The locations
the long-wavelength thresholds of the photocurrent excitation
uv absorption bands of the Cr31-Mg21~2! centers and Cr31-Li1

centers are indicated by thick solid arrows and thick dashed arro
respectively. Thin arrow~b!: doubledR-photon frequency.
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the onset of the uv-Li absorption band. For the double-do
samples, we find an additional threshold at 430 nm~2.9 eV!,
an energy that matches the onset of the uv-Mg~2! absorption
band. This demonstrates that the uv-Li band and the
Mg~2! bands do not reflect intra-ion transitions, but a prom
tion of an impurity electron to the conduction band. In ad
tion, these results give evidence of a very large shift of
impurity energy levels relative to the conduction band due
different charge compensators. The relative location of
Cr31-Li1 and Cr31-Mg21~2! energy level shifts with respec
to the host conduction band by 3.522.9 eV50.6 eV, more
than 10% of the host band gap.

The assignment of the uv bands to Cr31 ions is unambigu-
ously obtained from theR-line luminescence excitation spec
trum @Fig. 5~c!#. The R-line luminescence excitation spec
trum displays, in addition to the intra-ionU andY bands, an
additional band whose long-wavelength threshold, 3.5
exactly matches the onsets of the uv-Li band observed
absorption@Fig. 5~a!# and photocurrent excitation spect
@Fig. 5~b!#. Cr31 luminescence is excited via ionization in
series of steps. The mechanism involves photoionizat
Cr311hnexc⇒Cr411e~CB!, i.e., conversion of Cr31 to Cr41

accompanied by generation of a photoelectron in the cond
tion band,e~CB!. At the second phase of the process, reco
bination of the photoelectron with a Cr41 ion results in the
formation of a Cr31 ion in the excited state,2E, followed by
emission of an R photon: e~CB!1Cr41⇒Cr31(2E)
⇒Cr31(4A2)1hnR .

We would like to point out that the uv absorption ban
could in principle reflect charge-transfer processes~promot-
ing a valence-band electron to a Cr41 ion!. However, in this
case the low-energy threshold of the absorption band ca
lead to Cr31 emission, in contradiction to our observation
@Fig. 5~c!#. Thus, the coincidence of the onsets of the
absorption, photoconductivity, and luminescence excitat
of the Cr31 emission strongly supports our assignment of
uv bands to donorlike processes.

V. Cr 3¿-HOST ENERGY-LEVEL DIAGRAM
AND BORN-HABER CYCLE

These experimental results lead to a combined h
impurity energy-level diagram for the different Cr31 centers
~similar to the approach commonly used for doped semic
ductors!, shown in Fig. 6, which indicates the locations
the 4A2 and 2E levels of the Cr31-Li1 and Cr31-Mg21 cen-
ters in the band gap. For the Cr31-Li1 and Cr31-Mg21~2!
centers, the photon energy required to induce the first s
selective4A2-2E transition exceeds the energy which is ne
essary for photoionization from the metastable2E state. This
assignment is supported by the observation2 of resonant ex-
citation of photocurrent in theR lines of both the Cr31-Li1

and Cr31-Mg21~2! centers~see Fig. 2! which can occur in
two steps via the intermediate state,2E. The much higher
efficiency of resonant two-step photoionization of t
Cr31-Mg21~2! centers compared to that of the Cr31-Li1 cen-
ters ~Fig. 2! is due to the fact that the doubledR photon
frequency@marked by a thin arrow 2nR in Fig. 5~b!# corre-
sponds to a frequency near the maximum in photoconduc
ity for Cr31-Mg21~2! but to the very weak long-wavelengt
tail for Cr31-Li1 centers. For the Cr31-Mg21~1! center we

f
d

s,



th

am

t
t

th
y,

fo
n

t
ho
f
e

un
Th

c
y-
o

th

e
n
e

6

pti-

one
ctral
o-

ess
of

ess.
arge
n,

For
t

ilar

.
e-
ith
tem

e to
is

via
ro-
e

ge

ole
e
o
d

y
rge-

for

ilar

to
ect

t to

he

f
lts

ct
ate

ou-

12 852 PRB 61S. A. BASUN et al.
must assume that the ground-state energy is lower than
of the other two centers, since no ionization is observed~Fig.
2!. Evidence for its placement in the energy-level diagr
will be presented below.

While the location of the Cr31 ground states with respec
to the host conduction band explains why it is possible
burn spectral holes on themR1 line of Cr31-Mg21~2! centers,
it cannot explain the absence of two-step hole burning on
R1 andR18 lines of Cr31-Li1 centers. As pointed out alread
the energy locations of their4A2 , 2E levels in the band gap
of LGO ~Fig. 6! allow for the two-step ionization byR1 ,R18
photons. Moreover, the existence of photoionization
these centers has been directly proven by the observatio
a photocurrent under resonant excitation into theirR1 lines
as shown in Fig. 2. For efficient hole burning traps have
be present in the sample. Since deep persistent spectral
are observed for the Cr31-Mg21~2! centers, the presence o
traps is evident, and a lack of traps cannot be an argum
for the lack of spectral holes on theR1 ,R18 lines of the
Cr31-Li1 centers.

In order to explain the absence of holes for the Cr31-Li1

center, we have also to consider the location of the gro
state of this center with respect to the valence band.
location of the top of the valence band relative to the4A2
levels can be obtained according to the Born-Haber cy
principle.9 In accordance with this very general thermod
namic principle, the sum of the threshold energies of don
like and acceptorlike electron transitions~from the impurity
to the conduction band and from the valence band to
ionizedimpurity, respectively! equals the host band gapEg .
For both the Cr31-Li1 center and Cr31-Mg21~2! center, the
donorlike ~ionization! thresholds are known~see above!.
With a host band gap ofEg55.2 eV~Ref. 10! this allows one
to estimate the corresponding acceptorlike thresholds. Th
thresholds are the energies necessary to promote vale
band electrons to Cr41 ions, thereby converting them to th
trivalent state. The resulting locations of the4A2 levels of
Cr31-Li1 and Cr31-Mg21~2! centers in the band gap of LGO
are shown in the lower part of Fig. 6. As seen from Fig.
the energy of the acceptorlike transition of the Cr31-Li1 cen-
ter equals 1.7 eV, 0.1 eV less than theR-photon energy~1.8
eV and shown by the arrows in Fig. 6!. Thus an acceptorlike
transition can be induced by the laser radiation~1.8 eV! used

FIG. 6. Energy-level scheme of different Cr31 centers in the
band gap of Li2Ge7O15. Shown are the4A2 and 2E levels of Cr31

and the valence and conduction bands.
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to selectively create the hole: electrons are promoted o
cally from the valence band to the Cr41 previously formed
by the two-step photoionization of Cr31. This effectively re-
stores the initial charge state, Cr31, for the Cr31-Li1 centers,
thereby erasing the spectral hole.

The processes of burning and erasure compete with
another in such a way that an observable persistent spe
hole is not formed. The hole burning takes place via a tw
step process, with the first step of the ionization proc
partly forbidden by selection rules. However, the erasure
the burnt hole occurs in a one step acceptorlike proc
These charge-transfer processes are known for their l
transition matrix element. As a result of the competitio
burning of holes is impossible under these conditions.
the Cr31-Mg21~2! center, however, which shows efficien
hole burning, the minimum energy necessary for a sim
acceptorlike transition equals 2.3 eV and theR photon~1.8
eV! cannot induce an acceptorlike hole erasure transition

To summarize, the hole burning efficiency crucially d
pends on the location of the impurity ion energy levels w
respect to the host bands, and LGO:Cr:Mg is an ideal sys
to study the different scenarios. For the Cr31-Mg21~2! cen-
ter, two-step ionization does occur, and since erasure du
acceptorlike processes is forbidden, efficient hole burning
observed. For the Cr31-Li1 center, two-step ionization is
also allowed, but the burnt holes are immediately erased
promotion of valence-band electrons to the tetravalent ch
mium ions, thereby eliminating the holes. Finally, th
Cr31-Mg21~1! center shows no hole burning due to the lar
energy difference between the4A2 ground state and the
conduction-band bottom, making ionization spectral h
burning impossible. The erasure of spectral holes in thR
lines of Cr31 in insulators with a band gap which is not to
wide with respect to the Cr31 transitions was discusse
earlier11 regarding experiments on SrTiO3:Cr.12 In that sys-
tem the erasure efficiency as a function of frequenc12

showed the same threshold as the acceptorlike cha
transfer process from the valence band to Cr41, which was
identified by means of photo-EPR.11

VI. IMPURITY GROUND-STATE SHIFT DUE
TO THE STARK EFFECT

These results point to the large Stark shifts observed
the ground-state levels of different Cr31 centers relative to
the host bands. While these centers appear to be very sim
with respect to intra-ion transitions~the R-line energies vary
only by 0.5%!, the position of the ground states relative
the host bands is strongly influenced by the Stark eff
caused by local charge compensation. In LGO:Cr31 this
leads to variation of the ground-state energy with respec
the host band gap by more than 10%.

While the Stark shifts can be obtained directly for t
Cr31-Li1 and the Cr31-Mg21~2! centers, the location of the
4A2 level of the Cr31-Mg21~1! center in the band gap o
LGO could not be found directly. However, using the resu
on the Cr31-Li1 and the Cr31-Mg21~2! centers, the position
of the Cr31-Mg21~1! center can be estimated in an indire
way based on the microstructure of the centers. This estim
is built on the assumption that the relative shift of theR-line
positions of the different sites is a measure of the local C
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PRB 61 12 853PHOTOIONIZATION SPECTRAL HOLE BURNING AND . . .
lomb field due to the charge-compensating ions and that
field also causes the shift of the4A2 ground state relative to
the host bands. Because the Cr31 ion substituting on the
octahedral Ge41 site has no inversion symmetry~point sym-
metry groupC2!, the Cr31 ion possesses a permanent dipo
moment directed along theC2 axis ~arrow onC2 site in Fig.
1!. In the different types of Cr31 centers, the charge defec
which provide the charge compensation are in different
cations with respect to the Cr31 ion and its dipole moment.2

The projection of the Coulomb field of the charged defect
the permanent dipole moment of Cr31 is zero for Cr31-Li1

centers and has the opposite sign for the two types
Cr31Mg21 centers~see Fig. 1!. Therefore, the linear Star
shift of the energy levels~and spectra! of Cr31 in the
Cr31-Mg21~1! and Cr31-Mg21~2! centers should have th
opposite sign relative to the position of the levels of t
Cr31-Li1 centers. This situation is observed experimenta
for theR lines of Cr31Mg21~1! and Cr31Mg21~2!, which are
shifted by a similar amount in opposite directions relative
the R lines of Cr31-Li1 centers~see Fig. 2!. Based on the
nearly symmetric location of the Cr31-Mg21~2! and
Cr31-Mg21~1! R-line transition energies relative to those
Cr31-Li1, we estimate that the linear Stark shifts of the4A2
ground level of Cr31 with respect to the host band edges
the Cr31-Mg21~1! and Cr31-Mg21~2! centers are also nearl
equal in magnitude but opposite in sign relative to that of
Cr31 ion in the Cr31-Li1 center. The shift of the4A2 ground
level of Cr31 in the Cr31-Mg21~2! center was determine
experimentally from the difference in the one-photon P
thresholds for the Cr31-Li1 and Cr31-Mg21~2! centers to be
0.6 eV ~Fig. 5!. Hence we can assume that the4A2 level of
the Cr31-Mg21~1! centers is located in the energy gap
LGO ;0.6 eV below the4A2 level of Cr31-Li1, i.e., ;4.1
eV below the bottom of the conduction band of LGO~see
Fig. 6!.

The above results demonstrate the possibility of v
large~;eV! relative shifts of the positions in the host ener
gap of the levels of the same impurity ion located at differ
types of complex centers, differing in the nature of the po
tion of the nearby charge-compensating defect. This situa
is observable when the impurity site lacks inversion symm
try leading to a permanent dipole moment. The large rela
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shift of the levels is due to the strong linear Stark shift
electronic states of the ion in the Coulomb field of a nea
charged defect. In the case of Cr31 in the LGO lattice, the
electric Coulomb field generated by Mg21~2! at the Cr31 is
on the order of 107 V/cm.2 With the observed value of the
linear Stark shift of 0.6 eV one can estimate the magnitu
of the permanent dipole of the Cr31 ion to be;1 D.

VII. CONCLUSION

The results for LGO:Cr described here demonstrate
importance of considering both donorlike andacceptorlike
processes, i.e., treating the host-impurity system as an
tirety, for hole burning in doped insulators. This is mo
important when the host band gap is not too wide compa
to the energies of the intra-ion transitions constituting
first step for the hole burning. Using a combination of a
sorption, excitation, and photoexcitation spectroscopy,
energy locations of the4A2 and 2E energy levels with re-
spect to the host bands for three different char
compensated Cr31 centers were determined. For th
Cr31-Mg~2! site that undergoes hole burning, theR-line pho-
ton is sufficiently energetic to promote an electron from t
2E excited state to the conduction band, but lacks the ene
to induce acceptorlike transitions which would erase
hole. For the Cr31-Li site, photoionization is possible, bu
acceptorlike transitions can also occur, efficiently compet
with the photoionization preventing the occurrence of
stable hole. For the Cr31-Mg~1! center, theR-line photon
energy is insufficient to produce photoionization from the2E
excited state. These large differences in the energy locat
of the Cr31 levels in the host band gap, as much as 10%
the band-gap energy, are caused by the absence of inve
symmetry at all three sites, which results in large linear St
effects of about 1 eV.
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