PHYSICAL REVIEW B VOLUME 62, NUMBER 12 15 SEPTEMBER 2000-II

ARTICLES

EPR, ENDOR, and optical-absorption study of CF* centers substituting
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A triplet of EPR lines with a relatively small zero-field splitting and a ratio of peak-to-peak intensities of
1:50:1 was found in lithium niobate crystals grown from the melt, with the addition of potassium and of 1 wt %
of Cr. Detailed investigations of the angular dependencies of EPR and electron nuclear double-resonance
(ENDOR) spectra, the temperature dependence of EPR spectra, and optical absorption allowed us to attribute
this triplet to a family of C¥* centers withg=1.995+0.005,|b5|~0.0215+0.001 cm, and an optical band
at 530 nm. Since strong hyperfine interactions of chromium electrons with the nearest Li nuclei were found by
ENDOR, it was concluded that Cr in this center substitutes for Nb. Several hydrogen lines were detected in
ENDOR spectra. This sheds light on one of the mechanisms of local charge compensation of the centers. The
second possible mechanism—charge compensation by additional Li ions in structural vacgheiés also
considered. The members of the family ofygcenters differ from each other by the location of one or both
of these compensating defects. An estimation of crystal-field parameters for the observed low-symmetry
exchange pairs in nonstoichiometric crystals shows that they consistﬁﬁi@fﬁ centers “glued” by the
intrinsic defects, but not of self-compensate(irﬁ}ﬂrﬁrbs+ centers.

INTRODUCTION Results of the first studies of samples with a high Li con-
tent (with a ratio Xy close to 50% often conventionally
For many years lithium niobatd_N) has been of great called stoichiometric, pushed many laboratories in the world
interest for both fundamental science and applications, be® Produce such crystals by different growth technicffes’
cause of the unusual richness of its physical propetfies. @nd to investigate their properties. Many interesting features
Conventional LN crystals, grown from a congruent melt with vn\gzr;(;ric;tl)sserve ., Initiating the booming interest in these
a lithium deficiency (Xpei= Xcrysta™=48.4%, where X X

T . ' Lo Detailed investigations of €f centers in LN over a wide
=[LiJ/(Li]+[Nb])), contain some percentage of intrinsic \ange of crystal compositions, doped with various chromium

(nonstoichiometrigdefects. Due to the high concentration of concentrationd? have shown that in addition to the main
these defects, the congruent crystals are very tolerant to diyjal chromium centefwith b= —0.387 cn?, i.e., with a
valent (Mé") or trivalent (M&") impurities, substituting zero-field splittingA =0.764 cm%, center No. 1, there are
for Li™ or Nb®*, because the necessary charge compensatogeveral axial and low-symmetry centers  withA
(local or distant can easily be found among the nonstoichio-~0.7—0.87 cm?. Since all these satellite centers disappear
metric defects. in stoichiometric crystals, they were interpreted as com-
A decrease of the concentration of intrinsic defects causefllexes, consisting of Cr and nonstoichiometric defects in the
by using melts with exce&4 Li, or by a post-growth vapor Nearest or next-nearest cation shells of the impurity sur-
transport equilibrationVTE) treatmenf leads to essential "ounding(center Nos. 2-9
changes of the conditions for impurity incorporation to the . Here we report the r.esults C.)f our study of a3tcenter
LN, and as a consequence to changes of crystal properti yith a very low zero-fleld. spI|tt|ng(N.o-. 10, which was
' conseq 9 y ProPEt§Sund in crystals grown with an addition of 1 wt% chro-
and characteristictsee, for examples Refs. 6 and Even

S mium to the LNk, melt. Radiospectroscopic methods—
stronger changes were observedfor crystals grown under  gjectron paramagnetic resonar&#®R and electron nuclear

special conditions, from melts to which potassium was addeg@ouble resonanc€ENDOR)—have been applied as our main
(later on labeled LI;). It was found that they have even techniques, since they are very sensitive and informative
lower intrinsic defect concentrations and that potassium doegols for the study of defect structure and hyperfine interac-
not enter the crystal. Besides the mair?Feenter(where  tions. For complementary characterizations, data of optical
the parameter of the axial crystal fieuij is equal to 0.1768 spectroscopy were also employed.

cm 1Y) two new iron axial centeréwith much lower param-

etersh3=0.0495 and 0.0688 cit) have been discovertd |- CRYSTALS, EQUIPMENT, COMPUTER PROGRAMS
in LN, . The difference in their characteristics reflects the Special series of the samples, grown by the Czochralski
different surroundings and structure of these centers. method from melts with different chromium concentrations
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FIG. 1. A cross section of the L, crystal boule grown with an
addition of 1 wt % of Cr to the melt. The view is along tb@xis of
the crystal.

(0.002-1.0 wt % and differentX ¢ ; ratios (43—60 % were
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spectra were measured using a Bruins Instruments Omega
10/20 spectrometer.

The treatment of the EPR and ENDOR specfilgering,
peak picking, simulations, spectra subtraction,)etod their
angular dependencies could only be exploited using ad-
vanced numerical methods. For this purpose the “visual
EPR” and, “visual ENDOR” program packag#s were
used. The determination of the relevant spin Hamiltonian
parameters of paramagnetic centers was made by a fitting
procedure, based on an exact diagonalization of the corre-
sponding matrices.

Il. VISUAL OBSERVATION, OPTICAL ABSORPTION

Chromium-doped congruent LN crystals usually have a
homogeneous coloration from light green to dark gréde:
pending on the Cr concentratiph.N x crystals have a simi-
lar coloration if the Cr concentration in the melt is less than
0.25 wt%. However, in a LRk, crystal grown with an addi-
tional 1 wt% of Cr in the melt, a very picturesque inhomo-
geneous coloration of the boule was obseryed. 1). The
visible three-ray brown star reflects the crystal symmetry.

To investigate a reason for this unusual coloration, two
samples from the brown and green parts were cut(laut

used. One further set of crystals with different chromiumbeled LNg,-brown and LNk,-green below X-ray single-
contents was grown from a congruent melt with the additioncrystal analysis of both parts showed no visible deviation
of potassium under special conditions, leading to Li-richfrom the lattice structure of conventional LNR3c space

samples. The actual composition of crystls was deter-

group symmetry. The spectra of the optical absorption of

mined by the analysis of the EPR and NMR linewidths andcongruent and Lk, samples are presented in Fig. 2. An
the intensity ratios of the forbidden and allowed resonanc®bserved strong blueshift of the fundamental absorption edge

transitions™?* LNy, crystals may possess ayst Of

for LN, doped with 0.01 and 0.1 wt% of Cr reflects a

about 50.0%. Moreover, these samples are close to the regdecrease of the intrinsic defect content in kNcrystals at a
larly ordered crystalROC; see the definition and the analy- low level of chromium dopants.

sis of crystal composition in Ref. 22Several chromium-

Optical absorption in both L{j)y samples grown from the

doped samples from different sources were also studied fanelt, with 1 wt % of Cr is comparable to the absorption of a

comparison.

congruent crystal grown with an addition to the melt of 0.02

The EPR and ENDOR measurements were carried out imt % of Cr only. This means that the coefficient of Cr incor-
the temperature range 4.2—-300 K by means of a Bruker ESRoration for LN, crystals is much less than that for congru-
200 D-SRO with ESP 360 DICE ENDOR system, operatingent crystals.
in the X band. The study of EPR at 77—950 K was made with Three broad bands centered at approximately 340, 490,
a RE-1307 spectrometer at tiig band. Optical-absorption and 660 nm definitely increase with the rise of Cr concentra-
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FIG. 2. Optical-absorption spectra of Cr-
doped crystals at room temperature. The light
propagation is along thg axis, and the light po-
larization isEllz.
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FIG. 3. The EPR spectra of &rin LN, (@—(c) and congruent

LN (d) for different orientations of the external magnetic fi@d FlG'. 4. The EPR spectra of Lihy for different chromium con-
T=5K, »=9.4 GHz. centrationsT=5 K, »=9.4 GHz, andBIx.

tion. The observed colors of the samples reflect the rediStriHowever
bution of the optical absorption. To check on the appearance '
of a band near 500—-550 nm in the Ltbrown sample we T
supposed that the band at 660 nm can serve as the referenﬁép
band for a characterization of the ¥ concentration: all ©
these centers have similar crystal-field parameters, and

other centers have been found in congruent angc} brys- twenty times smaller was registerggiigs. 3a)—3(c)]. The

tals doped with a low Cr concentration. b d ratio of i i " fth 4 old

If the absorption coefficients at 660 nag,(660), are pro- 0 ser\;e ratio Of integra mte_nsmesf of the newda}n old ones
portional to the center concentrations, we can eliminate con\(;:/:; atbgutr%“;—% Zcﬁ]”f&”_tg?gggsar?d fggtzs&osmlrjgrgﬁzters
tributions of C¢ to the absorption coefficient of L [Figs. 4a) and 45)]. To )make a correct .interpre)tation and
gg;tt?!; b);fsuggﬁgtrfgn?f g:;sglgeslp:%“gw%g rG‘;ﬁ:JSCE"dfoabfdentification of these lines we have to carry out a detailed

r . . .
. . study of their characteristics, since often even non-controlled
LN )-green and LIN,-brown we obtained curvefsandg in y

Fig. 2. They obviously have the same band, with a maximu impurities (Fe, Cu, Co, etg¢.can be also seen due to tremen-
L ’ ous narrowing of EPR lines in Li rich LN crystei&?*
at 530 nm, and probably additional bands at 320—360 nm. 1S narowing nes in L i ys

Th : £ th ble for the ab The lines belong to approximately axial defects, since
e concentration of the centres responsible for the absorpyq;, gravity centers have no angular dependence at the rota-

tion at 530 nm in the Lbk)-brown sample is several imes o, of magnetic field in thexy crystallographic planéFig.
higher than in the LIk,-green sample. The band at 530 nm 5). At an arbitrary orientation of the magnetic field, this

. i .
can be attributed tda) other CF* centers or Cr ions of group consists of three clearly distinguishable liréise
different charge statesh) some other defects created during gi,ctyrg, At some orientation of the magnetic field an ad-

the growth process; an) a noncontrolled impurity, which  iional hadly resolved structure was also observed. Since
may enter the crystal together with Cr. To determine defiyha number of allowed EPR transitions is equal 18, 2t

nitely the origin of the new optical band and the structure ofy, ;4 pe natural to associate the visible fine triplet with the

centers responsible for it, we carried out EPR and ENDOR g yar \iths=2. However, since the observed central line
studies of all Cr-doped samples. was always much narrower than the two others, a hypothesis
Il EPR STUDY about the existenc.e of aQQitionaI very broad lines with rather
low peak-to-peak intensitieS= 3 or evenS=%) should be
An investigation of Ct" centers with electron spig= 2 also considered.
in LN has a long historysee Ref. 20, and references in it To describe the observed spectra the following spin

the only centers with zero-field splitting
0.8cm ! were observed in conventional LN:Cr crystals.
ical EPR spectra of the centers are given in Figl).3

se centers are usually present in all our crystals doped
with Cr. In a crystal grown with 1 wt% of Cr added to the
" (k) Melt, a group of three EPR lines with a splitting
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LN)-green and is extremely low in Li}-brown, and that
the inhomogeneity of crystal composition correlates with
Crj, contents.

Another parameter, useful for the characterization of the
degree of crystal imperfection, is the width of EPR lines
(Table ). In such a ROC, like LR, with 0.01 wt% Cr, the
main mechanism of line broadening is unresolved hyperfine
structure. Therefore, the linewidths here are comparatively
small, nearly equal for all transitions, and have a very weak
dependence on the magnetic-field orientation. Intrinsic and
extrinsic defects cause random distributions of the compo-
nents of the crystal fields. If the line positions depend lin-
early on crystal-field parametefike =3/2— *=1/2 transi-

0 tions), this leads to an essential line broadening. If the crystal
Magnetic field (mT) field produces only a second-order shift of the resonance line
(the central; — — 3 transition, a moderate broadening and
asymmetry of this line take place. A high concentration of
intrinsic defects in Li-deficient congruent LN induces an in-
crease of up to twice the linewidth for the central transition
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FIG. 5. Angular dependendeoad map of the EPR spectra of
LN with 1 wt.% of Cr. The error bars and the symbol sizes
reflect the widths of the EPR lines, and the symbol sizes their in

tensities.
of Ci*, and one of up to ten times far 3/2— + 1/2 transi-
Hamiltonian with the axial symmetry was used: tions. The EPR lines &1 z are usually 1.6—2 times broader
than atBllz. This means that a random distribution of low-
Hepr= BBgS+bJ0,. (1)  symmetry componentsh,c;,b3,c5) makes the dominant

. . ~contribution to the line width.

Here 8 is t.he thr magnetorB is the vector of the static The linewidths of C}* centers in both Li-green and
magnetic fleld,g is the gotgnsor,s is the total electrc_)n spin LN ,-brown are much smaller then those in congruent LN;
of paramagnetic centel, is the parameter of the axial crys- however, they are a little larger than in a ROC. This is in an
tal field, and (§=Ogl3 is irreducible tensor operator of elec- agreement with the above conclusion made about the low
tron spin, which is defined in Ref. 25. concentration of intrinsic defects in LN . The linewidths

The best fitting of the angular dependencies of the gravitpf Crig, and their dependence on the orientation of the mag-
centers for all lines was obtained =2 and g=1.995 netic field, are quite different from these for3Crin a con-
+0.005, and/b9|=0.0215+0.001 cm * (zero-field splitting  gruent crystal. The central EPR line ofris narrower(2
0.043 cm®; Fig. 5). It is also possible to fit the sidelines mT only); it has no visible asymmetry, and a very weak
with S=32 or Z; however, in these cases the calculated posiangular dependence of the linewidth. The lines+o3/2—
tions of the central line are out of the error bars. We label thet 1/2 transitions aB.L z are 1.5—1.6 times narrower than that
center as Cp with S=2, and the evidence of the assign- atBliz, and 10-5 times broader than the central line.
ment will be provided step by step. To estimate a possible contribution of spin-lattice relax-

One of the features of nonstoichiometric LN:Cr crystals isation to line broadening, the dependence of the EPR spectra
the presence of satellite centers consisting of paramagnetan the microwave power was measured. All of the lines of
impurity and intrinsic defect8 [their lines are indicated in both Cﬁ* and Cﬁg centers have partly different but similar
Fig. 3(d)]. In LN,-green these satellite lines around lines ofdependencies; however, the corresponding relaxation rates
the old CP* center are of very low intensities; however, they are too slow to give an essential addition to the linewidth for
are still visible[Fig. 4b)]; in LN ,-brown they are practi- any transition. The bell-like dependencies of line intensities
cally absenfFig. 4(a)]. Therefore, we can conclude that the on microwave power help us to find optimal conditions for
concentration of nonstoichiometric defects is rather low iInENDOR investigations. Since the central transition is less

TABLE |. Peak-to-peak linewidths of different transitions for chromium centers in(inNmT).

Bllz BlIx
Center Crystal 1/2——1/2 +3/2*1/2 1/2——1/2 +3/2*1/2

cr’ Congruent 6 32-36 10.5 50-60
LN)-green 35 15 5-5.5 15-17
LN k)-brown 33 12-14 5 14-17
LN, (ROO) 3.0 4-6 4.3 4-6
0.01 wt% Cr

cr; LN)-green 2.0 18-20 2.7 14-16

LN )-brown 2.0 18-20 2.6 14
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0.025 ' ' ' ' 1-048 pearance of an axial crystal field for rshould be due to
some other reason, for instance, to the ion movements in the
nearest surrounding of the Cr impurity.

(cm -1

0.020 | 2046

IV. ENDOR

b0

1 044 The goal of our ENDOR study was to find the answers to
1 several typical key questions: Are the EPR lines related to Cr
ions or to some noncontrolled impurities like, for example,
iron? What nuclei are present in the nearest surroundings of
the centers? What kind of impurity ions or intrinsic defects
serve as a charge compensator of the centers? What is similar
and what is different in comparison with previously reported
data about chromium centers?

Since aBllz the EPR lines of G and CF; centers over-
. lap, the main measurements were carried oilat to avoid
260 4(')0 6(')0 800 10({8'38 ambiguity with the spectrum interpretation. The best ratio of
the ENDOR signal to noise was found at temperatures of
4.2-5 K for the central EPR transition.

FIG. 6. Temperature dependence of the axial crystal-field pa- ENDOR frequencies are described by the addition of the
rameterbd for CE* and CEg. spin Hamiltonian for theth nucleus to théH gpg:
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affected by crystal-field variations, the unresolved hyperfine Hi= ~gnBBl+ SATHTQT @
interactions have to be responsible for this line broadeningHere 3,, is the nuclear magnetonq,, is the nucleag factor,

To find the origin of the line broadening and a reason forand A and Q are tensors of the hyperfine and quadrupole
the visible deviation of the observed ratio of peak-to-peakinteractions(relations between the Cartesidqg,,Qpq and
intensities from the expected f@= 3 ratio 3:4:3, a simula- irreducibleAJ,QJ components of second rank tensors were
tion of EPR spectra with a random distribution of crystal given in Ref. 23. Roughly the ENDOR line positions can be
fields was made for the magnetic-field orientati@fx, estimated as
where the lines of Gi and CE} centers do not overlap. A _ o
good agreement of experimental and simulated spectra was vu(i)=ri+MA'+Q'm'". )

obtained, supposing that a random distribution of the axia\y and m' are projections of electron and nuclear spins on
crystal field gives the dominant contribution, and that thecorresponding guantization axis, angdis the Larmour fre-
width of this distributionAb$ is about 0.006 cm'. At the quency of theth nucleus. Explicit expressions f&¢ andQ’
same time the values @b are comparatively too small to can be found, for instance, in Refs. 28—30. More precisely
produce a second-order shift of the central transition line anghe ENDOR frequencies can be obtained by numerical di-
to cause its broadening or asymmetry. The larger linewidttagonalization of

of the £3/2— *1/2 transitions aBllz than atB1l z also be-

comes understandable, if we take into account their different H=Hgpgt 2iH;. (4)

dependences oby. The positions of these lines de(r)|ved ON We mainly used the following approach. At the first step, by
the basis of Eq(1) are given by expressiom8B+2b; and  nymerical diagonalization, the energy levélg and wave
gBB* b atBlzandBLz, respectively. Since we found that functions(M| of Hgpg were found, and matrix elements of
LN )-brown has an extremely low concentration of intrinsic electron spinfM|SM ") were calculated for alM andM’.
defects, some extrinsic defects have to be the source of thenen, for each electron-spin statg the matrices of effec-

random distortions of the crystal fields. tive nuclear spin-Hamiltoniand™ were built:
The temperature dependence of the axial crystal-field pa-
rameters for Cf and CE} centers has an opposite behavior. HM=(M[H;|M)+ 3 ~m(M|H{M")

An absolute value ob$ increases from 0.386 cm at 4.2 K , _
to 0.41 cmt at room ttzamperature, and is even greater at high X(M[HiM)(Ey—Eyo) ®)
temperaturé? whereas the line splitting for the new center Finally, again the numerical diagonalizationtsf' was used
goes to zero when temperatufeises, and practically disap- to calculate the nuclear sublevel energies, ENDOR frequen-
pears above room temperatufég. 6). In ferroelectric crys-  cjes, and relative probabilities of nuclear transitions.

tals the temperature dependence of spin Hamiltonian param- The tensor of the interaction of a surrounding nucleus
eters can often be caused by a lattice transformation due 1gijth the paramagnetic defect in ti& position hasC; sym-

the phase transition. LN has such a transition from a ferrometry, if both are located on the crystabxis, andC, sym-
electric R3c phase to a paraelectriR3c phase atT  metry in all other caseflocal symmetry of the nuclelsin
~1540 K. The observed smooth dependehg(él') for Clﬁ+ the R3c lattice each nucleus of the surroundig center
can be caused by this transitibhHowever, in the tempera- (except for the nucleus on the center axias two additional
ture range between 4.2 and 400 K there are practically nmagnetically nonequivalent partners, which can be trans-
changes of the positions of lattice ions; therefore, a disapformed into one another by a rotation around thaxis by
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120° and 240°. These three nuclei are characterized bythe [+ [ * + + ~ I+ 1~ 17
same set of hyperfine and quadrupole paramedteshell of P3Nb
electrically equivalent nuclgi If L and R partneré® are not
distinguishable by EPRthe case of axial Gt centers$, the TLi
ENDOR spectrum has a contribution of both centers. All /
parameters of the nuclear spin Hamiltonians forand R

centers have the same absolute values, Byj(L)= B=712 mT
_Axy(R)v A(L)=—=AR), Qxy(L):_Qxy(R)v QL) Cr 3+
=—Q,(R) for tensors in Cartesian notations. In this situa- !
tion each nuclear shell consists of six nuclei in the general T

case(this can reveal itself in an additional splitting of EN-
DOR lines with specific “mirror” angular dependencjes
Therefore, at the arbitrary orientations of the magnetic field Li
each low-symmetry shell of nuclei can produc&x @S
+1)X2l ENDOR lines.

If distances between paramagnetic defect and surrounding Cr103+

nuclei of the same type coincide, the parameters of the cor- \ 11 ,/l\‘

<

responding interactions can be nearly equal, which leads to
nonresolved ENDOR lines. Any distortion preserving the
center symmetry, for example, the shift of impurity ion along T
the z axis, can transform a part of these accidentally degen- W \ / v
erated nuclear shells into independent shells with different H
parameters. The systematic presence of a foreign ion or regu- 7Li T 53Cr, replica

lar ion vacancy on the z axis does not change @gesym-

metry of the axial center; however, it removes the accidental Li

degeneration of nuclear shells. The same defect in one of —————————1 1wl 1l
low-symmetry shells of the nearest surrounding paramag- -5 0 5 10 15 20
netic impurity leads taa) the electrical nonequivalence of V=V (MHz)

the two other ions of this shellb) the nonequivalence of all Nb

three ions of the neighbqr She”S’. afw a lowering of local FIG. 7. The ENDOR spectra of &r (high-field EPR transition
symmetry toC, for nuclei atCs sites. Consequently, a du- 5, CP} (central EPR transitionat B|x, T=5 K. To facilitate a

plication [case(a)] and a triplication[cases(b) and (c)] of comparison of the spectra, they were shifted to Yf¢b Larmour
corresponding branches should be observed. For instancgequencies.

the presence of an additional interstitial ion in the vicinity of
Me; s triples the lines of all Li and Nb shells. Naturally, the

values of possible distortioiand correspondingly, the split- occupied with the chromium ion of the l%:r center. This

ting of the ENDOR frequencigshecome smaller with the correlates with the small value of the axial crystal-field pa-

increase of distances between the interstitial ion and investi tor 1 CT X
gated nuclei. rameter for CJ; centers.

The glide mirror plane is an element of crystal symmetry, 1h€ HFI with its own nucleus for Gh has weak anisotro-
which transforms ai. center to arR center. However, each PI€S.Ax=A,y=51.1 MHz andA,,=50.7 MHz. Some repli-
of theseC,, centers has no mirror plane symmetry. ThereforeCas of the mairP°Cr signals were also registered at the fre-
for some shells their six nuclei are generally nonequivalentduenciesuy(Cr)/2, vy (Cr)/3, vy (Cr)/4 andwy (Cr)/5 (Fig.
although they are located at the same distance from the imf)-
purity ion (for instance, six Nb nuclei in they plane around

Cr3} is located is essentially smaller than on the Li site,

the May, centej. The knowledge of these features helps to B. ENDOR of surrounding nuclei
decipher the ENDOR spectra, and to determine the center o
structures. ENDOR spectra of Gf and CE; (Fig. 7) are completely

different. In the spectra of @T, multiplets of nine lines of
%Nb are clearly distinguishable. These Nb nuclei have the
strongest HFI, since they are located in the nearest cation
Typical triplet lines with an isotropic hyperfine interaction surroundings of the chromium ion substituted'LiNo such
(HFI) about 50 MHz are the strongest lines in ENDOR spec-multiplets were found for Gf, despite variations of mea-
tra of both new and old centers. They definitely belong tosurement conditiongmicrowave and radio-frequency pow-
53%Cr nuclei (nuclear spinl=2, natural abundanceN, ers, change of magnetic field within the EPR line, tempera-
=9.5%). The known noncontrolled impuritig€€, Cu, Fe, V, ture, etc).
etc) can be excluded, because they have nuclei with dther The measured angular dependencies of the ENDOR spec-
or with very small abundance. The determined parameters dfa of Cr; for the central;«+»—3 EPR transition are pre-
quadrupole interaction with their own nuclei are equal tosented in Figs. 8 and 9. All of the observed lines have the
0.14 for Cﬁg and —0.32 MHz for Cﬁ*. This means that a angular repetitions, which reflect tiR8c symmetry of LN;
gradient of electric fields at the point where the nucleus ohowever, they do not have any resolved quadrupole splitting.

A. ENDOR of chromium nucleus
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of TABLE I1l. Parameters of hyperfine interactiorgmn MHz),
E which describe the measured angular dependencies of ENDOR
5_ lines for Cﬁa' in LN, at the rotation of the magnetic field in thg
- plane.
40F N ”
E ucleus Positior{shel) No. Ay Ayy Ay
g F Li 1 ? ? ?
s F Li 2a -121 123 0
805 Li 2b -9.95  9.05 0
F “Li 2¢c —8.25 5.3 0
~ Li 3a -2.65  5.05 0
3 Li 3b -1.9 4.0 0
120 E L Li 3c -0.9 2.4 0
. y VAR TR 1 — +
o s 0 s s . 08 21 +39
Frequency (MHz) : ' -
H h3 5.7 -33 =02
FIG. 8. Measured angular dependencies of the ENDOR spectra
of Crfg (symbolg and calculated dependenci@es) for one of
the "Li nuclei (No. 2b in Table 1) in the xy plane.T=5 K andB The lines of the second group have rather high frequen-
=341 mT. cies about 10—-20 MHz and the extrema of their angular de-

pendencies occur at about 16°-17°. There are no regular
The lines without angular dependeriexcept for the lines of lattice ions in these directions. If we suppose that these lines
53Cr) were not detected. The nuclear transitions for all fourare related to the additional Li ions, the values of corre-
values of the electron-spin projectioi (=3/2 and*=1/2)  sponding HFI parameters have to be about 20-25 MHz,
were found(probably, due to overlapping of < +1 EPR  which is in obvious contradiction with the measured width of
transitions with the line of thé < — 3 transition. EPR line for this centet2 mT). Since these lines are cen-

The lines of the first group are centered at Larmour fretered on the'H Larmour frequencyvy, we fitted them as

quency ofLi nuclei »;;~5.8 MHz. At least six nuclei with related to hydrogen nuclei and obtained a rather good agree-
different HFI have been found. Their angular dependenciesient with the observed frequencies at reasonable values of
have the extrema at azimuthal anglesbout 30°, 60°, and parametergsee Table . Part of the calculated angular de-
90°. They were successfully fitted with two parameters onlypendencies is drawn in Figs. 8 and 9. If we suppose that the
(Table 1l). It is natural to associate these lines with the  extrema of angular dependencies correspond to the directions
nuclei. Since the structural vacancies are located at the sanfiom a chromium ion to the possible nucleus positions
azimuthal directions as regular Li sites, it is impossible at
present to distinguish definitely the positions of Li nuclei 3+ +
responsible for the observed lines. Some of the lines may o Li QNb 00 A Me @H
belong to additional Li ions in the structural vacancies,
Li, , the others to regular Liions in the nearest and next-
nearest neighborhoods.

e Possible 'H' locations ¥ Structural vacancy

o

40

80

© (deg.)
!III|IIII|IIII|||II|IIIIIIIII|II‘||IIII||III

120 i 5 X

0 5 10 15 20 25
Frequency (MHz) w
©

FIG. 9. Measured angular dependencies of the ENDOR spectra © © ¢ © o © OO ©
of Crfar (symbols and calculated dependenciémes) for one of
the hydrogen nucleiNo. h2 in Table I). T=5K andB=341mT FIG. 10. Possible configurations of Lrsubstituting for Nb,
in the xy plane. and charge-compensating defects.
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°Li QNb 00 AMe3+ ol

X Structural vacancy

FIG. 11. Possible configurations of Trsubstituting for Nb,

and charge-compensating defects. A projection onxth@lane is

shown.

(which is valid for dipole-dipole interactions, though it is no

obligatory in the general cagave have to conclude thatl

andh2 positions of'H™ are shifted from the center of the
O-0O bond on about one-eighth of its length. Since the pa-

rameters foh3 shell are smaller than those fol andh?2,
the distance to this position should be greater’ of theh3

shell is probably located on the next O-O bdkigs. 10 and

12).

Each line withA,,# A, belongs to the nucleus, which is
not located on the center axis. According to crystal symme-
try a shell of such nuclei consists of three, six, or 12 electri-
cally equivalent nuclei. An attempt to reconstruct an EPR
line, supposing that each nucleus listed in Table Il has two or
more additional partners, fails: the calculated linewidth of
the 2 —3 transition is greater than the observed one.
Therefore we have to conclude that only part of the listed
nuclei belongs to the one gr center. Being equivalent in
the sense of EPRnearly equalg and bg parameters Cr;g
centers are not equivalent from the point of view of ENDOR.
This means that, like in the case of:Cgcenters, low crystal
field Crjg creates a family of similar, but not identical, cen-
ters. The difference in crystal-field parameters of thé"gr
centers, with a zero-field splitting about 0.8 thwas so
large that it was possible to resolve their lines even by
EPR? Centers withb3~0.0215cm* have a much smaller
difference of the parametersvith a distribution of about
0.006 cm%; see Sec. | therefore, they can be distinguish-
able only with the help of ENDOR.

The observed HFI for the nearest Li nuclei at a distance of
3 A (8-12 MHz;; see Table JIstrongly deviates from the
calculated dipole-dipole interactiorfabout 1.1 MHz only;
see Table Il). For H* the estimated dipole-dipole values
(9.5—2.8 MHz at the distances 2—3 Are close to the pa-
rameters of the observed HFI. Therefore, we can conclude
that electronic density of the &F center is rather delocalized
and anisotropic. The presence of kh the chromium neigh-
borhood would be very unlikely if G substitutes for LT,

¢ or incorporates itself into the structural vacancy—in both

these cases an additional negative charge is required for the
compensation.

V. MODELS OF CHROMIUM CENTERS
IN LITHIUM NIOBATE

Finally, we came to the conclusion that the following
model is able to explain all experimental details of thé/Cr

TABLE IIl. Nucleus positions and dipole-dipole interactions for the paramagnetic defect on the Nb site.

Projection
Number onthec byq,
Nucleus Sphere Symmetnof nuclei Distance  axis MHz a B Comment

Li 1 C, 1 3.009 3.009 1.128 0 0

Li 2 C, 3 3.053 —-0.70 1.084 30, 120, 270-76.77

Li 3 C, 3 3.381 1.61 0.796—-30, 90, 210 61.53

Li 4 Cs 1 3.922 3.922 0.510 0 0

Li 5a,5b C, 3+3 5.963 -1.61 0.196 0,60,..,300 59.69 @
Nb la C, 3 3.765 231 0.364 30,150,270 52.14 P
Nb 1b C, 3 3.765 —-2.31 0.364 —30, 90, 210 —52.14 ba
Nb 2a,2b C, 3+3 5.148 0 0.142 0, 60,...,300 90

Nb 3a C, 3 5.494 4.62 0.117-30, 90, 210 32.75 b
Nb 3b C, 3 5.494 —-4.62 0.117 30, 150, 270—-32.75 ba
Nb 4a C, 3 6.378 231 0.072-30, 90, 210 68.76 b
Nb 4b C, 3 6.378 —2.31 0.072 30, 150, 270—-68.76 ba
Nb 5 Cs 1 6.932 6.932  0.058 0 0

&The nuclei of the sphere were not indicated previouRlgf. 30 because only the upper part of the crystal
lattice was considered.
®The lines ofa andb spheres of these nuclei are split, if the defect shifts off the normal lattice position.
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center. Since the chromium ion has regular Li nuclei in thesuch modifiers as Mg, Zn, or Ca, and codoped with the Cr in
nearest neighborhood, it substitutes for’KIbA lack of two  a rather low concentration, have many features sintbait
positive charges cannot be locally compensated for by theot identica) to those reported here for regularly ordered LN
nearest oxygen vacancy or by the nearest;Nince such  with a high Cr contentabout 1% in the melt

defects should give a much greater low-symmetry perturba- The coloration of the LN:Mg:Cr crystal studied in Ref. 32
tion of Crystal field than the observed one. Sifet" lines was rather inhomogeneous a|0ng thaxis: the upper and
found in ENDOR spectra are characterized by rather strongywer parts of the crystal boule were greenish and violet,
Cr, and provide the necessary charge compensation. Thregor for the samples with 2% and 4% of MgO, and brown
pre\(musly _equwalent Li nuclei of anX shgll_become NON-color for the samples with 5.5% and 6% of MgO were re-
equivalent in the presence of even Jh" (or itis the same: ported in Ref. 33. The band at 530 nm with an absorption
OH") in the neighborhood of the Cr ion. In a common casegqefficient about 1 ¢t at the maximum was extracted in
shell No. 2, for instance, splits intoa2 2b, and Z sub-  Ref 32- it is not so pronounced as in our Fige)2but the Cr
shells, i.e., three nuclei have similar, but not identical, HFl.qcentration in the melt used for the growth of LN:Mg:Cr
parameters. The observed repetition of angular dependencigs,s smaller. The bands at 530 and 300 nm were explained as
at 120° from the mirror plane a¢=30° (thezy plang is &  cysta) fields transitions of ¢f (but not C#+) ions? The
result of a superposition of many g:enters: each of them haﬁresence of H in the Cr neighborhood was used for the
low symmetry; however, a total picture reflects the crystaliyierpretation of new band in the infrared absorption region
symmetry. A supposition that each nucleus listed in Table Iy 3506 cm! as OH stretching vibration in Cr-OH-Mg
has no partners allows one to overcome the above-indicateébmmexesa_z In Ref. 33 one of the OH bands was associ-

difficulty in EPR line reconstruction. . n g2t .
Based on the available data, we cannot exclude the pre‘s”‘-tiij with the complex of (ﬁir* OH-Mgye+, but not with

ence of additional Li ions in structural vacancie$ l.isince Criyps+ ) 35 )

nuclei in these and regular Li positions have similar angular N Studies by EPR and '_ENDO%' optically detected
dependencies in they plane. One can imagine several con- Magnetic resonan@é,ang_%:)tlcal absorption and EPR inves-
figurations with local or distant charge compensations, twd'dations 4°lf LN+:M9:C? ~as well as LN:Z’_“C% and
Liv*, two H™, one Lﬂ and one H: one Liv* or H in the LN:C%:Cr, Cr* center with very low crystal-flgld param-
nearest neighborhood; and anothef LH* or Crﬁf ion in eter b, was pbserveql. It_s EPR spectrur.n.cons_lsted of only
one of the distant shellghe typical configurations for hy- ©°"€ cent.ral Ime(the S|deI|nes.were not visible elther du.e_ to
drogen ions are presented in Figs. 10 and. H* can be overlapping with the centraI.Ime or to very smqll mten.smes,
coupled with 3~ in the oxygen layers above or below Cr or for both these reasons simultaneolsliywas impossible

ions. The existence of several possible configurations easil{ detérmine the value df directly; nevertheless, with the
explains the observed difference of linewidths for> — % S:Ip of an |I11d|rect procedure it was roughly ?.St'maf@?

and =3 +1 transitions. The near disappearance of the?2=0-01cm . In contrast to Ref. 32, the additional optical
axial crystal-field parameter of i‘f,’r at a temperature of absorption band at 530 was correlated to this nearly isotropic

about 400 K is probably related to the movement of H Cr’* center withg=1.971,35’36and no other ions, except Li
around Cr. and Nb, were found in the Cr surrounding by ENDOR

The models of the old & center and C§ are com- measurement$ of the same crystal. The observed HFI
pletely different. In the first case € substitutes for Li, (about 1-2 MHz or legswere interpreted as close to classi-

and has an excess of positive charge, which can be compeﬁ‘?l point dipole-dipole interactions of Cr substituting for Nb

sated for by intrinsic defects, like Nb and Li vacanci®n an_d surrounding nucléf. The authors concluded that Cr
the second case the Trion ’replaces NB', and is nega- shifted by about 0.1 A toward the center of octahedron. par-

tively charged relative to the regular lattice. Theoretically,tICIe induced x-ray emissigPIXE)/channeling dafd sup-

o I . orted Nb substitution in the LN:Mg:Cr, and the indicated
some intrinsic nonstoichiometric defects, for exampl«ﬁNb Shift value ubsttution | g indi

antisites, could serve as distant compensators for these cen- o similarity of these and some other properties of Li-
o :

ters. However, G centers do not appear in congruent LN rich and Mg-doped LN crystaléor example, the blueshift of
at a low chromium concentratidimore exactly, they did not  the fundamental absorption edgeexists at the same time
appear u_ntll[Cr] was less than the concentration of nonsto-yith the opposite behavior of many other propertitise-
ichiometric defects The procedure for the growth of LN widths of EPR, NMR® and Raman scattering, lattice
crystals reduces the concentration of nonstoichiometric degonstanté® etc). Crystals heavily doped with the above-
fects up to a very low level, and €r centers bind the rest of mentioned modifiers obviously have a defect concentration
conventional intrinsic defects. This creates the conditionsgnuch higher(but not lowey, than conventional undoped ma-
when Cr, seeking a charge compensator, enters the crystalsials. Since M§" ions are not isocharged to Lior Nb>*
together with some of the available extrinsic defects—in oufions, these extrinsic defects can serve as charge compensa-
case with H'. tors for trivalent ions. For instance, a complex of
Mesrs:-2Mg/; is fully compensated for, and there is no
necessity to involve other extrinsic defects for the charge
compensation.

It is interesting to note one unexpected and amazing fact: The superficial resemblance of LN:Mg:Cr, LN:Zn:Cr, and
the properties of congruent LN crystals heavily doped withLN ,: Cr turns into a profound difference at close consider-

VI. DISCUSSION
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LI L UL I L UL congruent crystals at comparatively lo@@bout 0.1-0.25
Single Cr, (CrLi3+) centers Wt % in the melt; Fig. 12 concentrations of C¥*~*’ Since
i their lines are split at the deviation of the magnetic fiBld
‘ «J from the crystalc axis, these centers are nonaxial, low-

symmetry complexes. It was foutfdthat the main compo-
nent of crystal fieldbg(S) for multiplets with total spinS
=3 is about 0.164 cm'. According to the theory of ex-
change pairs this value has to be close b+ b35)/5,
Single Cr (Cr 3*) centers whereb3 , andb3 are axial crystal-field parameters of the
first and second ions in the dimer. A dimer, consisting of
1.0 wt.% Cr, cr. with b3,;=0.387cm?® and Cfs. with b3y,
congr. LN =0.0215cm?, should have b3(3)=(0.387+0.0215)/5
=0.082cm', whereas a dimer consisting of two r
should have b3(3)=2%0.387/5=0.155cm*. The last
value is very close to measured 0.164 ¢mtherefore we
can now state that the observed dimers are complexes of two
Crfi+ (glued by one niobium vacanty, but not

l__ / 3 3+ . . . .

C Cr;+-Crs+ pairs. The low symmetry of registered dimers is

in agreement with the nonaxial location of two nearest Li

L sites, whereas the nearest Li and Nb sites are located on the
c axis (see Fig. 10 It is rather unexpected, but there is a

fact, that chromium ions do not create the local self-

T L 025 Wt:% ICIrI, congrl LN compensated pairfgit least such pairs were not registered by

200 400 600 300 EPR. Instead of that Gf. and Cf,s. ions prefer to be
isolated and to have different compensation mechanisms,
Magnetic field (mT) even if they are both present in the crystal in nearly equal
concentration.
The comparison of the EPR spectra of congruent crystals
doped with 0.25 and 1 wt % of Cr and Iy with 1 wt % of
Cr (Fig. 12 shows that a sharp line witg~2 does not

ation. The C}{ center appears in LiNy without the addition present in congruent crystals at low Cr concentration; how-
of modifiers, though only at a rather higabout 1 wt.%  €ver, ;t app?ars |n-h|ghly doped samples. If we suppose that
concentration of Cr in the melt. The ratio of integral intensi-the *z — = 3 transitions are not resolved due to the overlap-

ties of the EPR line for CiF and CES centers in LN-green ping with the broad lines of exchange-coupled pairs, then we

and LNy, -brown (Fig. 4) corresponds approximately to the should also conclude about the presence qf Centers in
ratio of intensities of optical-absorption bands at 660 and 53§°nventional congruent LN with a high Cr content. This
nm (Fig. 2. Therefore, there is only the possibility to asso- M€ans that there is a threshold concentrafi@]yesy at
ciate the band at 530 nm definitely with a transition of the"hich intrinsic defects are not able more to compensate com-
Cr3;(Nb) center, but not with the other Cr position or other Pletely for all C_'iﬁ- If [Cr]>[Crlinresn chromium ions start
charge states. The obtained value of the axial crystal-field® replace Nb ions in addition to Li ions. In the last case a
parameteb? for this center is two times higher, and values Part of Cr ions plays the role of a modifidike Mg or Ca
of the HFI with the Li nuclei are up to eight times higher for the other part. For Lik) crystals having a very low con-
than those estimated for the Crcenter in LN:Mg®* The  tent of intrinsic defects, thisCr]y,esniS much lower than for
presence of H in the neighborhood of the &f center leads € congruent ones.
to a splitting of Li shells into subshells of nonequivalent
nuclei. ENDOR gives evidence of the mechanism of charge VIl. CONCLUSION
compensation by hydrogen ions. Moreover>{Cis not a
single center, but a family of the centers, which differ from Detailed investigations of EPR, ENDOR, and optical-
each other in the location of Hin the Cr neighborhood. The absorption spectra allowed us to clarify the structure of the
coexistence of Gf and CE; takes place in LM, ; how- fa(r)mly of Cr** paramagnetic centers _Wltjp= 1.995+0.005,
ever, CE* is not observed in the crystals heavily doped with|P2|~0.0215-0.001cm* and an optical band at 530 nm.
Mg or Zn. Since ENDOR study has shown that electrons @g@:enter

It seems there is a rather obvious necessity for a compar&ave a strong HFI with the nearest Li nuclei, the conclusion
tive investigation of impurity centers in both kinds of crys- was made about Cr substitution for Nim contrast to the
tals (undoped and heavily doped with modifipby different Cr3* center, where Cr has a strong HFI with the Nb nuclei
complementary methods. Such a study is strongly desirabl@nd replaces Li Several ENDOR lines, which belong to
and would be very useful for correct conclusions about theH*, were detected, and this sheds light on one of the
nature of intrinsic and extrinsic defects in LN. mechanisms of local charge compensation of thg, Cen-

The exchange-coupled pairs were observed by EPR iters. The second possible mechanism is charge compensation

[ 1.0 Wt.% Cr, LN
(X)

Cr 3+-Cr, 3+ pairs
Li Li

FIG. 12. Comparison of the EPR spectra of crystals highly
doped with Cr:LNk, and congruent LN»=9.4 GHz andT=5 K,
B|lx [(a) and(b)]. B close tox (c).
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by additional Li ions in structural vacancies;Li The com-  systems of intrinsic and extrinsic defects. If we come nearer
mon feature of the found family is the Cr substitution for Nb. to materials having vanishingly small numbers of intrinsic
The various members of the family have different locationsdefects, then not only quantitative, but also qualitative
of interstitial H" or Li . The presence of a charge compen-changes of crystal characteristics are observed. The use of a
sator in the nearest neighborhood causes lattice distortiofROC for the investigation of extrinsic defects is a very help-
and leads to the distribution of crystal-field parametersful and efficient method, due to its tremendous resolution
which reveals itself in the observed broadening and nonre€nhancement of its spectra. The appearance of interesting
solved structure of ther 2+ EPR transitions. The HFI features in the nearly perfect material illustrates the possibil-
parameters with several surrounding nuclei were determinedf {0 tailor LN properties by variations of concentrations of
and a splitting of shells of equivalent nuclei into subshellsP0th intrinsic defects and impurities. The accumulated
was found. The observed HFI is of both,Cand Cg,, cen- knowledge about charge compensation mechanism of differ-
ters are much stronger than dipole-dipole interactions, i.e €Nt nonisovalent impurities allows one in the future to pro-
there are high electron densities on the nearest nuclei. ~ c€€d to @ more efficient intentional engineering of LN crys-
The mechanism of charge compensation by interstitial H tals with the required characteristics, instead of previous
and/or by Lj" can be realized not only for &f but for the =~ NUMErous attempts at blind manipulation with dopants,
other impurities, which also have a tendency to replace Nbgrowth conditions, post-growth reduction, or oxidation treat-

It is expected that this mechanism certainly works in crystal§nent'
with a considerably decreased concentration of intrinsic de-
fects(like LNy or VTE LN). Since an additional OHband
in the infrared-absorption region at 3506 Chappears in
LN:Mg:Cr, the compensation of Mg by H* probably also Our sincere and deep gratitude goes to O. Schirmer for
works in crystals highly doped with divalent and trivalent the opportunity to perform this work, for his qualified help,
elementglike Mg, Zn, Ca, Sc, efc and permanent altruistic interest to this topic. We are very

The Li replacing impurities, Mg (Cr is just an example grateful to E. Kokanyan for the skillful growth of numerous,
may have a threshold concentration, when they start to regood quality Li-rich and LN, crystals, E. Bondarenko for
place Nb ions. The conditions of the appearance ofMe the creative attitude to crystal preparation, J. Selinger for
will, however, vary from impurity to impurity, and corre- help with taking digital photos, and W. Kozlowski for the
spond to a special concentration balance between the consitbchnical assistance. Partial support from INTAStR6oject
ered kinds of impurity and intrinsic defects. No. 0599, Sonderforschungsbereich-225, and BMBFer-

Our results show a strong interrelation between submany, Project No. UKR-034-9@s gratefully appreciated.
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