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A systematic analysis and classification of clusters, consisting of imppityinsig and intrinsic defects in
lithium niobate crystals, were made in order to understand the main features of the observed EPR spectra. It is
shown that possible configurations for lithium substitution with charge compensators such as a lithium vacancy
(Xyi-YL;), niobium vacancy X,;-Ynp), and oxygen interstitial ionsX(;-Y;) belong toC5 or C; point group
symmetries; this is also valid for the complexes with niobium substitution and theadtsite as the com-
pensator Xy,-Y ;). Clusters of an oxygen vacancy and an impurity on a niobium(Xi{g-Y o configuration$
haveC, symmetry only, but neve€; symmetry. A detailed study of EPR spectra for a wide set of crystals
with different chromium concentrations afitli J/[[Nb] ratios was carried out. Besides the main axiat'Cr
center, eight satellite chromium centers were experimentally resolved and parameters of their spin Hamilto-
nians were determined by fitting angular dependences of EPR lines. It was found that in stoichiometric material
less chromium is incorporated into the crystal and that the satellite centers disappeared. A correlation of EPR,
optical absorption, and luminescence spectra was observed and analyzed. The existence of the family of
chromium centers was explained on the basis of one common hypothesis about charge compensation by
intrinsic defects. In a minimal model, sufficient to explain all experimental data, it is assumed that the satellite
centers include two defects — Grand niobium vacancy, in the first or further neighboring shells. Two
vnp'S compensate five Gr Since in conventional congruent crystals the relative concentration of additional
satellite centers is comparable with the concentration of the main center, the conclusion was made that both
kinds of centers are equally responsible for many of the lithium niobate prop¢&&s53-18229)08613-0

Trivalent ions, including those of transition metals and =[LiJ/([Li]+[Nb])); this means that the congruent
rare-earth elements, belong to the most important impurities crystals contain many intrinsi¢nonstoichiometri
in lithium niobate (LN, LiNbO3) because of their essential defects, causing a broadening of the observable spec-
influence on properties of this materigduch as domain tral lines and ambiguities in their interpretation;
structure, electro-optical coefficients, light absorption, refrac{ji)  The crystal compositiorxc of the undoped LN de-
tive indices, etg.and their consequences for present and po- pends on the melt composition,, and the growth
tential applications. Especially the investigation of Ccen- conditions; only for the congruent composition,

ters in LN has a long history and the number of publications =Xc;
devoted to the spectroscopic studies of such defects in L i) The most probable positions for impurity incorpora-
already surpasses some dozens. With the first optical and tion. the Li and Nb sites as well as the structural va-
EPR studies of Cf,1~* mainly a discussion about the loca- '
tion of the CP* impurity in the crystal lattice was opened. A
lot of effort was also spent to establish a correlation between
the observable spectra and the crystal composition and tf) ) )
develop experimentally supported models of thé Cren- iv) Defects at other S|t§s or complexes of twq defects, if
ters. Nevertheless the structure of even the main centers  they are not extending along the crystal axis, have the
(such as the position of the €rions in the lattice, their lowestC, point group symmetry.
nearest surroundings, the way of charge compengatias
not yet been determined definitely.

In the course of the investigation of such defect structure
in LN one meets the following difficulties:

cancy, have the same local symme®y; this means
that they are not distinguishable by many spectro-
scopic techniques including EPR;

The following five models were proposed in literature for the

Cr** centers in LINbQ: (1) indefinite sites withC; symme-

Try for the main centet#-¢(2) Nb substitutior?37-23(3) Li

substitution**=22 (4) different sites for different observable

(i)  High-quality conventional crystals are usually grown centers:*#192-28 (5) |i* and NB" replaced by
from the congruent melt withk,,=xc~48.4% (x  Cr*+Cp3* 1529-38
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Most of these investigations were devoted to the maimmetric or nearly stoichiometric samples. Identical starting
axial CP" centers(point-group symmetnCs). In some of  materials (Li,CO;, Nb,Os, and K,CO;) from one source
the articles it was also pointed out that there are additionalvere used for the growth of all these crystal series. Several
lines in the spectra of EPR41923-2529 gntical  undoped and chromium-doped crystals from different other
absorptiorf33343738 and  Juminescend@?6:28:30.3334364f  sources were also studied for comparison. This systematic
conventional LN. Taking into account the difficulties de- approach, intentionally varying the composition of the crys-
scribed above, the available restricted growth and researdhals and their impurity content, allowed us to obtain spectra
opportunities for many authorgespecially in the early representing the common properties of LN and the tenden-
yearg, the hard work and persistence of the researchers inies of their changes, but not features of accidental samples
the subtle search of even minor arguments and support farith unknown noncontrolled impurities.
the proposed models should be highly appreciated, however, The actual crystal compositions: were determined by
still some of old and recent experimental facts were not inthe analysis of the EPR and NMR line widths and the inten-
terpreted satisfactorily so far and none of the models can bsity ratios of the forbidden and allowed resonance
accepted unconditionally. transitions*>~#*1t was found that crystals grown from melts

Recently, several ways to obtain stoichiometric LN crys-with x,, equal to 43.0, 48.5, 54.5, and 60.0 % have compo-
tals(i.e., withxc~50%) were developed@) vapor transport  sitions X approximately equal to 47.0, 48.5, 49.5, and
equilibration treatment of initially congruent crystals in Li- 49.85%. Crystals pulled from melts containing®possess
excess powder of LN® (b) the double crucible method in an Xc of about 50.0%.
which crystals are pulled from the melt with fixed Li Most of the EPR and some ENDOR measurements were
concentratiorf? (c) crystal growth from the melt, to which carried out in the temperature range 4.2—300 K atttband
K5O has been addéd-* on a Bruker ESR-200 D-SRC with the ESP 360 DICE EN-

Independently of the method of production, such stoichio-DOR system at the University of Osnabku Besides tha®-
metric LN is a very attractive material for the study of physi- and X-band EPR investigation in the range 77—300 K were
cal properties of LN because of several reasons. First of afulfiled by means of RE-1301, RE-1308 spectrometers at
this is a material whose characteristics are not masked by th¢&iev. Optical absorption spectra were measured using a Bru-
presence of intrinsic defects. The second, a tremenfiqus ins Instruments Omega 10/20 spectrometer.
to 10 time$ narrowing of spectral signals, measured by vari- The wealth of information contained in the spectra and
ous techniques, essentially increases their resolution and thttseir very involved angular dependences could only be ex-
allows us to obtain more detailed information than in theploited using advanced numerical methods for their treat-
case of congruent crystals. The third, new centers and feanent (filtering, peak picking, simulations, spectra subtrac-
tures appear as a consequence of the refinement of the m@goen, etc). For this purpose theviSUAL EPR program
terial from nonstoichiometric defects. packag& was used. The determination of the relevant spin-

It should be noted that formerly in some articles the termHamiltonian parameters of paramagnetic centers was made
“stoichiometric LN” was often associated with samples by a fitting procedure, based on exact diagonalization of the
grown from a stoichiometric melk,,=50%, resulting ixc  corresponding matrices.
about 48.9% only During recent years the term is used in-
stead mainly for crystals with the composition really close to
Xc~50.0+0.1%.

The first part of this article consists of a general analysis
of possible centers, which can be produced by trivalent im- The ideal LN lattice(Fig. 1) has two LiNbQ molecules in
purities Mé" in ideal and conventional LN. The second partjts rhombohedral elementary unit cell and the space-group
is devoted to the detailed study of chromium centers in LNsymmetry isR3c at room temperatuf&‘soThere are several
crystals with differenxc and Cr content, and to the discus- electrically nonequivalent positions in the lattice. Some of
sion and determination of the models, which are able to exthem — the sites on the (or opticalc) axis of the crystal,
plain all experimental data for these centers. The main resuligcluding the sites of Li, Nb and the structural vacangys—
presented here are obtained with the help of EPR. A comhave the symmetry of the point grod. An isolated defect
parison with the conclusions based on other mettiopcal  in any of these positions create<Ca (in the following also
absorption, luminescence, electron-nuclear double resonanggheled “axial”’) center. All other positions have the lowest
(ENDOR) etc] is also given in order to reach a consistentpossime symmetryC;. A complex of two defects ha€,
interpretation of the features of the investigated crystals. Possymmetry, if both are located on the crystahxis, andC,
sible reasons, why diverging conclusions of other authorgymmetry in all other cases. If the difference in positions of
differ from the present ones, are discussed briefly. the nearest oxygen ions is ignored, then each unit cell has the
following site sequence along theaxis: Li, Nb, vy, Li,

Nb, v,e. However, oxygen octahedra and next neighbors for
two positions of one type cation are not identical, therefore

A special series of samples, grown by the Czochralskihe correct assignment of the sequence should pe Nb, ,
method from the melts with different chromium concentra-voe , Lig, Nbr, voetr. The surroundings of the righR)
tions (0.002-1.08 wt. % and differentx,, ratios (43—60 % positions can be transformed to the Iéf) ones by a reflec-
were used. One further set of crystals with different chro-tion x<-—x and a shift byc/2, becausey is a glide mirror
mium contents was grown from a congruent melt with theplane in theR3c lattice. The same consideration is appli-
addition of K,O under special conditions, leading to stoichio- cable toC, positions also. This means that each axiat)

LN LATTICE AND POSSIBLE STRUCTURES
OF IMPURITY CENTERS

CRYSTALS, EQUIPMENT, COMPUTER PROGRAMS
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©OLi Omb 00 xvy, In the R3c lattice eachC, center has two additional mag-

o =2 9 netically nonequivalent partners, which can be transformed
s 0.0, into each other by a rotation around thaxis of the crystal
by 120° and 240°. Therefore at arbitrary orientations of the
magnetic field each of the resonance transitions can produce
one(for S<2) or two (for S=2) lines for C; centers and six
lines for low-symmetry centerdor any spin valug

Because of nonstoichiometry the real lattice of conven-
tional LN contains many intrinsic defects, the nature of
which has not yet been reliably determined. The following
entities have been considerétieir charges with respect to
the lattice being given by Kiger-Vink notation in brackejs
Nbfit(Nb‘L"T) antisite defect, v;(v];) lithium vacancy,
v3 (v3) niobium vacancy, NB"(NbS*) niobium on struc-
tural vacancy, Lj (Li*) lithium on structural vacancy. Dur-
ing recent years the existence of the following charge com-

a b pensated complexes has been postulated most often:
Nby; +4v ;485258 5Nb;+4vy,,>*%® 2Nb;+2Nb,+3v,;

FIG. 1. (a) ideal lattice of lithium niobate. To simplify the rep- +3vy,.>° The intrinsic defects by themselves or complexes
resentation of the lattice and defect structures in it, the sizes off them, which are not charge compensated, can furthermore
“pballs” imitating ions were made intentionally different. If real serve as local or distant charge compensators for nonisoch-
ionic radii are taken into accounfli®-0.68A, NBP*-0.69A,  arged substitutional or interstitial impurities.

0%-1.32 A), the LN lattice looks like it consists mainly of planar Angu|ar dependences of a center without any other defect
layers of closely packed oxygen ions with small voids betweeny jts nearest neighborhooftlistant charge compensatjon
them, filled by Li and Nb. Left and right positions are distinguished correspond to the symmetry of the occupied site, Cg.for
by their different oxygen surrounding&) illustration of localC5 the sites on the axis andC, for all other cases. However,
symmetry for the nearest surroundings of cation sites. A projectionne nresence of distant defects can reveal itself by a specific
of three Li, Nb, and O layers on they plane is shown. broadening of the EPR lines and an asymmetry of their
) shape.
or low-symmetry C,) L center has a correspondifgpart- The structure of a center, in which a lattice site is occu-
ner. TheL andR partners are electrically identical and are pjed by an extrinsic impurity ion having a charge different
not distinguishable by optical methods, but they are magnetifrom that of the respective lattice siten the following la-
cally nonequivalent and can be resolved from each other ikeled nonisocharged replacemeti¢pends on the charge of
favorable caseshigh spin value, small linewidthby mag-  the impurity and the mechanism of charge compensation.
netic resonance techniques. Below the trivalent state Mé is considered in detail, be-

The usual spin—HamiItonian, which describes the field POcause many transition mete([ﬂduding iron and chromium
sitions of the EPR lines of the centers wiih symmetry, can  and rare-earth elements enter LN in this valence.
be written as If Me3* substitutes Li or is incorporated in a structural

vacancy, the positive charge excess can be compensated by
H=BBgS+2q(b{OF+ i), k<2S+1-k<qg<k. (1) pothy;; andvy (because Li and Nb vacancies have nega-
tive charges with respect to the ideal latjicEor instance
every impurity ion at a Li site can be compensated by two
lithium vacancies or every five i ions by two niobium
vacancies.

The positive antisite defect Njpcan serve as a charge
compensator for M¥ replacing NB* (but not M&". or

Here B is the Bohr magnetorB is the vector of static mag-
netic field, g is the g tensor,S is the total electron spin of
paramagnetic centeby,c] are parameters of crystal field,
OJ,Q} are irreducible tensor operators of electron spin,
which are defined in Ref. 51. FaZ; symmetry the spin-
Hamiltonian has only crystal-field terms with=0,3,6 and

diagonal components of thgtensor. Me3"). It is remarkable that one I\ﬁﬁ exactly compensates
All parameters of the spin-Hamiltonian farandR cen-  the excess charge of two ﬁ@f@ ions.
ters have the same absolute values, giy{L) = —0y,(R), The association of Mg, with vy, in the nearest Nb shell

9,(L)=—0:(R), bR(L)=—b{(R) for q=135 and (partial local charge compensatioleads to an axial center,
ci(L)=—c{(R) for q=2,4,6. This leads to a splitting of the i the second and third Nb shell, to two differe®y centers,
resonance lines of thie andR centers, if the magnetic field in the fourth Nb shell, to a second axial center, in the fifth to
deviates from the axis in thezx plane. ForS=2 even lines  ninth Nb shells, to further fiv€; centers(X,;- Yy, configu-

of C3 centers are split because of the existence ofﬂﬂ@i rations, Fig. 2; distances between the replaced ion and these
term in crystal field:b3(L)=—b3(R). WhenB is rotated shells and the symmetries of the corresponding complexes
around thex axis (i.e., in thezy plane, the lines of both are given in Table)l A niobium vacancy in the nearest
centers always coincide, however some asymmetry of theeighborhood disturbs the Me surroundings much stronger
angular dependencies with respect to the change of the poléran distanv . The distance between Meand a defect in
angle 6 to 180°- 0 can be observed. the fifth to ninth shells is about 6 A, however a defect as



9116 MALOVICHKO, GRACHEV, KOKANYAN, AND SCHIRMER PRB 59

©Li Onv 0 Ame Qv O i O <0 Ame o, v,

_ _ _ FIG. 3. Possible configurations ¥f,-Yy; (e.g., M&s.-Nb,")
FIG. 2. Possible configurations &f;-Yyp (€.9., M&-vnp) de-  gefects. 1-8 are the number of lithium shells around the niobium
fects. The digits 1-8 correspond to the number of niobium She”%ite 9, 10 are the interstitial oxygeX,-Y; or Meft-O-Z*)' 11is
I im T i i '

around the lithium site. the oxygen vacanc§Xy,: Yo of Meﬁ,gswvé*).

strongly charged asy is still expected to influence the o o
crystal-field parameters even for such a large distance. ~ Symmetry centers. If one of the lithium vacancies is very far,

The point-group symmetries and distances for thethe presence of only one vacancy in the first shell OﬂS/Ie
Meﬁl+bS+-Nbfi*+ centers have to be similar to those describedgives two electrically different configurations, in the second
above, because these defects are located again at the saghell, two further ones. Two nearest Li positions on @

Nb and Li positiongXy,-Yy; configurations, Fig. 3, Table.I  axis are located at 6.93 A and the following, the third one at

In the case of M%*+ compensated by two,’; three lattice 13.86 A. The presence of lithium vacancies on these sites
defects are combined and all partners occupy Li sites onljear Mé,". does not break th€; symmetry and should gen-
Xu-Yyi andYﬁi'XLi'YEi configurations, Fig. ¥ Taking into ~ erate axial centers only. However, singg has only one
account that differences in the relative locations of the im-negative charge relative to the ideal lattice, it produces a 4—5
purity and vacancies can give electrically nonequivalent centimes weaker perturbation of the crystal field thanfiﬁlknr
ters, four distinguishableC, configurations can be con- 3 . Therefore, the centers with,, at distances of about
structed with twav; in the first Li shell of M§,". (6 possible 6 A should probably not be distinguishable from axial cen-
siteg. Onev; in the first shell and one/; in the second ters with nonlocal charge compensation.
shell (also six sitep give 12 electrically nonidentical low-

TABLE I. Distances between cations in lithium niobate. O @Nb °0 Awme Ow
Li shells around Nb Li shells around Li
or or
Nb shells around Li Nb shells around Nb
Point Point
Shell group Distance  Shell group Distance
No.  symmetry A No.  symmetry A
1 C; 3.01 1 C, 3.76
2 C, 3.05 2 C, 5.15
3 C; 3.38 3 C; 5.49
4 Cs 3.92 4 C; 6.38
5 (o5 5.96 5 (o 6.93
6 Ci 5.99 6 C; 7.53
7 C; 6.09 7 (o 8.20
8 C; 6.16 8 (o 8.63
9 C; 6.47 9 (o 8.92
10 C, 6.90 10 C, 9.12

FIG. 4. A part of possible;-Y; (Mey;-v ;) complexes in LN.
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FIG. 5. EPR spectra of &F in LN for Bliz,Blx,Blly. Microwave

frequency v=9.4 GHz (X band, temperatureT=4.2K, crystal FIG. 6. Dependence of €fEPR spectra on crystal composition
composition xc=49.85%, chromium concentration [Cr] Xc - Blly, [Cr]=0.02 wt. %, T=4.2 K.
=0.02 wt. %.

were not completely reproducible in some of previous pub-

Conceivable complexes of I\ﬁéﬁ and a divalent oxygen lications and were very often ignored.
vacancyyp q2-, (or other defects in the oxygen sublattice, i.e., And this is no wonder, since LN is a crystal whose prop-
Xno- Yo configurationy have C; symmetry only, but never erties depend on many parameters: melt composition,
C,; symmetry. Oxygen interstitial ions, if present, can com-crystal-growth conditions, presence of some background im-
pensate only Mﬁe;i and, depending on their relative mutual purities(for example, vanishingly small concentrati_o_ns of Fe_
locations(X;-Y; configurationy could giveC; andC, cen-  |ead to observable changes of the crystal composition and its
ters(Fig. 3. charactenspc“é‘). The best way to study such a complex sys-

To complete the enumeration of potential defect clusterstéM a@s LN is to fix all parameters, except one, and to follow
possible interstitial positions of the trivalent impurities in e change of crystal properties, if the chosen parameter is
octahedral or tetrahedral structural vacancies® Meshould ~ Varied.

also be considered. In both cases an excess charge can tlﬁeEpR sper?tra for d|fferenttcr¥_stal cto?r}]posmonst, but W'tth
compensated by, (Me3*-30,,), vny (SME*-3uyy), oOF e same chromium concentration, at the same temperature

by interstitial oxygen ions (2I\/Fé—30,2’), but not by oxy- and with the same magnetic-field orientation with respect to

. . .. _the crystal axes, are compared in Figs. 6 and 7. Using a
gen vacancies or Npantisites. The tetrahedral vacancy site y P g 9

hasC ) heref I based chromium concentration so smdl.02 wt. % in the mejt
hasC, point-group symmetry, therefore all centers based oy, ¢ he possibility of impurity aggregation is negligible, al-
its occupation have this lowest symmetry.

. . ows us to simplify the interpretation of the spectra. Four
The knowledge of these features helps to identify EP s U Implify I P ! P !

. . ) . ffects are clearly distinguishable wheg increases(1) all
lines of different centers, if they are simultaneously presenf y g 8 ()

in th | d to det ine thei int nes are getting more narrow?) additional satellite lines
In the same samplé, and 1o determine their point-group SyMye ., e more obviously se€i3) the relative intensitiek, of
metry and possible structures.

DEPENDENCE OF EPR SPECTRA ON CRYSTAL
COMPOSITION xc AND CHROMIUM CONCENTRATION

EPR spectra of LN:CrFig. 5 look at first sight like
rather simple. They consist of three strong lineBgt and
two lines atBlIx or Blly. Since the positions of the main lines
are not changed under rotation of the magnetic field from
Blix to Blly, they belong to an axial center. This main center
was investigated and described earlisee, for example,
Refs. 1, 2, 4, 1and it was shown that &t with S=3/2 is
responsible for these lines. However, if we look carefully on
the shape of the lines in Fig. 5, we can see that even for this
LN crystal with a rather high crystal composition &t
=49.85% and correspondingly with a low concentration of
intrinsic defects the lines are still asymmetric, as well as
inhomogeneous, and other additional lines can be seen near
and under the main rather broad lines. Such asymmetry and FIG. 7. First derivative of absorption line of &rcentral EPR
broadening of EPR lines can much more obviously be seettansition forBlix for differentxc . Inset: original(integrated ab-
in the spectra of congruent LN:Cr crystals. These detailSorption, T=4.2K.

140 160 180 200 220
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FIG. 9. Dependence of EPR spectra on chromium concentration

FIG. 8. Dependence of EPR spectra on chromium <:oncentratioPOr stoichiometric crystalsBix 94GHz T=4.2K
, V=Y. , 1 =4, .

for xc=48.5% (congruent composition BllX, v=9.4GHz, T
=4.2K.
ANGULAR DEPENDENCES OF CHROMIUM CENTERS
IN NONSTOICHIOMETRIC AND STOICHIOMETRIC

different lines(n is the line numberare changed(4) some CRYSTALS

of the lines disappear. The first effect is a reliable indication In order to determine the point-group symmetry and pa-
of the improvement of the crystal perfection due to the derameters of the spin Hamiltonians of the observed Cr centers
crease of the concentration of intrinsic defects. The differ-an investigation of the full angular dependences of their EPR
ences between the areas under the original absorption lineslines in zx, xy, andyz crystallographic planegroad map

Fig. 7 [or integrated intensities in the case of the derivativewas carried out. The road map of a nonstoichiometric crystal,
lines W,~1,(AB,)?,AB, is the linewidtd show that the but with an intentionally highxc=49.5%, is given in Fig.
concentration of the centers responsible for the satellite lines0. It should be noted that in this crystal alsdFand C&*

is comparable to the concentration of the main axial center. ffface impurities in rather low concentrations were detected,;
is also found that the change of the relative intensitieis these ions are responsible for several lines with small inten-

not only related to the narrowing of the EPR lines, but also tg3ities and well-known field positions: they were eliminated

the variation of the concentrations of different centersf ~ 70M Fig. 10 in order to avoid unnecessary complications of
is increased. this rather detailed figure.

The comparison of the spectra of conventional congruentt ”Chfomi“”? ionsl, dePec;‘r?‘ggd?”_tge_”l‘;gargj +st§;[jez, rlage the
crystals(Figs. 7, 8 shows that they contain rather little in- Elovg?s% 33'0(;2 Xasu_eg/.z Cé* 3)d4 —_8—2' nd (CF’ %d5
formation and are not very suitable for a detailed investiga- S5/ (A d(z;taile?j an:':llysis(of th)e ob_servae d spec(tra ghows

tion, because their resonances are only poorly reSOIVPT(tihat all EPR linegdots in Fig. 10 belong to C#* ions with

Since the lines from samples grown from a.melf[ with Li S=3/2; there are no lines at these angular dependences,
EXCESS ar€ narrower, many additional satelht.e Imes fromWhich could be related to other charge state or other defects.
such specimens were resolved close to the main lines. Thegg,q of the additional satellite lines are located near the lines
spectra are able to give more information about chromiumy¢ the main axial center and they have a similar angular
centers. In stoichiometric crystals this narrowing and the coryenavior. Some of them never split for any orientation of the
responding resolution are so tremendously high, that Manihagnetic field and have no angular dependence inxghe
noncontrolled trace impurities (€4 F€*,Mn?") are now  plane. These lines belong to centers with point-group
easily observedsee Fig. 9. However, the chromium satellite symmetry. Besides the main center, two such additiahal
lines practically totally vanish in such stoichiometric samplesaxial centers were found. All other lines, i.e., lines ©f
(Figs 6 and 7. This disappearance of satellite EPR linescenters, are split, if the magnetic field deviates from zhe
gives us a very useful tool to clarify the structure of manyaxis, and have a specific angular dependence imyh#ane.
impurity defects and of GF in our particular case. Six electrically nonequivalent low-symmetry centers were
Figures 8 and 9 present the dependence of the EPR spetefinitely identified. The spin-Hamiltonian parameters of all
tra on the chromium concentration in congruent and stoichiothese centers, determined by fitting of the experimental an-
metric samples. The most significant observation is that adgular dependences, are listed in Table Il. Simulated angular
ditional EPR lines appear in congruent crystals[&t] dependences of the main axial and one low-symmetry center
=0.2wt. % in the melt. These lines were previously identi-(Nos. 1 and 2 in Table ]Jlare drawn in Fig. 10 as examples.
fied as originating from the state wi= 2 of low-symmetry The values of the crystal-field parameters for all centers
exchange coupled &r-Cr*" pairs®2° However, such lines depend on the observation temperature. For exampléythe
have not been registered in the samples wigh-50% even parameters of the main axial center changes fref41
at[Cr]~1.0 wt.% in the melt. cm™ ! at room temperature te-0.386 cm * at liquid-helium
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0.0

(rotation of B only in the xy plane, as shown in Fig. 11,
convincingly demonstrate differences between EPR spectra
of nonstoichiometric and stoichiometric crystals. The two
EPR lines without angular dependence, which are observed
in the spectra of stoichiometric crystals, belong to the main
axial CP" center and to the axial center of ¥eions (the
latter have more intensive signal# can be seen in Fig. 11
that the lines of all axial and low-symmetry satellite chro-
mium centers completely disappear in a crystal wih
=50%.

However, in all other LN crystals of congruent and non-
stoichiometric compositions these satellite lines are present.
‘. Taking into account all considered data, we can conclude
SN T that(1) all satellite centers have the same nat{@gthey are
0.0 960.0 5300 ~80.0 o100  1s000  Some associations of €r and intrinsic nonstoichiometric
Field () defects;(3) in the range of concentration 0.002—-0.2 wt. %
R R AR chromium ions prefer only one lattice site.

Theta,
deg

60.0
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OPTICAL ABSORPTION AND LUMINESCENCE

Due to the high sensitivity to the variation of crystal com-
position and to the presence of background impurities even
in the very small concentration of less than fovt. %,
spectra of crystals grown by somewhat different methods
and from various starting materials are very often not iden-
tical. To facilitate the search for the correlation of the optical
absorption and luminescence spectra to the centers identified
by EPR, we studied such spectra with the same sets of LN
crystals, which had been investigated by EPR.

N TR 1% B T In the optical absorption spectf&ig. 12 there are no
0.0 260.0 520.0 780.0 1040.0  1300.0 pronounced changes in the position of the known bahds
Field, (mT) T . L .

Cr¥", if xc increases from congruent to stoichiometric com-
position; this is valid at least for chromium doping up to 0.1
wt. % in the melt. However, some other effects can be clearly
identified for increasingc: (1) a blueshift of the absorp-
tion edge, which reflects the improvement of the crystal lat-
tice by the elimination of nonstoichiometric defects? (2)
some narrowing of the & absorption linegsimilar to that
observed in Ref. 21 (3) a considerable reduction of chro-
mium absorption: although the chromium concentration in
the melt for congruent crystals was five times lower, the
observed absorption coefficient at 660 nm for such a congru-
ent sample is 14 times larger than for the stoichiometric one.
The latter feature can be explained by a decrease of the co-
efficient of the CF* incorporation into the crystals, if the Li
LI contentxc rises and the specimen becomes more stoichio-
500 (;8;;0 1040.0  1300.0 metric. This is in good agreement with our EPR data. Since

' absorption bands of the dominatirftp,<—“T,,*T, transi-

FIG. 10. Angular dependence of EPR lines for the LN:Cr crystaltions are rather broad, it is difficult to separate the contribu-
with xc=49.5%. Symbol size is proportional to the intensity of tions of different centers from each other. The weak, but
observed EPR line. Calculated curves correspond to the main axiglotably more narrow, zero-phon@tlines, which correspond
(thick) and one of the low-symmetry centdféo. 1 and No. 2inthe  to *A,«2E transitions, could be more informative for our
Table ). a,b,care thezx, xy, andzy planes,T=4.2K. purpose. Since they are also not very intensive in the absorp-

tion spectra taken at room temperature, these lines were re-
temperature. This fact, the rather low resolution in congruenainalyzed in luminescence spectra measuret=at0 K.
crystals and the treatment of the spectra by perturbation A single CP* center usually gives only one doublet Rf
theory are the main reasons why other authdfd*have lines. More than two lines were previously registered for
quoted somewhat different values. These circumstancesongruent crystals. They were related to different ceriters.
should thus be taken into account if a comparison is madén the fragments of luminescence spectra measured with our
with data in other publications. series of LN crystals with different: (Fig. 13, Ref. 59it is

Fragments of the full experimental angular dependencepossible to distinguish even more lines. They can especially
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TABLE Il. Characteristics of G centers in LINbQ at 4.2 K (parameters of crystal field are given in
cm™1). The arrangement of the centers approximately corresponds to the relative intensities of their EPR lines
in LN crystals withxc=49.85%.

Suggested

model,

shell

Zero-field number

Center splitting  (equivalent
No. Symmetry g b5 +b3 c3 b3 +c3 2/A| siteg
1 C;, axial 1.972 -0.3865 0.773 Gr, main
center,(1)

2 C, 1.97 -0.4010 0.094 -0.124 0.080 0.069 0.814 GHv Nps
6 (3)

3 C, 1.97 -0.3845 0.052 0.100 —0.064  0.050 0.777 G U Ny
9 (6)

4 C; 1.97 —-0.3475 0.088 0.075 0.036  0.062 0.703 | @wpp,
73

5 C, 1.97 -0.4235 0.076 -0.159 0.0635 0.020 0.856 [ NS
5 (6)

6 C;, axial 1.97 -0.3710 0.742 G+ UNbs
lor4(1

7 C;, axial 1.97 —0.4220 0.844 GF+Unps
40r1(1)

8 C, 1.97 -0.4300 0.010 0.070 0.047 0.105 0.871 @y,
2(3)

9 C, 1.97 -0.4070 0.135 -0.137 -0.120 0.050 0.835 G U by
3(3

obviously be seen in the spectrum of a LN crystal with  codoped with 6 mol. % of Mg. ENDOR investigations of this
=49.85%), where luminescence lines are already noticeablgentet?®? showed that the observed hyperfine interactions
more narrow and better resolved than in congruent samplegiith several shells of surrounding Li nuclei can be explained
However, whole groups of lines in the surrounding of by assuming that chromium occupies the Nb site. This was
L11L2_1 which are present in the congruent F:rystals, are absupported by the small value bg($001 Cm_l) and quad-
sent in the spectrum of LN withc=50%. This means that rypole interactior(0.1 MHz), more likely to occur for the Nb
those lines do not belong to the main axial chromium centefynan for the Li site, and by comparison with the correspond-
and they thus should be assigned to the satellite centers. ing parametefé of the chromium center in LN not
codoped with Mg. However, in making a comparison of both
types of Cr centers one has to considay:LN without Mg
and LN heavily doped with Mg are very different crystals
Attempts to determine impurity positions by indirect with respect to both the intrinsic and extrinsic defect sub-
methods often gave contradicting information. Many of thesystems;(b) the disappearance of chromium centers with
direct methods are not applicable to the solution of this taskbd|~0.4 cnm* in LN:Mg could be explained, for instance,
in the LN:Cr system: Mesbauer spectroscdfydemands the py the change of the charge compensator in the nearest
presence of special nuclei; channeling investigati®sth-  neighborhood instead of another chromium position. There-
erford backscattering spectrométyare more successful in fore, it would be rather risky, to ascribe the main axial center
the case of heavy, many-electron ions. to the Li site, solely on the basis of ENDOR data for the
In pioneer articles3 it was assumed that chromium oc- center withb%~0 in LN:Mg,%%" without detailed investiga-

cupies the Nb site. Later, however, on the basis of EPRjon of hyperfine interactions of this main center with its
data;” it was concluded that the main axial chromium centersyrroundings.
with bg% —0.39cm ! has to be attributed to Cr on a Li site. Results obtained by an extended X_ray_absorption fine-
In the measuremeritsof electron nuclear double resonance strycture analysis were in favor of Li substitutifthowever
(ENDOR) of this Cr center in LN crystals, grown from con- these measurements were made for LN crystals with a high
gruent and stoichiometric melts, parameters of hyperfingjopant level of about 5 mol. %, for which clustering and
(49.3 MH2 and quadrupolé—0.37 MH2) interactions for occupation of both Li and Nb position becomes very prob-
*%Cr were determined. The rather strong value of the obable. The best fit of the data of particle induced x-ray emis-
served quadrupole interaction was in agreement with thegjon combined with channeliA was obtained assuming
Crﬁl+ assignment. 60% of the Cr occupying regular Li sites and 40% occupying
Another chromium center witth5~0 appears in LN regular Nb sites. However, this method is not sensitive to the

DETERMINATION OF CHROMIUM POSITION
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FIG. 13. Fragments of luminescence spectra in congruent,
nearly stoichiometrics and stoichiometric LN:@fter Ref. 59. Ex-
citation wavelength 514.5 nm.

center in LN We found that in our case the hyperfine in-
teractions with Nb nuclei are much stronger than with the Li
nuclei. This means that &r has a Nb nuclei in its first
coordination shell and thus replaces LiThis conclusion is
supported by further observatiofis.

PROPOSED MODELS OF CHROMIUM CENTERS AND
INTERPRETATION OF THE RESULTS

Due to the similar behavior of all satellite centers under
variation of the Cr content and of: one common idea
should be used for the explanation of the presence of differ-
ent axial and low-symmetry chromium centers.

On the basis of all available to us data, we found the

FIG. 11. Fragments of angular dependences of EPR lines in thgyjowing explanation of all results, which is free of contra-

Xy plane in nonstoichiometri¢a) and stoichiometric(b) LN:Cr
crystals.w=9.4 GHz, T=4.2 K. Solid lines: calculated angular de-
pendences of two low-symmetry centéNos. 3 and 4 in the Table

).

charge state of the impurity and does not distingishand

C, centers.

In order to have a direct evidence for the*Ciposition,

dictions. The main axial center is €rlocated at a site with

C5; symmetry without any other defect in its nearest neigh-
borhood(distant charge compensatjoill satellite axial or
low-symmetry centers have some intrinsic defects in their
surroundingglocal charge compensatiprFor a small Ct*
content a lowering of the concentration of nonstoichiometric
defects leads to a narrowing of the EPR lines, to more sym-
metrical line shapes and to a decrease of the line intensity of

we carried out a full ENDOR investigation for the main axial the forbidden transitions. Due to the lack of local and distant
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charge compensators in stoichiometric crystals all satellite
centers disappear and the concentration of the main centers
decreases.

The larger the distance of the compensating defect from
Cr" the less the crystal-field parameters of this center devi-
ate from those of the main axial center, the less is the split-
ting between its lines and main center lines, and the more
difficult it is to resolve the structure of the overlapping lines.
For a random distribution of distant intrinsic defects most of
them are located away from tl@; axis. This leads to ran-
dom variations of the crystal-field parametéfswith g+ 0
and to the specific asymmetry of the EPR linesBét in
nonstoichiometric crystals. The close similarity of the simu-
lated line shapes and the observable EPR (fig. 14) sup-
ports our hypothesis about the origin of the line asymmetry.

Let us discuss the nature of the defects, which produce the

FIG. 12. Optical absorption spectra in congruent and stoichiofamily of axial and low-symmetry centers. The unintended
metric LN:Cr.

trace impurities can be excluded from the consideration, be-
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Taiabn=0 (r=3.76 A, four centers and=5.15A, 12 centensshould

’ also be well resolved and should havA Zalues much
smaller than 0.742 cit or much larger than 0.844 crh
¢-A(®,») =0.04 cor! However, the smallest and the largest splitting of energy lev-
d- A(b,2)=0.08 cm! els for the observe@, centerg0.7 and 0.86 cm’, see Table
II) are approximately equal to those of the axial centers. This
is thus in contradiction to the assumption thaffCis com-
pensated by ;. The number of detected centers is also less
than predicted for this model, but it is possible to imagine
that not all of them are resolved. This argument cannot be
easily discarded, because the narrowest lines even for the
N L sample with x;=49.85% have widths of about 5mT
330 340 350 ~0.005cn7l.

Magnetic field (mT) Models with niobium vacancies give a more logical and

FIG. 14. Simulated dependence of line shape on random Olistrireliable explanation of the existence of the centers with the
vl obtain rameters. All satellit nters arg; Center
bution of crystal-field parameteb% at Bllz. A is the width of the Obtained parameters satellite centers arg; Centers

random distribution function(a)—(d) are the calculations for the erlth Unb IN the first-ninth mObILfthhe”Q:IQ' .2)' Th.e r:nam
1/2——1/2 EPR transition of the center witly=1.97, b2= chromium center most probably .as ngk? n |t§ n.EIg bor-
—0.387, and forv=9.4 GHz. (e) is the experimental line includ- hood, how‘?"er’ the presenCQLbe in the first mo.blum shell .
ing overlapping lines of all axial and low-symmetry chromium cen- on thez axis should b,e considered as a pOSSIt_)Ie alternative
ters; xo=48.5%, 0.02 wt. % CrT=4.2K. (unfortunately, vacancies cannot be detected directly by EPR
or ENDOR). The proposed correspondence of the center pa-
rameters and their models are indicated in Table II.
cause their content usually does not exceed Xr0l. %, The observation of only low-symmetfput not axia) ex-
whereas the generally used chromium concentrations in owhange coupled chromium pairs in nonstoichiometric crys-
samples were much higher. The selection of possible intrintals at a comparatively low Cr concentration and their disap-
sic defects can also be limited to point defects, such as vgearance in stoichiometric samples becomes also
cancies of Li, Nb, O, interstitial ions and antisite defectsunderstandable in the frame of the chosen idea: these pairs
Nby;, Liny. Agglomerations of two or more intrinsic defects areC, complexes formed from ongy, and two Cy;, which
around a chromium ion can be taken into account additionare situated in the nearest Li sites. Four lithium vacancies
ally; these, however are less probable, if the defects are uninstead of onevy, would be necessary to “glue” such a
formly or randomly distributed. Cqmplexes of Crand an Crﬁit-(;rﬁit pair. Self-compensated E‘,&-Crzgﬂ pairs should
oxygen vacancy or other defects in the oxygen sublattice age independent of the crystal stoichiometry or should react
well as the occupation of the tetrahedral vacancy by chrojst oppositely to its changes, i.e., due to self-compensation
mium have to be rejected, because they h@yesymmetry  the concentration of such pairs should not decrease with ris-
only, but axial satellite centers were also identified in ourjng x.. .
experiments. Oxygen interstitial ions could lead@g and Considering the data available at present, we cannot ex-
C; centers; such a hypothesis, however, cannot directly exclude the possibility of combined local and intermediate
plain the disappearing of EPR linest increases. More-  compensation of Mg by several kinds of vacancies. For
over, the lines of all Cr centers are not very sensitive t0xample, by oney, and one oxygen vacancy or by; in
strong reduction-oxidation annealing treatments. This woulghe first Lj shell and by y, in one of Nb shells, wherey, is
take place if centers were present involving interstitial 0Xy-ghared by several impurity ions. The presence of both cation
gen or oxygen vacancies. _ _ vacancies in nonstoichiometric LN was used for the interpre-
Furthermore the probability that LN crystals with a Li {ation of recent results of x-ray analy&igsplit model of
deficit have a high concentration of Li interstitial ions ogbi  intrinsic defects and high resolution electron microscSpy
is rather small. Therefore, only antisite Nibor Cry, substi-  (Nb,0, molecules incorporated into LiNb@®r a complex of
tution and lithium or niobium vacancies for the case of;Cr 2Nby;+2Nb, +3v;+ 3vy, replacing a regular sequence of
have to be considered seriously. Our determination f Cr |attice iong. The advantage of the scheme suggested above,
substitution with the help of ENDORRef. 63 allows us to 3+ compensation by, is that it is sufficient to explain
discard the possibility of charge compensation byNbr  5)"exnerimental facts on the basis of minimal number of

the main chromium center in LNsuch a possibility never-  ,qqumed defects. It especially avoids the inconsistencies con-
theless remains for other dopants and ceiters nected with they,; model. It is open, however, whether re-
On the basis of Gf\—2vy;+ models it is difficult to ex- ally a more complicated compensation mechanism occurs.
plain the number of observed chromium centerCgfand It could be argued that the presence of niobium vacancies
C, types and the values of their spin-Hamiltonian param<s energetically unfavorable. However, we expect that the
eters. If we suppose that three clearly resolved axial centetigtal energy for the creation of complexes consisting of two
with zero-field splitting A equal to 0.742, 0.778main cen-  or more defect$v, and Nh;, vy, and Nb, the complexes
ter) and 0.844 cm! consist of Cfi)l and one or two lithium  mentioned abovecan be less than the energy for the creation
vacancies at distance 6.93 A, the low-symmetry centers a®f isolatedv ;, only, like in the case of Frenkel or Schottky
sociated with the vacancies at much shorter distancedefects in alkali halides. Therefore, the existence gf as

b- A(bzz) =0.02 cmr!

e - experiment
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one of the elements of the nonstoichiometric defect structurgr more different centers were observed for 3Ng%8%°

cannot simply be rejected. Fet MT0ERT 71 yp3* 72 |t is quite clear now that most of
them are complexes of the dopant ion—intrinsic defect or
CONCLUSIONS AND DISCUSSION dopant ion—unintended background impurity.

The reported detailed analysis and classification of pos: The presence of nonstoichiometric defects is one of the
. P . . ysiS and POSteasons why LN tolerates a strong incorporation of dopants
sible complexes of impurity and intrinsic defects allow us to

: . . ) )
understand the main features of the observed spectra. ngmf:t\ilgrl]?pﬂtet]oigsﬁ]n;lglrlihéAss Io_n|gsgos/0t_h)e( '{ngﬁgtﬁj’;ﬂ
c— Cl» -

sides the main r?mal Ct center, eight satc_elhte chromium ber of intrinsic defects is large enough to compensate the
centers are definitely resolved. The determined parameters Q rresponding charge excess, However, for stoichiometric or

their spin Hamiltonians give a reliable starting point fo'r fur- nearly stoichiometric samples with high impurity concentra-

“ffons (when[Me]> é6x¢c) and with the lack of charge com-
pensators a decrease of the distribution coefficient of impu-
rities is observed in comparison with congruent material. A
Surther increase of thEMe]/ dxc ratio up to[ Me]> dxc can

of a family of chromium centergthree axial and six low-
symmetry centejswas explained on the basis of one com-
mon hypothesis about charge compensation by intrinsic d

fects. . . —
. . . result in a change of the charge compensation mechanism;

Summarizing all our results the following conclusions can be, . . . .

made: this can reveal itself in the appearance of new impurity cen-

ters[as in the case of Bé (Ref. 73], i.e., self-compensated

(i) In all LN crystals of congruent and nonstoichiometric impurity-impurity complexes. The increase of the dopant
composition further chromium centers have been obconcentration in the melt can, however, also lead to the in-
served in addition to the main axial center. It wasverse tendency: a lowering &t or even a reconstruction of
found that the crystals with highxc~49.5— the nearest neighborhood of the impurity, because the forma-
49.85 % are the most suitable ones for a detailed intion of intrinsic defects might be an energetically favorable
vestigation of such additional centers. Their spectrs€oOmpensation mechanism, depending on the type of dopant
are much more informative, because of the tremeniOn. This strong interrelation between the subsystems of ex-

dous narrowing of the resonance lines in comparisoﬁ”nSiC and intrinsic defecf8 is one of the most important
with those in congruent crystals. features of LN. Only a combined study of both subsystems
(i)  The widths of the Cr EPR lines and the intensity ra-¢an Iead. to the succegsfull tailoring of t_he pro.pe.rt|e_s of LN
tios of the forbidden and allowed transitions can befor pOSS|bI_e new g.pph'cauons and for its optimization for
used as probes of crystal perfectitas reported for alreqdy eX|st|ng utilization. .
the EPR lines of iron as a background impuf#tf) It I?I_lrlllte(fres'_ung to note thlat Chang?s of sff(_)memcgh%a:jacterls-
X ) : ticso or instance, its electro-optic coefficie e-
(iii) ;—S(?hsg;elgf centgrrfj aa:ree f(i)r:;IT:Jeednfg dpsg/rsthog ii‘;?gtspend in a parallel way on the increase of the chromium con-
i"UNb -

; - ) . centration and ok (at least, for[Cr] less than about 0.1
sponding distortion of the LN lattice around these de-; %). This means that doping LN with Cr leads to a kind of

_ fects. Twou, are charge compensators for five Cr - harial healing of nonstoichiometric defects. This happens

(iv) A family of satellite chromium centers exists due t0 pecause Cr, entering from the melt to the LN lattice, occu-
the different relative locations of the impurity ion and pjes the Li position and decreases the amount of Nb ions in
its charge compensatari, in these cases would then two ways: by elimination of Nf antisites and by the pos-
be located in the first, second, third, and the followingsible creation of,. Both processes effectively result in an
neighboring Nb shells. increase of the Li/Nb ratio. Because of this obviously strong

(v)  The satellite centers have much larger values of elecrelation between extrinsic and intrinsic defects, it would be
trical dipole moments than isolated rbecause of logical to expect a certain threshold or nonmonotonic depen-
the excess charges of bothfltrandv,\,bs+ defects; dence of the properties of LN on the change of the Cr con-
these dipole moments are expected to have a stron@entratior[similar to LN with other trivalent impurities, such
interaction with the static and optical electric fields. as In/”"®Sc (Ref. 79]. _

(vi) With the help of EPR, experimental evidence was A strong broadening of the spectral lines of LN crystals,
found that one of the main nonstoichiometric defectseccurming if crystals are heavily doped with Mor other

in LN is related tov,,. Together with the existence IMpurities suppressing optical damageecreases the reso-
of Nby; (also detected by EPR previou®y®) it lution of the various spectroscopic techniques. However, the
|

§pectral resolution is very important for the study of such
crystals, where the structure and behavior of the impurity
defects are expected to be even more complicated than in
Since the relative concentrations of additional satellite cennonstoichiometric samples without damage resistant impuri-
ters are comparable with the concentration of the main certies, since they depend in this case on three varialses;
ter, both kinds of centers generally are equally responsibl@Me], and[Mg]. These difficulties can lead to doubtful judg-
for many of the properties of nonstoichiometric LN crystals,ments about defect structures. The use of stoichiometric
and they should both be taken into consideration, especiallgrystals withdx-=0 presents many advantages for the in-
in congruent crystals. vestigation of impurity centers; it leads to high resolution
The existence of several electrically nonequivalent centerand sensitivity, facilitates the analysis of the spectra, and
is not a feature specific for only chromium ions in LN. Two simplifies the interpretation of the data.

gives an essential argument for the development o
intrinsic defect models.
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