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The results of high-pressure spectroscopic studies of near-stoichiometric 4iG@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 tRati@rs occupy mostly the same centers in near-
stoichiometric crystals and in the congruent ones. In near-stoichiometric crystals doped only with chromium,
the CP* ions substitute the Li sites in the LINbQ host forming one major centédenoted as centey) and
two lower concentration centers, denoteddwnd B. In near-stoichiometric crystals doped additionally with
a proper amount of MgO, the additional low-strength crystal-field cehtiminates the spectrum. This center
corresponds to the &F ions in NB* 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 the 5 center, which is equal to about 17 ¢h Estimated values of the energy
difference between the position of tA&, and the?E levels for centerss, y, andsin these near-stoichiometric
LiNbO; crystals are equal te-20, —242, and more thar-1000 cm %, respectively.

[. INTRODUCTION been used to resolve that problem, it still remains unsolved.
There is a common agreement that in the congruent crystals
Cr*" ions in lithium niobate crystals are known to occupy doped with relatively low concentration of €rions or/and

different sites in the crystal host and to produce several lueodoped with Mg with concentration below 4.5%, the*Cr
minescence centers. Occupancy of various sites and centéggis occupy mainly LT sites®® If the concentration of Mg
depends on concentration of chromium dopant, stoichiomeodopant is increased above 4.5% threshold level, an addi-
etry of the host, and codoping with optically neutral ions, tional CF" center appears, which has been identified as chro-
such as Mg or Zn. Studies of the nature of various*Cr mium ions in N5 sites (Cf).*~°
centers in lithium niobate have a long histdr@ptical spec- Recently, stoichiometric lithium niobate crystals have
troscopic methods have been applied first to establish thibeen obtained by several methods. In such crystals, spectral
nature of various Cf centers. The relatively low-strength linewidths of sharp optical transitions are much more narrow
crystal field that most of the €t ions experience in the than in congruent ones due to a reduced number of intrinsic
LiNbO3 host results in a large contribution of broadbanddefect. This makes them much better for studying the nature
emission to the luminescence spectra. This broadband lumef the various Ct' centers exhibiting much smaller inhomo-
nescence is related to th&,— %A, optical transitions in the geneous broadening of the optical transitions, although also
Cr’* ion since in low crystal field thé T, state is the first an appearance of a few new3Crcenters has been reported
excited state. Identification of various Crcenters is very in some stoichiometric crystat8*2
often based in the literature on the analysis of the siarp  Recently, we have used a diamond-anvil cell high-
lines, related to thE—“A, transitions. However, lithium pressure technique at low temperatures to study the pressure
niobate is very often grown as congruent crystals with largalependence of the luminescence spectra and the lumines-
lithium deficiency (up to 6% of L. Therefore, congruent cence decay times of &r ions in congruent
crystals contain many intrinsic defects. This causes large intiNbO3:Cr,MgO crystals:® Application of high pressure re-
homogeneous broadening of sharolines, which makes duces the distances between a dopant ion and the ligands.
their interpretation more difficult. In addition, some3Cr Thus it increases the strength of the crystal field experienced
centers in LiNbQ crystals exhibit only broadband lumines- by the dopant centers, allowing us to obtain information
cence. In this case, identification of their nature is even mora@bout their electronic structure. It is especially useful for the
difficult. Although several sophisticated techniques havedentification of the energy structure of Crions in lithium
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niobate crystals since the low-strength crystal field of thefrom a melt also containing about 1.5% of MgO, although
Cr*" ions is transformed under the influence of pressure intdhe amount of MgO introduced to the crystals was only equal
the high-strength crystal field in which the first excited stateto 0.2%.
of this ion is the?E state. This way, instead of broadband The absorption spectra have been measured in a Hitachi
luminescence associated with th&,—*A, transitions, the U3501 spectrophotometer. The samples were placed in the
sharpR lines related to’E—“A, transitions are observed. closed-cycle cryostat for low-temperature measurements.
This reduces difficulties in the interpretation of the spectra. Continuous wave emission spectra were obtained using a
Using this technique, we were able to show that in the con514.5-nm line of an argon-ion laser as the excitation source.
gruent LINbQ, crystals there is one dominating®Crcenter, The spectra were measured with use of a GDM-1000 double
denoted as centey,** which corresponds to, most probably, grating monochromator equipped with a cooled photomuilti-
unperturbed Gf ions in Li* sites. The C¥ ions in this  plier (EMI 9684B) with an S1-type cathode and an SR530
center experience rather intermediate strength crystal field deck-in amplifier. The spectra were corrected for the quan-
ambient pressure, although tAE, level is located below the tum efficiency of the photomultiplier. The high-pressure
2E. The other center present in congruent crystals, denote@easurements were performed with use of a low-temperature
as centerg,'* which exhibitR-line luminescence at ambient diamond-anvil cel(Diacell Products MCDAC-L The argon
pressure, has a slightly stronger crystal field, although agaiwas used as a pressure-transmitting medium. The diamond-
the difference between the energies of tfie, and the?E  anvil cell was mounted into an Oxford 1204 cryostat
levels is negativgor close to 0 at this pressure. The con- equipped with a temperature controller for low-temperature
centration of this center is much smaller than the concentraneasurements. The;-line ruby luminescence was used for
tion of the dominatingy center. The remaining low concen- pressure calibratiol'® The polished samples of thickness
tration centera (Ref. 14 is a high-strength crystal-field about 30um were loaded into the cell along with a small
center, i.e., the’E state is the lowest excited state of the ruby ball. To measure the luminescence, the argon-ion laser
Cr** ions in this center at ambient pressure. Most probablyline was focused either on the measured LiNts@mple or
the centersy and 3 also correspond to the Lisite, perhaps on ruby. The changes of pressure were done at room tem-
perturbed by some kind of intrinsic deféét. perature in order to minimize nonhydrostatic effects that are
In the congruent lithium niobate crystals doped with MgOknown to exist in diamond-anvil cells especially at higher
above a concentration of 4.6%, an additional low-strengttpressure. The hydrostatic conditions could be partially moni-
crystal-field center exists, denoted as ceéWe could not  tored by recording the half-width of the ruby emission. In
distinguish the additionaR lines associated with this center our measurements we observed an increase of the half-width
even at a pressure of about 150 kbar in those cryg'iagg;, of ruby luminescence with increasing pressure. The half-
this pressure, broadband luminescence was still visible itvidth of theR; ruby luminescence did not exceed 6 chat
these congruent crystals. Tléecenter is supposed to corre- high pressure$2.5 cmi ' at ambient pressureThis means
spond to Ct" ions in the NB" site in the LiNbQ host.  that the nonhydrostatic effects were rather weak.

Doping the crystals with Mg ions forces the 3Crions to The decay kinetics of the luminescence have been mea-
occupy this position, which, however, does not occur if thesured with use of an SR430 Multichannel Scaler. The large
MgO concentration is lower than the 4.6% threshold. number of decays have been collected in order to obtain

In this paper we report the results of a pressure depergood signal-to-noise ratio. The exciting laser beam has been
dence of Ct" luminescence of near-stoichiometric LiNpO chopped by an acousto-optic modulator with the transient
crysta|s doped with chromium and also Codoped with Mgotlme below 10 ns. The decay kinetics were stored in the
Codoping with Mg in stoichiometric crystals very efficiently computer. The decay times of luminescence were calculated
transfers the Gf ions into the NB* position, and this effect by fitting the decay kinetics with single- or double-
occurs at a much lower concentration of MgO than in con-€Xponential curves.
gruent crystal§:®® |t is associated with a lower number of
Li vacancies in near-stoichiometric crystals, which are sup- . EXPERIMENTAL RESULTS AND THEIR
posed to be filled by Mg ions. This way, €rions are most INTERPRETATION
likely to occupy NB™ positions. It will be shown that the
much smaller inhomogeneous broadeningRolines in the
near-stoichiometric crystals allows us to detect Eéines
associated with the centef and establish accurately the  The low-temperature absorption spectra of the stoichio-
strength of the crystal field in this center. metric LiNbO;:Cr (dashed lingsand LiNbO;:MgO,Cr (solid
lines) crystals are presented in Fig. 1. The spectra of the
crystal doped only with Cr(dashed ling exhibit strong and
sharpR lines. The strongesR lines at 13770 and 13 808

The samples used in these studies have been grown by tken * are theR; andR, lines, respectively, associated with
Czochralski method from a congruent melt to which abouthe CP* centery. The much weaker sharp line that peaked at
6% of K,O has been added. This gives rise to a near13680 cm® is theR; line of centerB. The R, line of this
stoichiometric crystal with a composition of 49.7 mol. % of center, which has a peak at 13 744 ¢mis overlapped with
Li.X” Chromium in a concentration of about 0.2 mol. % hasthe R, line of centery. No R lines associated with the &r
been added to the melt. With this melt composition, we grewcentera are visible in the spectra. In agreement with previ-
the crystal for the first sample studied in this paper. A seconadusly published results, the concentration of cengeis
sample doped with Cr and Mg was cut from a crystal grownmuch lower than the concentration of°*Crions in the domi-

A. Absorption and luminescence spectra of bulk LiNbQ:Cr3*
crystals at ambient pressure

Il. EXPERIMENT
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LiNbO;:Cr and LiNbG;:CrMgO crystals at temperatufie=10 K at
ambient pressure, excited by the 514.5-nm argon-ion laser line. In

FIG. 1. Absorption spectra of near-stoichiometric LiNpOr
the inset: expanded spectra in the region of Rines.

and LiNbG;:CrMgO crystals at temperatufE=10K at ambient

pressure. In the inset: expanded spectra in the region dR times. .
B. Pressure dependence of luminescence spectra at low
temperature
nating y center. The full width at half maximurfFWHM) of : . :
gy i ) No sharpR-line luminescence has been observed in the

the R lines is about 20 cm' in our samples, which is about . :
five times less than in the congruent crystals. The broadbanS ectra_ of exam|ned samples_ measured with use of the
. ' o amond-anvil cel(DAC) at ambient pressure. This is asso-
structuresz wh|ch_peake_d at abo%’? 15000 and 21 000" cm ciated with very low luminescence intensity of theand 8
are associated with opt|2al transitions from the grodv-‘k; centers at this pressure. This behavior is well known to occur
state to the“Tz and to the'T, states, respectively, associated i the stoichiometric crystafsTherefore, these centers can
mainly with the C7* centery, as a dominating C center e observed only using much larger samples than is possible
in this crystal. to load into DAC. However, application of pressure changes
The spectra of the LiNb@MgO,Cr crystal(solid line)  profoundly the luminescence spectra of both crystals. The
exhibit weaker absorption structures, associated with Cr examples of the spectra of the LiNG@r (green crystalat a
ions, although the initial level of doping in the melt was thetemperature of 10 K are presented in Figs. 3 and 4. At a
same in both crystals. This means that the final concentratiopressure of about 6 kbar i, line of the 8 center became
of chromium in they center introduced to this crystal is clearly visible since the increase of pressure increases the
much lower than in the case of doping only with Cr. Theenergy of the*T, level and the?E level became the first
peak positions of the broadbands in these spectra are shiftevcited state of Cf ions occupying this center. At higher
towards infrared. This is responsible for the different color ofpressures, beginning from 14 kbar, tRe line of the y cen-
this crystal. The sam® lines as observed in the crystal ters is visible. A further increase of pressure makes this line
doped only with Cr, however with much lower intensity, are the dominating feature in the luminescence spectra of the
visible in the spectra. This means that the absorption spediNbO3:Cr near-stoichiometric crystal. The increase of the
trum of this crystal is a sum of the absorption associated witd1() line intensity proceeds at the expense of the broad-
the y center and with an additional center, denoted as centdtand luminescence, associated with #fig—“A, transitions

5, observed in the crystals doped with MgO at the properOf the CP* _ions in_ the y center. The broadband lumines-
cence practically disappears at a pressure of about 20 kbar.

level. .
Low-temperature luminescence spectra of large crystals a The .prgssure'dependence of the luminescence spectra of
qgthe stoichiometric LiNb@:Cr crystal resembles very much

ambient pressure, presented in Fig. 2, exhibit mainly broad: . i
band luminescence. Only very wedkline luminescence this dependence for the congruent one. The main difference

) ) 2 . . is associated with much larger inhomogeneous broadening of
(presented in the inset in Fig.),2associated with the so- . " .

7 : the optical transitions in the congruent samples. Due to
called cerltler,B at 13680 cm* and W'th.the c_ente@_at larger disorder of congruent crystals, the Cr ions in different
13605 cm, can be observed. The add|t|onaI4I|ne visible at gjtos experience a much broader spectrum of strength of the
13528 cm ' is a zero-phonon line of théT,—“A, transi- crystal field. Therefore, in congruent crystals Reline as-
tions, which is associated with the center, dominating in  gqciated with thes center is easily visible at ambient pres-
the crystals doped only with chromium. This conclusion issyre even in small crystals loaded into DAC, and the broad-
supported by the measurements of the luminescence dec@ynd luminescence disappears at slightly higher pressures
kinetics of this line, which is equal to 94s and is equal to  than in near-stoichiometric ones. In addition to that, we do
the decay time of the broadband luminescence. In contrast tgot observe any additional chromium centers in the lumines-
that, the luminescence decay times of thand 8 centers at  cence of our near-stoichiometric sample as compared with
ambient pressure are equal to 260 and 240respectively. the congruent sample at any pressure. Figures 3 and 4 docu-
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FIG. 3. The pressure dependence of thé*Quminescence in  near-stoichiometric LiNb@Cr MgO crystal at temperaturd
near-stoichiometric LiNb@Cr(0.1%) crystal at temperaturé =10K.
=10K.

of the R lines is very similar to the pressure dependence of

ment these conclusions and therefore we decided to includ@e luminescence of the crystal doped only with Cr. How-
them in this paper, although they resemble somehow the dataer, the LiNbQ:MgO,Cr crystal exhibits an additional
previously published by us! broadband luminescence, which is not present in the lumi-

The pressure dependence of the luminescence spectra méscence spectra of the former one at a pressure above 20
the near-stoichiometric LINDOMgO,Cr crystal (the pink  kbar. At a pressure larger than 70 kbar, the additional sharp
ong is shown in Figs. 5 and 6. At low pressures up to 70jine becomes discernible in the spectra in betweenRhe
kbar, the luminescence behavior of this sample in the regiofines associated with thg and they centers. With a further
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— —T— dence of the position of th, line for this center, is equal to
LiNbO,:Cr,MgO  LiNbO:Cr A,=—-242cm ' This value agrees very well with the value

m p o B of A, calculated from the combined effect of the observed
] redshift of theR lines and the blueshift of th&T, band for

] the y center, equal to about 16 criikbar, since theR;(y)

line becomes visible in the luminescence spectra at a pres-
sure of about 14 kbar.

The R; line of centerB became clearly visible in the
spectra at very low pressures. This means that the energy
difference at ambient pressure between the positions of the
4T, and the?E levels of the C¥" ions in theB centers is
] probably also negative, but rather very small, i.e., these lev-
0 20 40 60 80 100 120 140 160  els ?]fe closely |00at?fd- o i .

The pressure coefficient for th&center differs consider-
Pressure (kbar) ably from the previous ones and is equal to abetit.8
cm Ykbar. The interception point with the energy axis is

FIG. 7. Spectral positions of thR; lines of theg, y, and § T
centers of Ct" luminescence of near-stoichiometric LiNp@r equal to (13 62&_6) cm - .
and LiNbO;:CrMgO crystals at temperatufie= 10K as a function The energy 4d|fference ft ambient pressure between the
of pressure. positions of the*T, and the?E states of the Cf ions in the

6 centers, calculated from the combined effect of the ob-
increase of pressure, the intensity of this line increases at trgerved redshift of th& () line and the blueshift of théT,
expense of the broadband luminescence. At a pressure Band for thes center, equal to about 13 citikbar, is equal
about 150 kbar, this line dominates the spectrum and onljo at leastA 5= —1000cni?, since theR;(8) line became
traces of the broadband luminescence are discernible in thésible in the luminescence spectra at a pressure of about 75
spectra. kbar. The true value ofA s can be even larger since the

We associate this sharp line with tRg line of the addi-  inhomogeneous broadening tends to reduce it.
tional low crystal fields center, which corresponds to Cr
ions in NP" sites. Here is the important difference between
the luminescence of the Cr dopant in congruent and stoichio-
metric crystals. Due to the large FWHM of tRines in the Our measurements have been performed mostly at a low
congruent samples, we were not able to distinguistRttiee  temperature of about 10 K. As a result, only lower-eneRgy
associated with the field center from the closely locate®  lines of the?’E—*T, luminescence has been observed in the
line associated with the centgr In addition, the large inho- measured spectra. This allows us to resolve more easily the
mogeneous broadening means that the broadband luminegemplicated spectra at higher pressures. The splittings of the
cence associated with tH&r,—2E transitions of the G  2E level for thee, 8, andy centers(the R, lines) have been
ions in thes center does not disappear at a pressure of abouytreviously measured in the absorption, luminescence excita-
150 kbar, which we applied to the congruent cry$tal. tion, and emission measuremetftdn order to obtain infor-

The pressure dependence of the positions ofRHmes  mation on the splitting of theéE level for the § center, the
for both examined samples is shown in Fig. 7. The depentemperature dependence of this center luminescence has
dence is linear for any center in the examined range of predseen measured in the sample doped with MgO, in which the
sures. The pressure coefficients of the position of Rje  Jcenter occurs, at a pressure of 125 kbar. During these mea-
lines of the@ andy centers are similar and equal48.2 and  surements, the spectra of our sample were measured at each
—2.9 cm Ykbar, respectively. The interception points with temperature together with the spectra of ruby in order to
the energy axigat ambient pressuyeare equal to (13681 monitor possible changes of pressure by temperature eleva-
+4) and (13776 2) cmi ! for the B and y centers, respec- tion. No changes of position of the; ruby line were ob-
tively. This agrees very well with the position of tig line  served in the whole temperature range of measurements. We
for the centerB at ambient pressure. expect that in this temperature rang®—-60 K) the tempera-

The peak position of the broadband luminescence alsture shift of theR; ruby emission should be below 0.1 th
depends on pressure and its pressure coefficient is equal t8ef. 20 (as compared with the pressure shift equal to 0.753
about+13.5 cnt Ykbar in the Cr-only-doped sample and to cm™'/kban. This means that the pressure was kept un-
about+11 cm Ykbar in MgO, Cr-doped crystal. changed during these measurements.

The pressure coefficients of thHeline luminescence of The results are presented in Fig. 8. At temperaflire
centersg and y and also the broadband luminescence are=10K, the R-line luminescence is a convolution of the
practically equal in the stoichiometric and the congruentR:(5), R»(8), andRy(y) lines. Their positions are marked
crystals. in Fig. 8. TheR4(4) line is dominating at this temperature.

The energy difference at ambient pressure between that elevated temperatures above 30 K, B 6) line became
positions of the*T, and the?E states of the Gt ions in the  visible at a higher energy of about 17 chthan the energy
v centers, calculated from the peak energy of the luminesef the R;(J) line. Intensity of theR,(5) line increases with
cence line associated with the zero-phorfdi—“A, tran-  the increase of temperature, which is visible in Fig. 8.
sitions (13528 cmY), observed in the bulk samples and the Decay times of both thR,(5) and theR,(4) line are the
interception point with the energy axis of the pressure depersame at any temperature of measurements. This also con-

C. Temperature dependence of they-center luminescence
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13350 13400 13450 13500 tically the same in both examined crystals. The decay times
Energy (cm'1) change from about 20Q2s at low pressures up to about 1.5
ms at a pressure of about 140 kbar. The decay times of the
FIG. 8. The temperature dependence offline luminescence  R-line luminescence associated with cerdeobserved in the
of centeré at a pressure of 125 kbar. crystal codoped with magnesium, change from about 260
at a pressure of 105 kbar up to 4@8 at 150 kbar.
firms that this additional line that is resolved at elevated
temperatures is th&, line of centerd, although due to a 2 Theoretical analysis of the emission spectra and luminescence
considerable overlap of the emission of cengewith the decay times

luminescence of center, we could not fully resolve the lines The pressure dependence of the luminescence decay ki-

in order to extract the activation energy of the temperaturetics and the emission line shapes can be modeled by con-

dependence of the intensity changes of &{(@) lines. sidering the energetic structure of the*Cion, which con-

The splitting of the?E level of the & center, equal to 17 st ofl'g(*A,) ground and th& g(*T,), T4(T,), T7(*T,)

71 . . - 1 L) 1

cm %, is the Iowest' among the &r center; oceurring i 1 4T,y T4(2E), T'g(2T,), andT(2T,) excited electronic

LiINbO; crystals. It is in the range of the inhomogeneousmanifolds mixed by the spin-orbit interactidh?? Since the

broademng of theR lines in the_se nga_r-st0|ch|ometr|c CrYS- I'g(“A,) ground state is well energetically separated, we

tals. This is the reason that this splitting cannot be resolveg5e omitted its coupling with the excited states.

in the congruent crystals. We have considered the total Hamiltonian of the system
given as a sum of the electronic Hamiltonidt,, lattice

D. Pressure dependence of the decay kinetics of luminescence Hamiltonian, H;, and electron-lattice interaction Hamil-

) tonianHg_,
1. Experimental results

The decay kinetics of the broadband and sHaime lu- H(q,Q)=He(a@)+Hi(Q)+He-1(q,Q). @

bm(;?ﬁ Stceggeor}axiaﬁ?;gigﬁgrifﬁﬂ atitNegggref;fD gofog d Hereq andQ are the electronic and configuration coordi-

yp ; . y » dop nate, respectively. The details of this Hamiltonian for the
only with chromium and codoped with magnesium. The se of C¥ and equivalent systems are discussed
pressure dependence of the decay times of the Iuminescen§%ewheré2_24

IfT pf‘?,imli(:n ilrr]we;;% g (?é i-;hti ed;r}:/e;éf'&%éﬁ ;fr‘]‘lay \t/)vrl(t)r?dcbrig For the purpose of this paper, we have solved the problem
eqtzJaI to ;boutg 4s in the range of measured pressure ThisUSIng the diabatic repr_esentat|65m2, where the eIectromp
luminescence Which is associated mainly with the dor.ninatparts of the wave funct'lc.)ns have been assumeq to be inde-
ing y center c’an be observed only up to 38 kbar. Above tha endent .Of lonic _p05|t|ons. Thus th_e fo!lowmg Born-
" . ' ggpenhelmer functions represent the diabatic basis:
pressure, this luminescence became unmeasurable due to 1
low intensity. n _ n
The broadband luminescence in the crystals doped with Yr(a.Q.9)=er(a.8)xr(a), @
Mg is, in contrast, associated mainly with th&,—*A, of  wheregr(q,s) and x{(Q) are the electronic and ionic parts
the & center. The decay time of this luminescence is equal t®f the wave functions, respectively, and™‘represents the
about 17.6us, independent of pressure. spin, that is,; or 3 for doublets and quartets, respectively.
The decay times of thB-line luminescence increase with According to the above assumptions, the electronic part of
an increase of pressure. The pressure dependences of tifve Hamiltonian is the strong crystal-field Hamiltonian. As-

R-line luminescence decays for the centgrand y are prac-  suming the octahedral symmetry of the®Crsite, I corre-
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TABLE |. Spin-orbit matrix elementsin ¢ units).

Hso(£) Te(*T)  T5(*T)  Te(’E)  Te(®T)  Ts(*T)  Te(*T)  T7(°Ty)

Ig (“Ty) -
Ty (“Ty)

I's (ZE) 0
Tg (°Ty) 0
Le(“T,)
[ (°Ty)
I, (“T,)

ol
Ak O
o
AP O O O O
O o © o

o

|
b, @ © O o0 O o
Kl

sponds to the irreducible representations of the double poirglectronic manifold. In such a way, we have created the

groupOy,, listed above. The vibronic part of the Hamiltonian Hamiltonian where the diagonal matrix elements were de-

describes the vibrations of the ligands. Although we havdined by

found that the ion motion is confinéd,we have used the

harmonic approximation for consideration of the vibronic M=%+ H +(n+ o, (%)

states related to each electronic manifold. This has been done

for convenience since in the harmonic approximation the viwhereH, are the spin-orbit matrix elements. The spin-orbit

bronic overlap integrals can be easy calculated by Mannehteraction is taken into account by the diagonal as well as by

back recurrence formuldé. the off-diagonal part of the Hamiltonian. Actually in the di-
We have considered the coupling only to the full sym_abaﬁC representation, the off-diagonal part of the Hamil-

metrical breathing mode. Thus in the harmonic approximatonian is given only by the spin-orbit interaction. Consider-

tion the electronic energies, parametrically dependent oing the lattice vibrations and electron-lattice coupling, one

ionic positions and the lattice vibration potentials, are giverobtains that the spin-orbit interaction is moderated by the
by the following parabolas: vibronic overlap integrals. Thus the off-diagonal part of the
Hamiltonian is given by

2

Q= Sitotho G+ TS 0Q, @ HIP-HIL | (@ (@do ®

where Sy is the Huang-Rhys parameter of stdte Sy is  The spin-orbit matrix eIementHg.g', are listed in Table I.

assumed to be zero for all states belonging to the groun@he vibronic structure of the excited states that resulted from
electronic configuratiort® (all components of théA,, 2E, the diagonal part of the Hamiltoniafsee Ref. 2Bis pre-
and T, electronic manifolds sented in Fig. 1®@). In Fig. 1Qb), the spin-orbit interaction

To calculate the energetic structure of the system, wehat is yielded from the off-diagonal part of the Hamiltonian
have taken into account 50 vibronic states related to eacis indicated.

1000 -
Fy 2
500 }- r, 1.
e
S of r, °E
>
o
8 '
o ::s
-500 s 4
— T, T2
a b
-1000

configuration coordinate

FIG. 10. (a) The adiabatic energies of the system represented by the diagonal part of the diabatic Hanifigr(i4x). One can see that
theT'y andT's components of théT, state as well afgI"' components of théT, state are degenerated. This degeneration is removed by
the off-diagonal part of the Hamiltonidizq. (5)]. (b) The off-diagonal part of the spin-orbit interaction, see also Table I. Energies are given
with respect to the minimum energy of ti& electronic manifold.
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Diagonalization of the Hamiltonian given by Edd) and One can calculate the luminescence decay timé&on-
(5) allows us to calculate the vibronic energies as well as theidering that the luminescence lifetime is related to the ra-
wave functions of the system. The resulting states are chadiative transition probabilityP, by the relationr=P ! and
acterized only by the single quantum numiderwhich is  the radiative transition probability is proportional to the
related to the energg¥. The respective wave function is a emission intensity, one obtains
mixture of all considered states and is given by the following

superposition: _ 1
perp T 1(E4T2,E2E,T)=T—O; Z l(Ear,,E2g)

<I>k(q.Q)=JZm a™(3)ei(a,3)x(Q) » S[(EX— E%)/KT], (10

Paaf0,3)M(a) ¢ (g,3)dq

wherely(Ear,,E2g) is given by Eq.(8). 7o is the time con-
+ % a () ei(a,3)xMQ). (6)  stant that represents the pure quartet lifetime and is related to
Here the first and the second sum represent the doublet 2
and quartet contributions;!‘“(%),a}(m(%) are coefficients ob- 701=U (QDZA)(q,%)M(q)(sz)(q,%)dq . (1)
2
Since the ground electronic manifold is tha, quartet, only  Actually 7, was taken as the luminescence decay time of the
the transitions from the quartet excited states contribute t@roadband*T,—*A, luminescence measured @t=10K.
the transition from theb¥(q,Q) state to théth vibronic state  nescence line shape as well as the luminescence decay time
of the ground electronic manifol@A, as follows: on the energetic structure of a chromium ion.
manifolds depend linearly on pressure. Thus one describes
the response of the system on pressure using the following
2
— 2 H
XE arn(%)f (XI NQ)(XM*(Q)dQ| ny,  (7) —1q;d(Dq)/dp] anddE( E)/dp for the energies of thé&T,
n A, and “E states, respectively.
Wh(jelte,n‘ 'S ;hg Segenergt;ﬂon of the states, which is 4Ifgr cence decay times have been approximated with formula
andls, an orl's andl 7. (10). The calculations were performed in the following way.
transition moment. Since we have not considered a polarizditted with Eq.(10). The values of the spin-orbit interaction,
tion, we have assumed that this quantity is the same for athe electron-lattice coupling energy, and the phonon energy
sitions between théth excited state and thkh vibronic  difference between the'T, and the E levels (A,=
state of the ground electronic manifold is proportional to the—242 cmi'%) is known for this center from the luminescence
electron-lattice coupling energy, and phonon energy do not
depend on pressure. Subsequently, the pressure dependence
formula (10), using the values of the spin-orbit interaction
Using our model, one can reproduce the emission lineand the electron-lattice coupling energy obtained from the

the transition moment as follows:
tained in the framework of the diagonalization procedure.
the luminescence. One calculates the contribution related tBquations(9) and (10) result in a dependence of the lumi-
One can see that energies of the, and 2E electronic
=3 f
two parameters: the pressure coefficierdE(*T,)/dp
The experimental pressure dependences of the lumines-
Quantity ¢aa(q,3)M(q)¢f(q,3)dq is the electronic First, the decay times of the luminescence for cepterere
guartet components. In such a way, the intensity of the tranwere used as adjustable parameters. The value of the energy
following sum of the vibronic overlap integrals: data. We have assumed that the spin-orbit interaction,
k | 2
ns ny* .
a (2)f (X4A2(Q)(X') (QdQ ni. (8 of the luminescence decay time B (B8) was fitted with
shape considering the energetic structure of a particuféir Cr previous fit. This time only the value of the energy difference

site. For given temperature one obtains between the*T, and the’E levels (A p) was treated as an
adjustable parameter. The value of thg obtained from the
fit is equal toAz=—20cm % The results of the fits are
1(hQ,T)= l(Esr E N . ) ;
( ) Zk E| kil T2 % presented in Fig. 9. We consider the quality of the fits as

| very good. The small deviations observed at lower pressures
X 5{ﬁ9—[Ek—(E4 )IFSL(E*—E°)/KT]. can be associated with the assumption of pressure-
A independent values of the spin-orbit interaction, electron-
9 lattice coupling, and phonon energies. These values depend
o o ~__ on the pressur® although this dependence is rather weak.
In Eq. (9) it is indicated explicitly that the emission is The yalues of the parameters obtained from the computer fits
related to the G site characterized by specific energies of and used for the fits are listed in Table II.
the T, and ’E states. The intensity(Esr,,Ezg) is ex- The parameters obtained from the fit of E0) to the
pressed by Eq(8). Specific energies of théT, and 2E  experimental results of the luminescence decay kinetics of
electronic manifolds are the input parameters of the totathe cente differ considerably from those obtained from the
Hamiltonian(4). [ (EX—E®)/kT] is the Boltzmann occupa- fits to the data for centerg and y. It was impossible to
tion factor ande® is the lowest energy of the excited elec- obtain a good fit to this dependence using the values of the
tronic manifold. spin-orbit interaction, electron-lattice coupling, and phonon
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TABLE II. Parameters of the Gf sites in LINbQ,. The values of the energy leveld,, E, andA are given for ambient pressure at
temperaturel =10 K.

A Spin-orbit
E(%E) ’E =E(*T,) parameter
crt E(“T,) dE(*T,)/dp  Ryline  splittng dE(’E)/dp —E(%E) I3 Shw ho
site Site identification (cm™)  (cm Ykbap  (cm™Y (cm™Y)  (cm Ykban  (cm™Y em?YH  (em?bH (em?h
o Li* 13608 98 >0
distorted
B Li* 13.5 136814 64P -3.2 -20 290 2100 350
distorted
y Li* 10850 135 137762 3§ —-2.9 —242 290 2100 350
) Np>* 10370 11 136286 17 -1.8 <-1270 400 1995 230

. |. Macfarlane, K. Holliday, J. F. H. Nicholls, and B. Henderson, J. Phys.: Condens. Mag643(1995.
bThis work.

energies obtained from the fits to the data for cetandy.  different chromium centers in LiNbQare also listed in
The values of the pressure coefficients of Bheline and the  Taple |II.

broadband luminescence are also different. The good fit was The s center corresponds to the Lrions in the NB*

obtained using the values of the spin-orbit parametergjtes in LiNbQ, crystals. The EPR data show that this center
electron-lattice coupling, and phonon energies equal to 40Q

- X s almost isotropic. The very small value of tif& level
1995, and 230 cirt, respectively. Although these values are

ite diff Cf h biained f ; Ao it splitting of these centers confirms the EPR results, i.e., it is
quite difiérent from those obtained for cen ﬁsan YIS, very good agreement with the almost octahedral symmetry
not surprising, since the centéihas quite a different nature

from the former ones of this center. The’E level splitting occurs due to distortion
The value of thesg.energy difference. obtained from the from the ideal octahedral symmethand, for example, does

L _ . : not exist in perfectly octahedral sites in MgO:Cr crystal. The

fit, |s.equal tQAB: _127.0 o, We consider this value as uch lar erpintensi)t/ of the phonon re Iicgs obserzed for the

consistent with that estimated from the total pressure shiftd 9 1Sity P P "

of the 4T, and 2E levels for thes center, since the inhomo- 9 Center at the highest pressure than for $heCriy") center

geneous broadening can influence the former estimatiorfiSO shows that the oxygen octahedron of theenter is
making this value smaller. much less distorted than that of thecenter, which is in

agreement with our model, which considers only coupling
with fully symmetrical breathing modes. In undoped LiNpO
IV. CONCLUSIONS crystals, both Li and NB* sites haveC; symmetry. Appar-
ently a large lattice relaxation occurs in the Nisite when
Near-stoichiometric LiNb@crystals have several advan- the CP" ion substitutes the Nty ion and somehow the low-

tages over the congruent ones. The most important propergst energy is achieved in near-octahedral symmetry. This
of those crystals for our studies is the much smaller numbedoes not occur when chromium ions occupy Isites. Nev-
of native defects that results in a several times smaller lineertheless, a small value of th splitting for the 5 center
width of the electronic transitions of the dopants, observed irexists and this shows that the symmetry of this site is not
these crystals. Several Trcenters have been detected in perfectly octahedral.
lithium niobate crystals, and also some additional centers Knowing the value of the absorption peaks associated
have been observed in the stoichiometric on&s34 Al-  with *A,—*T, and “A,—*T, transitions and extrapolated
though our studies show that the dominating'Ceenters in  position of the?E level at ambient pressure, it is possible to
congruent and near-stoichiometric LiNp@rystals are prac- estimate the values of the crystal-field Racah parameters for
tically the same, the smaller linewidth of the electronic tran-the 6 center at ambient pressure, using a procedure de-
sitions of the Cr dopant in the stoichiometric crystals allowedscribed, for example, in Ref. 34. The values of those param-
us to perform the high-pressure luminescence studies on theters are equal t®gq=1440cm?, B=505cm !, and C
system with much better resolution. Thus it was possible to=3266 cm .
obtain the information on the energy structure of various The experimental pressure dependences of the decay
Cr*" centers in LiINbQ:Cr with much better accuracy than times of different C¥" centers are well described by the
in congruent samples. It turned out to be particularly impor-presented theory. The values of the energy difference be-
tant for the studies of theS center, which occurs in the tween the*T, and the?E excited levelsA, estimated from
LiNbO3:MgO,Cr. In such near-stoichiometric crystals, he the computer fits of the theory and from the observed pres-
center is a dominating one. Thus the absorption spectrum afure shifts of the appropriate levels {ry, and s centers are
such crystals is practically associated with #heenter. A consistent with each other. Tidg, value for centery, known
much better resolution of measurements allowed us to obtaifiom the position of the zero-phonon line associated with the
the value of the splitting of théE level for this center. Itis  *T,—*A, transitions, is also consistent with both the com-
equal to 17 cm* and it is the smallest among various®Cr  puter fit of the pressure dependence of the decay times and
centers in LINbQ. The values of the’E level splitting for  the pressure shifts of th&T, and the?E levels.
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