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Spectroscopy of near-stoichiometric LiNbO3:MgO,Cr crystals under high pressure
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The results of high-pressure spectroscopic studies of near-stoichiometric LiNbO3:Cr~0.1%! and
LiNbO3:MgO,Cr~0.1%! crystals are reported. Much lower inhomogeneous broadening of electronic transitions
in near-stoichiometric crystals than in congruent ones allows us to obtain better resolution of the spectroscopic
measurements. The results of measurements show that Cr31 ions occupy mostly the same centers in near-
stoichiometric crystals and in the congruent ones. In near-stoichiometric crystals doped only with chromium,
the Cr31 ions substitute the Li1 sites in the LiNbO3 host forming one major center~denoted as centerg! and
two lower concentration centers, denoted bya andb. In near-stoichiometric crystals doped additionally with
a proper amount of MgO, the additional low-strength crystal-field centerd dominates the spectrum. This center
corresponds to the Cr31 ions in Nb51 sites. The hydrostatic pressure above 75 kbar transforms this center into
the high-strength crystal-field center. Due to better resolution of measurements, it was possible to determine the
splitting of the 2E level for thed center, which is equal to about 17 cm21. Estimated values of the energy
difference between the position of the4T2 and the2E levels for centersb, g, andd in these near-stoichiometric
LiNbO3 crystals are equal to220, 2242, and more than21000 cm21, respectively.
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I. INTRODUCTION

Cr31 ions in lithium niobate crystals are known to occu
different sites in the crystal host and to produce several
minescence centers. Occupancy of various sites and ce
depends on concentration of chromium dopant, stoichio
etry of the host, and codoping with optically neutral ion
such as Mg or Zn. Studies of the nature of various C31

centers in lithium niobate have a long history.1 Optical spec-
troscopic methods have been applied first to establish
nature of various Cr31 centers. The relatively low-strengt
crystal field that most of the Cr31 ions experience in the
LiNbO3 host results in a large contribution of broadba
emission to the luminescence spectra. This broadband lu
nescence is related to the4T2→4A2 optical transitions in the
Cr31 ion since in low crystal field the4T2 state is the first
excited state. Identification of various Cr31 centers is very
often based in the literature on the analysis of the sharR
lines, related to the2E→4A2 transitions. However, lithium
niobate is very often grown as congruent crystals with la
lithium deficiency ~up to 6% of Li!. Therefore, congruen
crystals contain many intrinsic defects. This causes large
homogeneous broadening of sharpR lines, which makes
their interpretation more difficult. In addition, some Cr31

centers in LiNbO3 crystals exhibit only broadband lumine
cence. In this case, identification of their nature is even m
difficult. Although several sophisticated techniques ha
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been used to resolve that problem, it still remains unsolv
There is a common agreement that in the congruent crys
doped with relatively low concentration of Cr31 ions or/and
codoped with Mg with concentration below 4.5%, the Cr31

ions occupy mainly Li1 sites.2,3 If the concentration of Mg
codopant is increased above 4.5% threshold level, an a
tional Cr31 center appears, which has been identified as ch
mium ions in Nb51 sites (CrNb

31).4–9

Recently, stoichiometric lithium niobate crystals ha
been obtained by several methods. In such crystals, spe
linewidths of sharp optical transitions are much more narr
than in congruent ones due to a reduced number of intrin
defect. This makes them much better for studying the na
of the various Cr31 centers exhibiting much smaller inhomo
geneous broadening of the optical transitions, although a
an appearance of a few new Cr31 centers has been reporte
in some stoichiometric crystals.10–12

Recently, we have used a diamond-anvil cell hig
pressure technique at low temperatures to study the pres
dependence of the luminescence spectra and the lum
cence decay times of Cr31 ions in congruent
LiNbO3:Cr,MgO crystals.13 Application of high pressure re
duces the distances between a dopant ion and the liga
Thus it increases the strength of the crystal field experien
by the dopant centers, allowing us to obtain informati
about their electronic structure. It is especially useful for t
identification of the energy structure of Cr31 ions in lithium
10 802 ©2000 The American Physical Society
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niobate crystals since the low-strength crystal field of
Cr31 ions is transformed under the influence of pressure
the high-strength crystal field in which the first excited st
of this ion is the 2E state. This way, instead of broadban
luminescence associated with the4T2→4A2 transitions, the
sharpR lines related to2E→4A2 transitions are observed
This reduces difficulties in the interpretation of the spec
Using this technique, we were able to show that in the c
gruent LiNbO3 crystals there is one dominating Cr31 center,
denoted as centerg,14 which corresponds to, most probabl
unperturbed Cr31 ions in Li1 sites. The Cr31 ions in this
center experience rather intermediate strength crystal fie
ambient pressure, although the4T2 level is located below the
2E. The other center present in congruent crystals, den
as centersb,14 which exhibitR-line luminescence at ambien
pressure, has a slightly stronger crystal field, although ag
the difference between the energies of the4T2 and the 2E
levels is negative~or close to 0! at this pressure. The con
centration of this center is much smaller than the concen
tion of the dominatingg center. The remaining low concen
tration centera ~Ref. 14! is a high-strength crystal-field
center, i.e., the2E state is the lowest excited state of th
Cr31 ions in this center at ambient pressure. Most proba
the centersa andb also correspond to the Li1 site, perhaps
perturbed by some kind of intrinsic defect.14

In the congruent lithium niobate crystals doped with Mg
above a concentration of 4.6%, an additional low-stren
crystal-field center exists, denoted as centerd. We could not
distinguish the additionalR lines associated with this cente
even at a pressure of about 150 kbar in those crystals.15 At
this pressure, broadband luminescence was still visible
these congruent crystals. Thed center is supposed to corre
spond to Cr31 ions in the Nb51 site in the LiNbO3 host.
Doping the crystals with Mg ions forces the Cr31 ions to
occupy this position, which, however, does not occur if t
MgO concentration is lower than the 4.6% threshold.

In this paper we report the results of a pressure dep
dence of Cr31 luminescence of near-stoichiometric LiNbO3
crystals doped with chromium and also codoped with Mg
Codoping with Mg in stoichiometric crystals very efficient
transfers the Cr31 ions into the Nb51 position, and this effect
occurs at a much lower concentration of MgO than in co
gruent crystals.8,9,16 It is associated with a lower number o
Li vacancies in near-stoichiometric crystals, which are s
posed to be filled by Mg ions. This way, Cr31 ions are most
likely to occupy Nb51 positions. It will be shown that the
much smaller inhomogeneous broadening ofR lines in the
near-stoichiometric crystals allows us to detect theR lines
associated with the centerd and establish accurately th
strength of the crystal field in this center.

II. EXPERIMENT

The samples used in these studies have been grown b
Czochralski method from a congruent melt to which ab
6% of K2O has been added. This gives rise to a ne
stoichiometric crystal with a composition of 49.7 mol. %
Li.17 Chromium in a concentration of about 0.2 mol. % h
been added to the melt. With this melt composition, we gr
the crystal for the first sample studied in this paper. A sec
sample doped with Cr and Mg was cut from a crystal gro
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from a melt also containing about 1.5% of MgO, althou
the amount of MgO introduced to the crystals was only eq
to 0.2%.

The absorption spectra have been measured in a Hit
U3501 spectrophotometer. The samples were placed in
closed-cycle cryostat for low-temperature measurements

Continuous wave emission spectra were obtained usin
514.5-nm line of an argon-ion laser as the excitation sou
The spectra were measured with use of a GDM-1000 dou
grating monochromator equipped with a cooled photomu
plier ~EMI 9684B! with an S1-type cathode and an SR5
lock-in amplifier. The spectra were corrected for the qua
tum efficiency of the photomultiplier. The high-pressu
measurements were performed with use of a low-tempera
diamond-anvil cell~Diacell Products MCDAC-1!. The argon
was used as a pressure-transmitting medium. The diam
anvil cell was mounted into an Oxford 1204 cryost
equipped with a temperature controller for low-temperat
measurements. TheR1-line ruby luminescence was used fo
pressure calibration.18,19 The polished samples of thicknes
about 30mm were loaded into the cell along with a sma
ruby ball. To measure the luminescence, the argon-ion la
line was focused either on the measured LiNbO3 sample or
on ruby. The changes of pressure were done at room t
perature in order to minimize nonhydrostatic effects that
known to exist in diamond-anvil cells especially at high
pressure. The hydrostatic conditions could be partially mo
tored by recording the half-width of the ruby emission.
our measurements we observed an increase of the half-w
of ruby luminescence with increasing pressure. The h
width of theR1 ruby luminescence did not exceed 6 cm21 at
high pressures~2.5 cm21 at ambient pressure!. This means
that the nonhydrostatic effects were rather weak.

The decay kinetics of the luminescence have been m
sured with use of an SR430 Multichannel Scaler. The la
number of decays have been collected in order to ob
good signal-to-noise ratio. The exciting laser beam has b
chopped by an acousto-optic modulator with the transi
time below 10 ns. The decay kinetics were stored in
computer. The decay times of luminescence were calcula
by fitting the decay kinetics with single- or double
exponential curves.

III. EXPERIMENTAL RESULTS AND THEIR
INTERPRETATION

A. Absorption and luminescence spectra of bulk LiNbO3:Cr 3¿

crystals at ambient pressure

The low-temperature absorption spectra of the stoich
metric LiNbO3:Cr ~dashed lines! and LiNbO3:MgO,Cr ~solid
lines! crystals are presented in Fig. 1. The spectra of
crystal doped only with Cr,~dashed line! exhibit strong and
sharpR lines. The strongestR lines at 13 770 and 13 808
cm21 are theR1 andR2 lines, respectively, associated wit
the Cr31 centerg. The much weaker sharp line that peaked
13 680 cm21 is the R1 line of centerb. The R2 line of this
center, which has a peak at 13 744 cm21, is overlapped with
the R1 line of centerg. No R lines associated with the Cr31

centera are visible in the spectra. In agreement with pre
ously published results, the concentration of centerb is
much lower than the concentration of Cr31 ions in the domi-
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natingg center. The full width at half maximum~FWHM! of
the R lines is about 20 cm21 in our samples, which is abou
five times less than in the congruent crystals. The broadb
structures, which peaked at about 15 000 and 21 000 cm21,
are associated with optical transitions from the ground4A2

state to the4T2 and to the4T1 states, respectively, associat
mainly with the Cr31 centerg, as a dominating Cr31 center
in this crystal.

The spectra of the LiNbO3:MgO,Cr crystal ~solid line!
exhibit weaker absorption structures, associated with C31

ions, although the initial level of doping in the melt was t
same in both crystals. This means that the final concentra
of chromium in theg center introduced to this crystal i
much lower than in the case of doping only with Cr. T
peak positions of the broadbands in these spectra are sh
towards infrared. This is responsible for the different color
this crystal. The sameR lines as observed in the cryst
doped only with Cr, however with much lower intensity, a
visible in the spectra. This means that the absorption sp
trum of this crystal is a sum of the absorption associated w
the g center and with an additional center, denoted as ce
d, observed in the crystals doped with MgO at the pro
level.

Low-temperature luminescence spectra of large crysta
ambient pressure, presented in Fig. 2, exhibit mainly bro
band luminescence. Only very weakR-line luminescence
~presented in the inset in Fig. 2!, associated with the so
called centerb at 13 680 cm21 and with the centera at
13 605 cm21, can be observed. The additional line visible
13 528 cm21 is a zero-phonon line of the4T2→4A2 transi-
tions, which is associated with theg center, dominating in
the crystals doped only with chromium. This conclusion
supported by the measurements of the luminescence d
kinetics of this line, which is equal to 9.4ms and is equal to
the decay time of the broadband luminescence. In contra
that, the luminescence decay times of thea andb centers at
ambient pressure are equal to 260 and 240ms, respectively.

FIG. 1. Absorption spectra of near-stoichiometric LiNbO3:Cr
and LiNbO3:CrMgO crystals at temperatureT510 K at ambient
pressure. In the inset: expanded spectra in the region of theR lines.
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B. Pressure dependence of luminescence spectra at low
temperature

No sharpR-line luminescence has been observed in
spectra of examined samples measured with use of
diamond-anvil cell~DAC! at ambient pressure. This is ass
ciated with very low luminescence intensity of thea andb
centers at this pressure. This behavior is well known to oc
in the stoichiometric crystals.7 Therefore, these centers ca
be observed only using much larger samples than is poss
to load into DAC. However, application of pressure chang
profoundly the luminescence spectra of both crystals. T
examples of the spectra of the LiNbO3:Cr ~green crystal! at a
temperature of 10 K are presented in Figs. 3 and 4. A
pressure of about 6 kbar theR1 line of theb center became
clearly visible since the increase of pressure increases
energy of the4T2 level and the2E level became the firs
excited state of Cr31 ions occupying this center. At highe
pressures, beginning from 14 kbar, theR1 line of theg cen-
ters is visible. A further increase of pressure makes this
the dominating feature in the luminescence spectra of
LiNbO3:Cr near-stoichiometric crystal. The increase of t
R1(g) line intensity proceeds at the expense of the bro
band luminescence, associated with the4T2→4A2 transitions
of the Cr31 ions in theg center. The broadband lumines
cence practically disappears at a pressure of about 20 k

The pressure dependence of the luminescence spect
the stoichiometric LiNbO3:Cr crystal resembles very muc
this dependence for the congruent one. The main differe
is associated with much larger inhomogeneous broadenin
the optical transitions in the congruent samples. Due
larger disorder of congruent crystals, the Cr ions in differe
sites experience a much broader spectrum of strength o
crystal field. Therefore, in congruent crystals theR1 line as-
sociated with theb center is easily visible at ambient pre
sure even in small crystals loaded into DAC, and the bro
band luminescence disappears at slightly higher press
than in near-stoichiometric ones. In addition to that, we
not observe any additional chromium centers in the lumin
cence of our near-stoichiometric sample as compared w
the congruent sample at any pressure. Figures 3 and 4 d

FIG. 2. Luminescence spectra of bulk near-stoichiome
LiNbO3:Cr and LiNbO3:CrMgO crystals at temperatureT510 K at
ambient pressure, excited by the 514.5-nm argon-ion laser line
the inset: expanded spectra in the region of theR lines.
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ment these conclusions and therefore we decided to inc
them in this paper, although they resemble somehow the
previously published by us.13

The pressure dependence of the luminescence spect
the near-stoichiometric LiNbO3:MgO,Cr crystal ~the pink
one! is shown in Figs. 5 and 6. At low pressures up to
kbar, the luminescence behavior of this sample in the reg

FIG. 3. The pressure dependence of the Cr31 luminescence in
near-stoichiometric LiNbO3:Cr(0.1%) crystal at temperatureT
510 K.

FIG. 4. The pressure dependence of the Cr31 luminescence in
near-stoichiometric LiNbO3:Cr(0.1%) crystal at temperatureT
510 K in the region of theR lines.
de
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n

of the R lines is very similar to the pressure dependence
the luminescence of the crystal doped only with Cr. Ho
ever, the LiNbO3:MgO,Cr crystal exhibits an additiona
broadband luminescence, which is not present in the lu
nescence spectra of the former one at a pressure abov
kbar. At a pressure larger than 70 kbar, the additional sh
line becomes discernible in the spectra in between theR1
lines associated with theb and theg centers. With a further

FIG. 5. The pressure dependence of the Cr31 luminescence in
near-stoichiometric LiNbO3:Cr MgO crystal at temperatureT
510 K.

FIG. 6. The pressure dependence of the Cr31 luminescence in
near-stoichiometric LiNbO3:CrMgO crystal at temperatureT
510 K in the region of theR lines.
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increase of pressure, the intensity of this line increases a
expense of the broadband luminescence. At a pressur
about 150 kbar, this line dominates the spectrum and o
traces of the broadband luminescence are discernible in
spectra.

We associate this sharp line with theR1 line of the addi-
tional low crystal fieldd center, which corresponds to Cr31

ions in Nb51 sites. Here is the important difference betwe
the luminescence of the Cr dopant in congruent and stoic
metric crystals. Due to the large FWHM of theR lines in the
congruent samples, we were not able to distinguish theR line
associated with the fieldd center from the closely locatedR
line associated with the centerg. In addition, the large inho-
mogeneous broadening means that the broadband lum
cence associated with the4T2→2E transitions of the Cr31

ions in thed center does not disappear at a pressure of ab
150 kbar, which we applied to the congruent crystal.15

The pressure dependence of the positions of theR lines
for both examined samples is shown in Fig. 7. The dep
dence is linear for any center in the examined range of p
sures. The pressure coefficients of the position of theR1
lines of theb andg centers are similar and equal to23.2 and
22.9 cm21/kbar, respectively. The interception points wi
the energy axis~at ambient pressure! are equal to (13 681
64) and (13 77062) cm21 for the b andg centers, respec
tively. This agrees very well with the position of theR1 line
for the centerb at ambient pressure.

The peak position of the broadband luminescence a
depends on pressure and its pressure coefficient is equ
about113.5 cm21/kbar in the Cr-only-doped sample and
about111 cm21/kbar in MgO, Cr-doped crystal.

The pressure coefficients of theR-line luminescence of
centersb and g and also the broadband luminescence
practically equal in the stoichiometric and the congru
crystals.

The energy difference at ambient pressure between
positions of the4T2 and the2E states of the Cr31 ions in the
g centers, calculated from the peak energy of the lumin
cence line associated with the zero-phonon4T2→4A2 tran-
sitions ~13 528 cm21!, observed in the bulk samples and t
interception point with the energy axis of the pressure dep

FIG. 7. Spectral positions of theR1 lines of theb, g, and d
centers of Cr31 luminescence of near-stoichiometric LiNbO3:Cr
and LiNbO3:CrMgO crystals at temperatureT510 K as a function
of pressure.
he
of

ly
he

o-

es-

ut

-
s-

o
l to

e
t

he

s-

n-

dence of the position of theR1 line for this center, is equal to
Dg52242 cm21. This value agrees very well with the valu
of Dg calculated from the combined effect of the observ
redshift of theR lines and the blueshift of the4T2 band for
the g center, equal to about 16 cm21/kbar, since theR1(g)
line becomes visible in the luminescence spectra at a p
sure of about 14 kbar.

The R1 line of centerb became clearly visible in the
spectra at very low pressures. This means that the en
difference at ambient pressure between the positions of
4T2 and the 2E levels of the Cr31 ions in theb centers is
probably also negative, but rather very small, i.e., these
els are closely located.

The pressure coefficient for thed center differs consider-
ably from the previous ones and is equal to about21.8
cm21/kbar. The interception point with the energy axis
equal to (13 62866) cm21.

The energy difference at ambient pressure between
positions of the4T2 and the2E states of the Cr31 ions in the
d centers, calculated from the combined effect of the o
served redshift of theR1(d) line and the blueshift of the4T2
band for thed center, equal to about 13 cm21/kbar, is equal
to at leastDd521000 cm21, since theR1(d) line became
visible in the luminescence spectra at a pressure of abou
kbar. The true value ofDd can be even larger since th
inhomogeneous broadening tends to reduce it.

C. Temperature dependence of thed-center luminescence

Our measurements have been performed mostly at a
temperature of about 10 K. As a result, only lower-energyR1
lines of the2E→4T2 luminescence has been observed in
measured spectra. This allows us to resolve more easily
complicated spectra at higher pressures. The splittings of
2E level for thea, b, andg centers~theR2 lines! have been
previously measured in the absorption, luminescence exc
tion, and emission measurements.14 In order to obtain infor-
mation on the splitting of the2E level for thed center, the
temperature dependence of this center luminescence
been measured in the sample doped with MgO, in which
d center occurs, at a pressure of 125 kbar. During these m
surements, the spectra of our sample were measured at
temperature together with the spectra of ruby in order
monitor possible changes of pressure by temperature el
tion. No changes of position of theR1 ruby line were ob-
served in the whole temperature range of measurements
expect that in this temperature range~10–60 K! the tempera-
ture shift of theR1 ruby emission should be below 0.1 cm21

~Ref. 20! ~as compared with the pressure shift equal to 0.7
cm21/kbar!. This means that the pressure was kept u
changed during these measurements.

The results are presented in Fig. 8. At temperatureT
510 K, the R-line luminescence is a convolution of th
R1(d), R2(d), andR1(g) lines. Their positions are marke
in Fig. 8. TheR1(d) line is dominating at this temperature
At elevated temperatures above 30 K, theR2(d) line became
visible at a higher energy of about 17 cm21 than the energy
of the R1(d) line. Intensity of theR2(d) line increases with
the increase of temperature, which is visible in Fig. 8.

Decay times of both theR1(d) and theR2(d) line are the
same at any temperature of measurements. This also
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firms that this additional line that is resolved at eleva
temperatures is theR2 line of centerd, although due to a
considerable overlap of the emission of centerd with the
luminescence of centerg, we could not fully resolve the lines
in order to extract the activation energy of the temperat
dependence of the intensity changes of theR(d) lines.

The splitting of the2E level of thed center, equal to 17
cm21, is the lowest among the Cr31 centers occurring in
LiNbO3 crystals. It is in the range of the inhomogeneo
broadening of theR lines in these near-stoichiometric cry
tals. This is the reason that this splitting cannot be resol
in the congruent crystals.

D. Pressure dependence of the decay kinetics of luminescenc

1. Experimental results

The decay kinetics of the broadband and sharpR-line lu-
minescence have been measured at temperatureT510 K for
both types of near-stoichiometric LiNbO3 crystals, doped
only with chromium and codoped with magnesium. T
pressure dependence of the decay times of the luminesc
is presented in Fig. 9. The decay time of the broadb
4T2→4A2 luminescence in the crystal doped only with Cr
equal to about 9.4ms in the range of measured pressure. T
luminescence, which is associated mainly with the domin
ing g center, can be observed only up to 38 kbar. Above t
pressure, this luminescence became unmeasurable due
low intensity.

The broadband luminescence in the crystals doped w
Mg is, in contrast, associated mainly with the4T2→4A2 of
thed center. The decay time of this luminescence is equa
about 17.6ms, independent of pressure.

The decay times of theR-line luminescence increase wit
an increase of pressure. The pressure dependences o
R-line luminescence decays for the centersb andg are prac-

FIG. 8. The temperature dependence of theR-line luminescence
of centerd at a pressure of 125 kbar.
d
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tically the same in both examined crystals. The decay tim
change from about 200ms at low pressures up to about 1
ms at a pressure of about 140 kbar. The decay times of
R-line luminescence associated with centerd, observed in the
crystal codoped with magnesium, change from about 200ms
at a pressure of 105 kbar up to 400ms at 150 kbar.

2. Theoretical analysis of the emission spectra and luminescen
decay times

The pressure dependence of the luminescence deca
netics and the emission line shapes can be modeled by
sidering the energetic structure of the Cr31 ion, which con-
sists ofG8(4A2) ground and theG8(4T2), G88(

4T2), G7(4T2),
G6(4T2), G8(2E), G8(2T1), andG6(2T1) excited electronic
manifolds mixed by the spin-orbit interaction.21,22 Since the
G8(4A2) ground state is well energetically separated,
have omitted its coupling with the excited states.

We have considered the total Hamiltonian of the syst
given as a sum of the electronic Hamiltonian,He , lattice
Hamiltonian, Hl , and electron-lattice interaction Hami
tonianHe- l ,

H~q,Q!5He~q!1Hl~Q!1He21~q,Q!. ~1!

Hereq andQ are the electronic and configuration coord
nate, respectively. The details of this Hamiltonian for t
case of Cr31 and equivalent systems are discuss
elsewhere.22–24

For the purpose of this paper, we have solved the prob
using the diabatic representation,25,26 where the electronic
parts of the wave functions have been assumed to be i
pendent of ionic positions. Thus the following Born
Oppenheimer functions represent the diabatic basis:

cG
n~q,Q,s!5wG~q,s!xG

n~q!, ~2!

wherewG(q,s) andxG
n(Q) are the electronic and ionic part

of the wave functions, respectively, and ‘‘s’’ represents the
spin, that is,1

2 or 3
2 for doublets and quartets, respective

According to the above assumptions, the electronic par
the Hamiltonian is the strong crystal-field Hamiltonian. A
suming the octahedral symmetry of the Cr31 site, G corre-

FIG. 9. Pressure dependence of the luminescence decay tim
different Cr centers atT510 K. The lines are the computer fits t
the experimental data.
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TABLE I. Spin-orbit matrix elements~in j units!.

Hs-o(j) G8 (4T2) G88 (4T2) G8 (2E) G8 (2T1) G6 (4T2) G6 (2T1) G7 (4T2)

G8 (4T2) 2
1
6 0 0 0 0

G88 (4T2) 1
4 0 0 0

G8 (2E) 0 0 0 0 0
G8 (2T1) 0 0 0 0
G6 (4T2) 1

4 0
G6 (2T1) 0 0
G7 (4T2) 2

5
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sponds to the irreducible representations of the double p
groupOh , listed above. The vibronic part of the Hamiltonia
describes the vibrations of the ligands. Although we ha
found that the ion motion is confined,27 we have used the
harmonic approximation for consideration of the vibron
states related to each electronic manifold. This has been d
for convenience since in the harmonic approximation the
bronic overlap integrals can be easy calculated by Man
back recurrence formulas.28

We have considered the coupling only to the full sy
metrical breathing mode. Thus in the harmonic approxim
tion the electronic energies, parametrically dependent
ionic positions and the lattice vibration potentials, are giv
by the following parabolas:

«G~Q!5«G
01SG\v1\v

Q2

2
1A2SG\vQ, ~3!

where SG is the Huang-Rhys parameter of stateG. SG is
assumed to be zero for all states belonging to the gro
electronic configuration,t3 ~all components of the4A2 , 2E,
and 2T1 electronic manifolds!.

To calculate the energetic structure of the system,
have taken into account 50 vibronic states related to e
nt

e

ne
i-
e-

-
-
n

n

d

e
ch

electronic manifold. In such a way, we have created
Hamiltonian where the diagonal matrix elements were
fined by

HGG
nn 5«G

01Hs-o
GG1~n1 1

2 !\v, ~4!

whereHs-o
GG are the spin-orbit matrix elements. The spin-or

interaction is taken into account by the diagonal as well as
the off-diagonal part of the Hamiltonian. Actually in the d
abatic representation, the off-diagonal part of the Ham
tonian is given only by the spin-orbit interaction. Conside
ing the lattice vibrations and electron-lattice coupling, o
obtains that the spin-orbit interaction is moderated by
vibronic overlap integrals. Thus the off-diagonal part of t
Hamiltonian is given by

HGG
nm5Hs-o

GG8E xG
n* ~Q!xG8

m
~Q!dQ. ~5!

The spin-orbit matrix elements,Hs-o
GG8 , are listed in Table I.

The vibronic structure of the excited states that resulted fr
the diagonal part of the Hamiltonian~see Ref. 28! is pre-
sented in Fig. 10~a!. In Fig. 10~b!, the spin-orbit interaction
that is yielded from the off-diagonal part of the Hamiltonia
is indicated.
t
d by
iven
FIG. 10. ~a! The adiabatic energies of the system represented by the diagonal part of the diabatic Hamiltonian@Eq. ~4!#. One can see tha
theG88 andG6 components of the4T2 state as well asG8G6 components of the2T1 state are degenerated. This degeneration is remove
the off-diagonal part of the Hamiltonian@Eq. ~5!#. ~b! The off-diagonal part of the spin-orbit interaction, see also Table I. Energies are g
with respect to the minimum energy of the2E electronic manifold.



th
ha

a
ing

b

re

d

iz
r a
a

th

lin
r

s
o

ta
-
c-

ra-

e

d to

the

i-
time

ibes
ing

nes-
ula
y.

,
rgy
ergy

e
ion,
not
dence

n
the
ce

as
res

ure-
on-
end
k.
fits

of
e

the
on

PRB 62 10 809SPECTROSCOPY OF NEAR-STOICHIOMETRIC . . .
Diagonalization of the Hamiltonian given by Eqs.~4! and
~5! allows us to calculate the vibronic energies as well as
wave functions of the system. The resulting states are c
acterized only by the single quantum numberk, which is
related to the energyEk. The respective wave function is
mixture of all considered states and is given by the follow
superposition:

Fk~q,Q!5(
jm

aj
km~ 1

2 !w j~q, 1
2 !x j

m~Q!

1(
in

ai
kn~ 3

2 !w i~q, 3
2 !x i

n~Q!. ~6!

Here the first and the second sum represent the dou

and quartet contributions;ai
kn( 3

2 ),aj
km( 1

2 ) are coefficients ob-
tained in the framework of the diagonalization procedu
Since the ground electronic manifold is the4A2 quartet, only
the transitions from the quartet excited states contribute
the luminescence. One calculates the contribution relate
the transition from theFk(q,Q) state to thel th vibronic state
of the ground electronic manifold4A2 as follows:

I kl5(
i

U E S w4A2
~q, 3

2 !M ~q!w i* ~q, 3
2 !dq

3(
n

ai
kn~ 3

2 !E ~x
4A2

l
!~Q!~x i

n!* ~Q!dQU2

ni , ~7!

whereni is the degeneration of the states, which is 4 forG8

andG88 , and 2 forG6 andG7 .

Quantity w4A2
(q, 3

2 )M (q)w i* (q, 3
2 )dq is the electronic

transition moment. Since we have not considered a polar
tion, we have assumed that this quantity is the same fo
quartet components. In such a way, the intensity of the tr
sitions between thekth excited state and thel th vibronic
state of the ground electronic manifold is proportional to
following sum of the vibronic overlap integrals:

I kl}(
i

(
n

Uai
kn~ 3

2 !E ~x
4A2

l
!~Q!~x i

n!* ~Q!dQU2

ni . ~8!

Using our model, one can reproduce the emission
shape considering the energetic structure of a particular C31

site. For given temperature one obtains

I ~\V,T!5(
k

(
l

I kl~E4T2
,E2E!

3d$\V2@Ek2~E
4A2

I
!#%S@~Ek2E0!/kT#.

~9!

In Eq. ~9! it is indicated explicitly that the emission i
related to the Cr31 site characterized by specific energies
the 4T2 and 2E states. The intensityI kl(E4T2

,E2E) is ex-

pressed by Eq.~8!. Specific energies of the4T2 and 2E
electronic manifolds are the input parameters of the to
Hamiltonian~4!. S@(Ek2E0)/kT# is the Boltzmann occupa
tion factor andE0 is the lowest energy of the excited ele
tronic manifold.
e
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One can calculate the luminescence decay time,t. Con-
sidering that the luminescence lifetime is related to the
diative transition probability,P, by the relationt5P21 and
the radiative transition probability is proportional to th
emission intensity, one obtains

t21~E4T2
,E2E ,T!5

1

t0
(

k
(

l
I kl~E4T2

,E2E!

3S@~Ek2E0!/kT#, ~10!

whereI kl(E4T2
,E2E) is given by Eq.~8!. t0 is the time con-

stant that represents the pure quartet lifetime and is relate
the transition moment as follows:

t0
215U E ~w

4A2

* !~q, 3
2 !M ~q!~w4T2

!~q, 3
2 !dqU2

. ~11!

Actually t0 was taken as the luminescence decay time of
broadband4T2→4A2 luminescence measured atT510 K.
Equations~9! and ~10! result in a dependence of the lum
nescence line shape as well as the luminescence decay
on the energetic structure of a chromium ion.

One can see that energies of the4T2 and 2E electronic
manifolds depend linearly on pressure. Thus one descr
the response of the system on pressure using the follow
two parameters: the pressure coefficientsdE(4T2)/dp
510@d(Dq)/dp# anddE(2E)/dp for the energies of the4T2
and 2E states, respectively.

The experimental pressure dependences of the lumi
cence decay times have been approximated with form
~10!. The calculations were performed in the following wa
First, the decay times of the luminescence for centerg were
fitted with Eq.~10!. The values of the spin-orbit interaction
the electron-lattice coupling energy, and the phonon ene
were used as adjustable parameters. The value of the en
difference between the4T2 and the 2E levels (Dg5
2242 cm21) is known for this center from the luminescenc
data. We have assumed that the spin-orbit interact
electron-lattice coupling energy, and phonon energy do
depend on pressure. Subsequently, the pressure depen
of the luminescence decay time ofR1(b) was fitted with
formula ~10!, using the values of the spin-orbit interactio
and the electron-lattice coupling energy obtained from
previous fit. This time only the value of the energy differen
between the4T2 and the2E levels (Db) was treated as an
adjustable parameter. The value of theDb obtained from the
fit is equal to Db5220 cm21. The results of the fits are
presented in Fig. 9. We consider the quality of the fits
very good. The small deviations observed at lower pressu
can be associated with the assumption of press
independent values of the spin-orbit interaction, electr
lattice coupling, and phonon energies. These values dep
on the pressure,29 although this dependence is rather wea
The values of the parameters obtained from the computer
and used for the fits are listed in Table II.

The parameters obtained from the fit of Eq.~10! to the
experimental results of the luminescence decay kinetics
the centerd differ considerably from those obtained from th
fits to the data for centersb and g. It was impossible to
obtain a good fit to this dependence using the values of
spin-orbit interaction, electron-lattice coupling, and phon
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TABLE II. Parameters of the Cr31 sites in LiNbO3. The values of the energy levels4T2 , 2E, andD are given for ambient pressure a
temperatureT510 K.

Cr31

site Site identification
E(4T2)
~cm21!

dE(4T2)/dp
~cm21/kbar!

E(2E)
R1 line
~cm21!

2E
splitting
~cm21!

dE(2E)/dp
~cm21/kbar!

D
5E(4T2)
2E(2E)
~cm21!

Spin-orbit
parameter

j
~cm21!

Shv
~cm21!

hv
~cm21!

a Li1

distorted
13 608 95a .0

b Li1

distorted
13.5 13 68164 64a,b 23.2 220 290 2100 350

g Li1 10 850 13.5 13 77062 38a,b 22.9 2242 290 2100 350
d Nb51 10 370 11 13 62866 17b 21.8 ,21270 400 1995 230

aP. I. Macfarlane, K. Holliday, J. F. H. Nicholls, and B. Henderson, J. Phys.: Condens. Matter7, 9643~1995!.
bThis work.
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and
energies obtained from the fits to the data for centerb andg.
The values of the pressure coefficients of theR1-line and the
broadband luminescence are also different. The good fit
obtained using the values of the spin-orbit parame
electron-lattice coupling, and phonon energies equal to 4
1995, and 230 cm21, respectively. Although these values a
quite different from those obtained for centersb andg, it is
not surprising, since the centerd has quite a different natur
from the former ones.

The value of theDd energy difference, obtained from th
fit, is equal toDb521270 cm21. We consider this value a
consistent with that estimated from the total pressure sh
of the 4T2 and 2E levels for thed center, since the inhomo
geneous broadening can influence the former estimat
making this value smaller.

IV. CONCLUSIONS

Near-stoichiometric LiNbO3 crystals have several advan
tages over the congruent ones. The most important prop
of those crystals for our studies is the much smaller num
of native defects that results in a several times smaller l
width of the electronic transitions of the dopants, observe
these crystals. Several Cr31 centers have been detected
lithium niobate crystals, and also some additional cen
have been observed in the stoichiometric ones.1,30–34 Al-
though our studies show that the dominating Cr31 centers in
congruent and near-stoichiometric LiNbO3 crystals are prac-
tically the same, the smaller linewidth of the electronic tra
sitions of the Cr dopant in the stoichiometric crystals allow
us to perform the high-pressure luminescence studies on
system with much better resolution. Thus it was possible
obtain the information on the energy structure of vario
Cr31 centers in LiNbO3:Cr with much better accuracy tha
in congruent samples. It turned out to be particularly imp
tant for the studies of thed center, which occurs in the
LiNbO3:MgO,Cr. In such near-stoichiometric crystals, thed
center is a dominating one. Thus the absorption spectrum
such crystals is practically associated with thed center. A
much better resolution of measurements allowed us to ob
the value of the splitting of the2E level for this center. It is
equal to 17 cm21 and it is the smallest among various Cr31

centers in LiNbO3. The values of the2E level splitting for
as
r,
0,
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different chromium centers in LiNbO3 are also listed in
Table II.

The d center corresponds to the Cr31 ions in the Nb51

sites in LiNbO3 crystals. The EPR data show that this cen
is almost isotropic. The very small value of the2E level
splitting of these centers confirms the EPR results, i.e., i
in very good agreement with the almost octahedral symm
of this center. The2E level splitting occurs due to distortion
from the ideal octahedral symmetry33 and, for example, does
not exist in perfectly octahedral sites in MgO:Cr crystal. T
much larger intensity of the phonon replicas observed for
d center at the highest pressure than for theg (CrLi

31) center
also shows that the oxygen octahedron of thed center is
much less distorted than that of theg center, which is in
agreement with our model, which considers only coupli
with fully symmetrical breathing modes. In undoped LiNbO3
crystals, both Li1 and Nb51 sites haveC3 symmetry. Appar-
ently a large lattice relaxation occurs in the Nb51 site when
the Cr31 ion substitutes the Nb51 ion and somehow the low
est energy is achieved in near-octahedral symmetry. T
does not occur when chromium ions occupy Li1 sites. Nev-
ertheless, a small value of the2E splitting for thed center
exists and this shows that the symmetry of this site is
perfectly octahedral.

Knowing the value of the absorption peaks associa
with 4A2→4T2 and 4A2→4T1 transitions and extrapolate
position of the2E level at ambient pressure, it is possible
estimate the values of the crystal-field Racah parameters
the d center at ambient pressure, using a procedure
scribed, for example, in Ref. 34. The values of those para
eters are equal toDq51440 cm21, B5505 cm21, and C
53266 cm21.

The experimental pressure dependences of the de
times of different Cr31 centers are well described by th
presented theory. The values of the energy difference
tween the4T2 and the2E excited levels,D, estimated from
the computer fits of the theory and from the observed pr
sure shifts of the appropriate levels forb, g, andd centers are
consistent with each other. TheDg value for centerg, known
from the position of the zero-phonon line associated with
4T2→4A2 transitions, is also consistent with both the com
puter fit of the pressure dependence of the decay times
the pressure shifts of the4T2 and the2E levels.
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