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ENDOR study of Cr3¿ centers substituting for lithium in lithium niobate
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The surroundings of several Cr31 centers in lithium niobate crystals were investigated with the help of
electron nuclear double resonance~ENDOR!. In order to find optimal conditions for the ENDOR observation
a detailed study of these spectra was carried out for a large set of crystals with different chromium concen-
trations and@Li #/@Nb# ratios. For the main axial Cr1

31 center a full investigation of the ENDOR angular
dependencies was performed and the parameters of hyperfine and quadrupole interactions were determined. It
is found that Cr31 substitutes for Li1, however, the chromium ion is shifted by 0.2 Å from the regular Li site.
An analysis of quadrupole splitting of53Cr shows that the parameter of the axial crystal field is negative:b2

0

520.387 cm21 at 4.2 K. The determined parameters of the hyperfine interactions are several times larger than
calculated classical dipole-dipole interactions. The obtained data allowed us to reconstruct the shape and width
of the electron paramagnetic resonance~EPR! line in the perfect crystals. The difference between the calculated
and observed EPR linewidth can therefore be used for the estimation of the nonstoichiometric crystal imper-
fection. Rather high values of isotropic~contact! hyperfine interactions demonstrate a transfer of electron
density to neighboring nuclei. An analysis of the ENDOR spectra of satellite centers Cr2

31-Cr9
31 has shown that

Cr31 substitutes for Li1 in these centers also, however, there are strong distortions of electron density distri-
butions caused by the presence of an intrinsic defect in the chromium surroundings. A model withvNb as a
charge compensator of CrLi center explains most of details of both EPR and ENDOR spectra in a natural way.

DOI: 10.1103/PhysRevB.65.224116 PACS number~s!: 76.30.Fc, 76.30.Kg, 77.84.Dy, 76.70.Dx
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I. INTRODUCTION

The determination of the structure of centers created
lithium niobate, LiNbO3 ~LN!, by trivalent ions, including
those of transition metals and rare-earth elements, is on
the most important tasks in defect study of this mater
Besides pure scientific interest, the elucidation of the po
tion of these impurities in the lattice, their nearest surrou
ings, and the way of the charge compensation are vital
tailoring fundamental properties of this material for vario
applications. The discussion about the location of the C31

impurity in the crystal lattice started with the first optical a
electron paramagnetic resonance~EPR! studies of Cr31

~Refs. 1–4, see Ref. 5 for the introduction to the problem!. In
this context, one main difficulty is that the most probab
positions for impurity incorporation, Li and Nb sites as we
as the structural vacancy, have the same local symmetryC3 .
This means that they are not distinguishable by many sp
troscopic techniques including EPR.

Attempts to determine the impurity positions by indire
methods often gave contradictory information. In pioneer
papers1–3 it was assumed that chromium occupies the
site. Later, however, it was concluded on the basis of E
data6 that the main axial chromium center characterized
crystal-field parameterb2

0'20.39 cm21 ~Cr1
31 center!5 has

to be attributed to Cr on a Li site.
Many of direct methods for the determination of impuri

positions are not applicable to the LN:Cr system: Mo¨ssbauer
spectroscopy7 demands the presence of special nuclei; ch
neling investigations~Rutherford backscattering spectrom
etry, Ref. 8! are more successful in the case of heavy, ma
electron ions. Results obtained by an extended x-
0163-1829/2002/65~22!/224116~11!/$20.00 65 2241
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absorption fine structure analysis were in favor of
substitution,9 however, these measurements were made
LN crystals with a high dopant level of about 5 mol %, fo
which clustering and occupation of both Li and Nb positio
become very probable. The best fit of the data of parti
induced x-ray emission~PIXE! combined with channeling10

was obtained assuming 60% of the Cr occupying regula
sites and 40% occupying regular Nb sites. However, t
method is not sensitive to the charge state of the impu
and does not distinguish axialC3 and low-symmetryC1 sat-
ellite centers.5

The measurements of the electron nuclear double re
nance~ENDOR! are rather complex. However, the ENDO
data give a very rich set of characteristics of hyperfine int
actions~HFI! and quadrupole interactions of impurity ele
trons with own and surrounding nuclei, which can be co
verted into information about the impurity position, th
distribution of electron density, the presence of charge co
pensators, and so on.

In the ENDOR study11 of the axial Cr1
31 center in LN

crystals, grown from congruent and stoichiometric melts,
rameters of hyperfine~49.3 MHz! and quadrupole~20.37
MHz! interactions for53Cr were determined. The rather larg
value of the observed quadrupole interaction was in ag
ment with the CrLi

31 assignment.
Another chromium center withb2

0'0 appears in LN
codoped with about 6 mol % of Mg. The ENDOR investig
tions of this center12,13 showed that the observed hyperfin
interactions with several shells of surrounding Li nuclei c
be explained by assuming that chromium occupies the
site. This was supported by the small value ofb2

0 ~<0.01
cm21! and quadrupole interaction~0.1 MHz!, more likely to
occur for the Nb than for the Li site, and by comparison w
©2002 The American Physical Society16-1
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the corresponding parameters6,11 of the chromium center in
LN not codoped with Mg. However, in making a comparis
of both types of Cr centers one has to consider:~a! LN with-
out Mg and LN heavily doped with Mg are very differen
crystals with respect to both the intrinsic and extrinsic def
subsystems;~b! a disappearance of chromium centers w
ub2

0u'0.39 cm21 in LN:Mg could be explained, for instance
by the presence of Mg21 in the nearest neighborhood or b
the change of charge compensator instead of another c
mium position. The family of Cr31 centers with ub2

0u
'0.0215 cm21 was found in stoichiometric LN doped wit
1 wt % of chromium.14 Detailed investigations of angula
dependencies of the EPR and ENDOR spectra, and op
absorption allowed to conclude that Cr in this center sub
tutes for Nb and has in the nearest surrounding the1H1 or
additional Li1 ions in structural vacancies Liv

1 for the charge
compensation. The members of the family of CrNb centers
differ from each other by the location of one or both the
compensating defects.

In order to have direct evidence for the Cr31 location in
the centers withub2

0u'0.39 cm21 and to get detailed infor-
mation about the impurity surroundings, a full ENDOR i
vestigation of these centers in LN was carried out. The
rameters of hyperfine and quadrupole interactions w
several nuclear shells were determined. This allowed u
find the exact chromium position~shifted from Li site!. The
models of chromium centers, which are able to explain
experimental data of the EPR and ENDOR are suggeste

II. CRYSTALS, EQUIPMENT, COMPUTER PROGRAMS

Special series of samples, grown by the Czochra
method from melts with different chromium concentr
tions ~0.002–1.0 wt %! and differentxCrystal5(@Li #)/(@Li #
1@Nb#) ratios~47.0, 48.5, 49.5, 49.85, and about 50.0%, s
Refs. 5, 14–16 for details! were used.

Most of the EPR and ENDOR measurements were car
out in the temperature range 4.2–300 K atX-band on a
Bruker ESR-200 D-SRC with ESP 360 digitally comput
excitation ~DICE! ENDOR system at the University o
Osnabru¨ck and on a Bruker ESR-300 spectrometer at Gi
sen University. Some testingQ and X band EPR investiga
tion were performed by means of RE-1301, RE-1308 sp
trometers at Institute for Problems of Material Scienc
~Kiev, Ukraine!. Optical absorption spectra were measur
using a Bruins Instruments Omega 10/20 spectrometer.

The treatment of the EPR/ENDOR spectra~filtering, peak
picking, simulations, spectra subtraction, etc.! and their an-
gular dependencies were carried out with the help of
‘‘Visual EPR’’ and ‘‘Visual ENDOR’’ program packages.17

The relevant spin-Hamiltonian parameters of the param
netic centers were determined by a fitting procedure, ba
on the exact diagonalization of the corresponding matric

III. THEORETICAL BACKGROUND

A. LN lattice and possible surroundings of impurity centers

The ideal LN lattice~see Fig. 1 in Ref. 5! has the space
group symmetryR3c at room temperature18–21 with two
22411
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LiNbO3 molecules in its rhombohedral elementary unit ce
All sites along thez ~or opticalc! axis of the crystal, includ-
ing the sites of Li, Nb and the octahedral structural vacan
v, have the symmetry of the point groupC3 . An isolated
defect in any of these positions creates aC3 ~later on also
labeled ‘‘axial’’! center. A glide mirror plane is the symmetr
element, which transforms one of the two molecules in
another one, and correspondingly, the surroundings of
‘‘right’’ ~R! center into the surroundings of the ‘‘left’’~L!
one. However, each of theseC3 centers has no mirror plan
symmetry. Therefore, six nuclei of some shells are gener
nonequivalent, although they are located at the same dist
from the impurity ion~see, for instance, the shells 2a, 2b a
5a, 5b on Fig. 1 and in Table I!. All other positions~oxygen
site, tetrahedral vacancy, etc.! or complexes of two defects
~except when both are located on the crystalz axis! have the
lowest possible symmetry,C1 .

B. Spin Hamiltonians

The usual spin Hamiltonian, which describes the field p
sitions of the EPR lines of centers with the spinS53/2 and
arbitrary symmetry, can be written as

HEPR5bB•g•S1(
q

~b2
qOI 2

q1c2
qVI 2

q!, 22<q<2. ~1!

Hereb is the Bohr magneton,B is the vector of static mag
netic field,g is theg tensor,S is the total electron spin of the
paramagnetic center,b2

q , c2
q are the parameters of crysta

field; OI 2
q5O2

q/3, VI 2
q5V2

q/3; O2
q , V2

q are irreducible tensor
operators of electron spin, which are defined elsewher22

For C3 symmetry the spin Hamiltonian has only diagon
components of theg tensor and one crystal-field term havin
q50.

The ENDOR frequencies are described by the addition
HEPR the spin Hamiltonian fori th nucleus,23–25

FIG. 1. Assignments of nuclear shells around the lithium s
6-2
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TABLE I. Nucleus positions and dipole-dipole interactions for the paramagnetic defect on the Li sa
andb are the azimuthal and polar angles, respectively, of the ‘‘defect-nucleus’’ direction.

Nucleus Shell Symmetry
Number
of nuclei

Distance
~Å!

Projection
on c axis

~Å!
bdd

~MHz!
a

~deg!
b

~deg! Comment

Li 1a C1 3 3.765 2.31 0.576 30, 150, 270 52.15 a

Li 1b C1 3 3.765 22.31 0.576 230, 90, 210 252.15 a,b

Li 2a, 2b C1 313 5.149 0 0.225 0, 60, ..., 300 90
Li 3a C1 3 5.494 4.62 0.185 230, 90, 210 32.80 a

Li 3b C1 3 5.494 24.62 0.185 30, 150, 270 32.80 a,b

Li 4a C1 3 6.378 2.31 0.118 230, 90, 210 68.77 a

Li 4b C1 3 6.378 22.31 0.118 30, 150, 270268.77 a,b

Li 5 C3 1 6.932 6.932 0.092 0 0
Nb 1 C3 1 3.009 3.009 0.712 0 0
Nb 2 C1 3 3.053 0.70 0.682 230, 90, 210 76.77
Nb 3 C1 3 3.381 21.61 0.503 30, 150, 270261.53 b

Nb 4 C3 1 3.922 3.922 0.322 0 0
Nb 5a, 5b C1 313 5.963 1.61 0.124 0,60, ..., 300 59.69

aThe lines ofa andb shells of these nuclei are split, if the defect shifts off the normal lattice position.
bThe nuclei of the shell were not indicated previously~Ref. 29!, because the upper part of crystal lattice w
considered.
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•Qi

•I I . ~2!

bn is the nuclear magneton,gn is the nuclearg factor,A, Q
are the tensors of hyperfine and quadrupole interactions.
lations between CartesianApq , Qpq and irreducibleA2

q , Q2
q

components of second-rank tensors are given in the litera
~see Ref. 17!. For systems with a large anisotropy of bo
Zeeman and hyperfine interactions or withS.1/2 ~like in
our case! the use of orthogonal irreducible tensors instead
nonorthogonal Cartesian tensors has indisputable ad
tages, since it strongly facilitates a fitting of angular dep
dencies of complex EPR/ENDOR spectra. All parameters
the nuclear spin Hamiltonians forL and R centers have the
same absolute values, butA2

1(L)52A2
1(R), A2

22(L)
52A2

22(R), Q2
1(L)52Q2

1(R), Q2
22(L)52Q2

22(R) for ir-
reducible tensors. The procedure of the ENDOR frequen
calculations for each electron spin stateM and detailed
analysis of the ENDOR line multiplication caused by t
shift of an impurity ion alongz axis, by the lattice distortion
by the systematical presence of extrinsic ion or vacancy
regular ions in the surroundings were described in Ref. 1

IV. DEPENDENCE OF THE ENDOR SPECTRA ON THE
CRYSTAL COMPOSITION xC AND CHROMIUM

CONCENTRATION: PARASITIC LINES

For each sample investigated the conditions for obse
tion of the ENDOR signals were optimized by variation
microwave and radio frequency power, time constant, mo
lation amplitude of radio frequency field, and number of a
eraging scans. The best spectra were found at liquid he
temperature~typical examples are represented in Figs. 2 a
3!. Signal intensities decrease with increasing tempera
and practically disappear above 50 K.

Several dozens of lines were registered between 1 an
22411
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MHz and four triplets between 20 and 80 MHz. The narro
est ENDOR line, which was observed in LN:Cr, had a pe
to-peak linewidth of about 0.1 MHz all other lines we
broader. In crystals with highxC the ENDOR lines were
1.5–2 times narrower than in congruent ones, however,
narrowing was not so pronounced as for EPR lines~five or
more times!. No essential dependence of the ENDOR lin
width on chromium concentration was found for@Cr# be-
tween 0.02 and 1 wt %.

FIG. 2. Fragments of the ENDOR spectra of Cr1
31 center in

LiNbO3 at T54.2 K for samples withxC549.5% and @Cr#
50.05 wt %. The spectra were averaged out at eight scans to
crease signal-to-noise ratio.
6-3
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G. MALOVICHKO et al. PHYSICAL REVIEW B 65 224116
Relative intensities of different lines and line grou
changed strongly~up to several times! with xC and@Cr# due
to the variation of ratios of spin-lattice and spin-spin rela
ation rates. The ratio of the ENDOR signal intensities of
main axial center and the satellite centers5 were approxi-
mately proportional to the intensities of their EPR lines:
was larger in crystals with small concentrations of intrin
defects.

Several further signals were registered in our ENDO
measurements. Some of the signals are replicas of the53Cr
lines, the strongest lines in the spectra. They were obse
at the frequenciesnCr/2, nCr/3, and nCr/4, wherenCr is a
frequency of the ENDOR transition at arbitrary orientati
of magnetic field. These lines were easily recognized, si
their positions can be predicted by simple calculation. Si
lar replicas were registered also for the strongest93Nb lines
at nNb/3, however, signals atnNb/2 and nNb/4 were practi-
cally absent. These lines probably appear because the
dard Bruker radio frequency generator is not quite mo
chromatic.

Another unusual set of unknown signals was observe
some samples only. Their intensities were sometimes com
rable with the intensities of the main ENDOR lines. T
distances between lines of the set were always constant
equal to 2.1 MHz. The signals are obviously not of ENDO
type, since first, the positions of these lines do not depend
the value and orientation of magnetic field, and second, t
intensities do not follow EPR signal intensities. Sampl
which do not give parasitic lines, were used for the m
important experiments; otherwise these lines were simply
nored at the interpretation of the ENDOR spectra.

V. ANGULAR DEPENDENCIES OF ENDOR SPECTRA

Full determination of hyperfine and quadrupole tens
with C1 symmetry requires measurements of angular dep

FIG. 3. The ENDOR spectra of Cr1
31 in Ln, T54.2 K. Simu-

lated lines for own53Cr nucleus and forb2
0.0 ~a, d, g! and b2

0

,0 ~b, e, h! are shown above experimental spectra~c, f, i! for the
crystal withxC549.5% and@Cr#50.05 wt %.
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dencies of ENDOR spectra~road map! in three orthogonal
planes. A quick glance at the angular dependencies of
EPR spectra of the axial Cr1

31 center ~Fig. 4! shows that
intensities of all transitions, except the central one, stron
depend on magnetic-field orientation. Since the ENDOR s
nals amount to a few percent of the EPR signal, it is poss
to measure only fragments of the ENDOR angular depend
cies in thex-z andz-y planes~about 15–25°! for most of the
transitions. The high-field EPR transition at 712 mT gives
an opportunity for a complete investigation in thex-y plane.
Full angular dependencies in three planes can be obtaine
the central EPR transition only. Due to the low resonan
magnetic fields for this transition~170–340 mT! the differ-
ence between the Li and Nb Larmor frequencies is rat
small; that complicates the interpretation of observed sp
tra. The necessity to measure at different magnetic fields
ing the rotation in thex-z and z-y planes leads to angula
dependencies of Larmor frequencies; that also creates ce
inconveniences.

Since an unavoidable overlapping of large number
rather broad lines hampered the line tracing, very small st
of about 1° were chosen for the study of the angular dep
dencies. Although the ENDOR signals at the wings of t
EPR line were comparable with the signal at the center
this line, during the measurements of angular dependen
the magnetic field corresponding to the center of the E
line was mainly used. This allowed us to decrease a poss
contribution of satellite centers to the ENDOR signal. Typ
cal fragments of these dependencies are shown in Figs.
It is seen that they are very rich and very complex. To u
derstand all details of the spectra and make their interpr
tion more reliable, we carried out the same measurement
four samples with differentxC and chromium concentration
using two different ENDOR spectrometers~at Giessen and
Osnabru¨ck!. In spite of very different ratios of relative inten
sities observed for some lines and line groups, the main

FIG. 4. Calculated angular dependence of EPR lines for C31

center withb2
0520.387 cm21 in z-x, x-y, and y-z planes~road

map!. The sizes of symbols are proportional to the line intensiti
Central~a! and high-field~b! EPR transitions and quantum numbe
^M uSBuM & are indicated.
6-4
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tures of all angular dependences obtained were practic
identical. However, the investigation of these addition
samples gave us decisive information for some line grou
For instance, some lines of93Nb shells were more pro
nounced in crystals withxC549.5% than in congruent one

A. Lines of 53Cr

Only 9.5% of the chromium ions have a nonzero magne
moment: the isotope53Cr has I 53/2 and gn520.3147,
quadrupole momentQ520.028ueu310224 cm2. It is com-
paratively easy to find and to trace their triplets in the E
DOR spectra—they have the largest frequencies and so
times the highest intensities~Fig. 3!. Although each EPR line
corresponds to the transition between two electron spin st
~except of the rare directions of magnetic field, where

FIG. 5. Road map of the observed ENDOR signals of Cr31

center for the central EPR transition. Symbol sizes reflect line
tensities. Curves represent the calculated angular dependencie
the first shell of93Nb nuclei.

FIG. 6. Observed ENDOR signals of Cr31 center for high-field
EPR transition inx-y plane ~symbols!. Lines, calculated angula
dependencies for the first shell of93Nb nuclei.
22411
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overlapping of two EPR lines takes place!, in the ENDOR
spectra of LN:Cr the four triplets, which belong to all fou
electron spin states, were observed very often. This o
crowds the spectra, however, sometimes it facilitates th
evaluation.

The spectra in Fig. 3 show that quadrupole splitting
different for differentM. It can be explained only if contri-
butions of (Hi)

2/HEPR are taken into account. Since this e
fect depends on the relative signs of the parameters of
spin Hamiltonians~1! and ~2!, it becomes possible to dete
mine them from the comparison of calculated and obser
ENDOR frequencies~the positions of EPR lines depend on
on ub2

0u!. The analysis of the quadrupole splitting forBiz and
B'z confirms the conclusion11 that the parameter of isotro

-
for

FIG. 7. Observed~symbols! and calculated~lines! ENDOR sig-
nals for own53Cr nucleus of Cr31 center for central EPR transition
in z-x plane in congruent crystal.

FIG. 8. Fragment of observed ENDOR signals~symbols! of
Cr31 center for high-field EPR transition inx-y plane for the crystal
with xC549.5% and@Cr#50.05 wt %. Lines, calculated angula
dependencies for7Li nuclei of 1a ~thin lines! and 2a ~thick lines!
shells.
6-5
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TABLE II. Comparison of characteristics of crystal field, hyperfine and quadrupole interactions wit
53Cr nucleus for different Cr31 centers.

Parameter

Center, crystal

Axial CrLi

LiNbO3 ,
T54.2 K

~this work!

Axial CrNb

LiNbO3 ,
T54.2 K
~Ref. 14!

CrNb

LiNbO3 :Mg
~Refs. 12, 13!

Axial CrAl

Al 2O3

~Ref. 38!

g 1.97 1.995 1.971 1.99
b2

0 ~cm21! 20.387 60.0215 ,0.01 20.191
a5A0

05(Axx1Ayy1Azz)/3 ~MHz! 49.5 50.97 50.93 48.5
b5A2

05(2Azz2Axx2Ayy)/6 ~MHz! 20.3 20.13 20.066 0
Q2

0 ~MHz! 20.32 0.14 0.1 20.21
a/ggn ~MHz! 279.8 281.2 282.1 277.4
th
d

to
a
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o

c
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ral
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OR
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s
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eter
pic ~contact! hyperfine interactiona for Cr1
31 is positive,

whereas parameters of axial crystal fieldb2
0 and quadrupole

interactionQ2
0 are negative~Table II!. Although the hyper-

fine interaction is expected to be nearly isotropic and
magnetic moment of53Cr is rather small, it was observe
that during rotation of magnetic field in thez-x and z-y
planes the chromium triplets move surprisingly from 62
26 MHz ~Fig. 7!. A computer simulation of ENDOR spectr
has shown that this effect is caused by the very str
change of matrix elementŝM uSuM &. Since for the Cr1

31

center the axial crystal field splitting of about 0.8 cm21 is
comparable with the Zeeman splitting for magnetic fields
about 100–1000 mT, the values of^M uSBuM & strongly devi-
ate from 63/2, 61/2, which are typical for high magneti
fields ~see Fig. 4!. The fitting of the experimental angula
dependencies gavea549.5 MHz and parameter of aniso
tropic HFI b520.3 MHz.

B. Lines of 93Nb shells

It is easy to recognize the ENDOR lines of the93Nb
nucleus ~I 59/2, natural abundance 100%,gn51.3712,
22411
e

g

f

Q520.28 ueu310224 cm2! due to the characteristic
multiplets of nine lines with the intensity ratio
9:16:21:24:25:24:21:16:9. It is much more difficult to tra
such multiplets, when they are overlapped. We manage
trace several shells of Nb nuclei and to determine their
rameters by fitting. Figures 5 and 6 show comparison
calculated and observed angular dependencies. The obta
parameters of hyperfine interactions for low-symmetry sh
~Table III! are unexpectedly very high. They are seve
times larger than the predicted dipole-dipole interactions

The extrema of the angular dependencies of the END
frequencies in thex-y plane occur near the angles 0°, 30
60°, and 90°. These directions correspond to the project
of the radius vectorRi from an impurity ion to regular lattice
sites of nearest cation shells ontox-y plane.

We paid special attention to search for lines without a
gular dependence in thex-y plane, nuclei on the center axi
should give such lines. The only group of Nb lines, which w
found, has a very small hyperfine interaction and a param
of axial quadrupole interactionQ2

0'0.55 MHz. The param-
eterQ2

0 is related to the valueeqQ, which is usually used in
TABLE III. Parameters of hyperfine and quadrupole interactions of the Cr31 center in lithium niobate.

Nucleus

Hyperfine interaction
~MHz!

Euler angles
for rotation
from x, y, z

to 1, 2, 3 axes~deg!

Quadrupole
interaction

~MHz!

Euler angles
for rotation
from x, y, z

to 1, 2, 3, axes
~deg! Shell no.

a/ggn

~MHz!

a b b8 aA bA gA Q2
0 Q2

2 aQ bQ gQ

Nb 7.66 1.014 20.476 90 85 90 0.48 20.176 90 29 270 2 2.836
Nb 4.64 0.889 20.859 90 40 0 0.856 20.196 90 6 0 3 1.72
Nb 2.77 0.947 20.292 309 8 192 0.63 20.42 19 257 77 5a, b or

3 for Cr2

1.026

Li 1.06 1.446 20.226 90 53 180 ,0.05 1a 0.248
Li 0.65 1.084 20.034 90 38 0 ,0.05 1b 0.151
Li 0.4 0.875 20.739 0 90 78 ,0.05 2a or 2b 0.082
Li 0.25 1.05 21.07 0 90 95.4 ,0.05 2b or 2a 0.058
Li 0.25 0 20.4 0 0 0 ,0.05 3 or 4 0.058

Herea5(A111A221A33)/3, b5(2A332A112A22)/6, b85(A112A22)/2, Q2
053Q33/2, Q2

253(Q112Q22)/2; Aii andQii ( i 51,2,3) are the
principal values of hyperfine and quadrupole tensors, respectively.
6-6
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nuclear magnetic resonance~NMR!, by the expressionQ2
0

53 eqQ/4I (2I -1). Based onueqQu522– 23.6 MHz from
NMR data26 for Nb nuclei in the bulk of the crystal, we
estimated thatQ2

0(bulk)50.51– 0.55 MHz. Since both HF
andQ2

0 for this registered group of Nb lines are very close
the bulk values, we are inclined to suppose that these l
rather belong to distant nuclei than to nuclei on the cen
axis.

The interpretation of the dependencies forz-x and z-y
planes is more complicated, since they are results of c
petitive angular dependencies of Larmor frequen
^M uSuM &, HFI and quadrupole interaction.

C. Lines of 7Li shells

The main isotope7Li has I 53/2, a natural abundanc
92.5%, gn52.170 96, and a quadrupole momentQ
520.040ueu310224 cm2. The quadrupole splitting for dis
tant nuclei, estimated on the basis of NMR data27 should be
about 0.014 MHz. Since the observed lines have widths
about 0.1 MHz, such a splitting cannot be resolved. Eve
the electric field gradient near to the chromium ion is seve
times larger than in the bulk, the quadrupole triplet of7Li
will merge into a single line. We found several shells w
such lines near to Larmor frequency of7Li ~see Fig. 8!. The
obtained parameters of the hyperfine interactions~Table III!
are again larger than the predicted dipole-dipole interactio

Although some low-intensity single lines without angul
dependence in thex-y plane could be indicated in the me
sured spectra, their partners from another electron spin s
were not found; therefore we have no reliable interpretat
of these lines~we cannot exclude even that their angu
independence is a fruit of our imagination, since a lot
much more intense lines move through the investigated
gion of frequencies!.

D. Search for lines of other nuclei

Unintended trace impurities~C, Cu, Fe, Co, Ta,...! are
always present in LN. Since the chromium concentrations
studied samples are one or two order larger than the con
trations of these noncontrolled impurities~about
0.00X mol %!, the latter cannot be associated with ea
Cr31 ion. However, we are obliged to consider a possibil
that some of them can be present in the neighborhood
part of chromium ions. We checked especially also the
clei: 1H, 19F, 27Al, 39K ~for the samples grown from a me
with an addition of potassium!, 53Cr from ions in 21 or 41
states~they do not reveal themselves in EPR!. No lines be-
longing to these nuclei were found. This means that the C1

31

center can have in its surroundings only the Li, Nb, th
vacancies and, theoretically, the ‘‘ENDOR silent’’ foreig
ions ~ions with nuclei without magnetic moments!.

VI. ENDOR SPECTRA OF SATELLITE CENTERS

Satellite chromium centers Cr2
31

¯Cr9
31 have a nature

common with the main Cr1
31 center.5 Since angular depen

dencies of their EPR lines are rather complex at this step
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investigated their ENDOR spectra at special directions o
Figure 9 represents the ENDOR signal for different values
permanent magnetic field atBiy. The field of about 712 mT
corresponds to one of the EPR transitions of Cr1

31 centers
~see Fig. 4!, all other values—to the same transition of sa
ellite centers. Since the EPR line intensities for satellite c
ters are essentially lower than for the main center, their E
DOR signals have also lower intensities. Nevertheless,
satellite lines with resonance fields of about 626 and 792
the appearance of additional groups of Nb lines with f
quencies 19–22 MHz (a'9 – 10 MHz) was found. These
lines have parameters of HFI and quadrupole interactio
which are larger than for the Cr1

31 center. The observed re
distribution of electron density and electric field gradien
indicates that some defect with a strong perturbation
present in the nearest neighborhood of this kind of sate
centers. Since lines of other nuclei, except Cr, Li, and N
were not found, this defect can be a vacancy, an ‘‘ENDO
silent’’ ion, or a nonregular Li or Nb. For instance, a lack
one of the six Nb51 ions in chromium surrounding can caus
an essential increase of electron densities on other positi
charged ions.

A strong increase of HFI could take place also for t
chromium incorporation in a tetrahedral vacancy due
closer location of the nearest Nb nuclei~about 1.72 Å!. How-
ever, characteristics of crystal fields for this low-symme
center with tetrahedral surrounding should be quite dif
from observedb2

0 parameters for CrLi centers within oxygen
octahedron.

VII. RECONSTRUCTION OF EPR LINE ON THE BASIS
OF ENDOR DATA

To check the self-consistence of the determined HFI
rameters we have to reconstruct the shape of the EPR lin
we suppose that the hyperfine interactions are close
dipole-dipole ones, the predicted inhomogeneous broade
of the EPR lines should be about 0.3–0.5 mT, whereas

FIG. 9. Observed ENDOR signals for different parts of overla
ping EPR lines of the Cr1

31 and satellite centers in LN.Biy, n59.4
GHz, T54.2 K, xC549.5%, and@Cr#50.05 wt %.
6-7
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measured linewidths for conventional LN crystals are ab
one or two orders larger. Despite the availability of som
ENDOR data12,24,28,29this drastic contradiction was not dis
cussed previously, since conventional congruent crystals
even Li-rich crystals used for these measurements have
ally a lot of intrinsic defects. Therefore the difference b
tween the calculated and observed linewidth could be
cribed to these defects. Recently, several ways w
developed to obtain perfect crystals withxC'50.0%~growth
from the melt with an addition of potassium,15,30–33double
crucible growth,34,35postgrowth vapor transport equilibratio
treatment36–38!. These crystals have extremely low conce
trations of intrinsic defects, and the ascription mention
above is not valid anymore. In all cases when the linewi
of the observed EPR line is much greater than the linew
reconstructed on the basis of the ENDOR data, we hav
clarify reasons of this contradiction~nonperfect crystals
nonoptimal condition for the measurements, lost ENDO
lines, unreliable evaluations, nonsatisfactory interpre
tion,...! and have to eliminate sources of possible errors.

The shape and width of the observed EPR lines in
strongly depends on many parameters: crystal composi
chromium concentration, magnetic-field direction, and te
perature. The line of the central EPR transition usually
narrower than those of the other transitions. In order to ca
out a reliable comparison of simulated and experimen
spectra we investigated the line of the central EPR transi
at Biz, at 4.2 K for a crystal withxC of about 50.0% and
rather low chromium concentration~0.02 wt %!. Under these
conditions the effects of all mechanisms of line broaden
described above are essentially reduced and we can as
that hyperfine interactions give dominating contributions
the EPR linewidth~inhomogeneous broadening!. For simu-
lation of the EPR spectrum we used two approaches: a
construction with the help of the algorithm described in R
24, and the straightforward calculation of EPR spectra
many nuclear systems. Both methods gave similar result
good agreement of lines calculated on the basis of our
DOR data~Table III! and experimental ones~Fig. 10! gives
evidence of the correctness of the evaluation and interpr
tion of our complex ENDOR spectra. We have to conclu
also that the Nb nucleus of the first shell not found in o
ENDOR investigation~if it is present at all! should have a
HFI much smaller than the HFI of the second or third she
otherwise the simulated EPR line becomes broader than
observed one.

VIII. STRUCTURE OF THE Cr 1
3¿ CENTER

According to the simplest theory the parameter of the i
tropic ~contact! HFI of paramagnetic electrons withi th
nucleus

ai[A0
0,i5SpA i /358pgbgn

i bnuc~Ri !u2/3, ~3!

where uc(Ri)u2 is the electron density in the pointRi of
nucleus location. Based on the measured parameters of
~Table III!, we found that for Cr1

31 center the values of elec
tron density on Nb nuclei are essentially higher than on
nuclei. This can be easily explained if the chromium i
22411
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substitutes Li or occupies an octahedral vacancy site and
Nb nuclei in the nearest cation neighborhood. In the cas
Nb substitution the nearest cation surroundings are Li nuc
and hyperfine interactions with these nuclei should be
strongest ones.

Very often ~for instance, at distances so large that t
interacting magnetic moments can be considered as p
dipoles! the anisotropic part of the HFI has to be close to t
classical dipole-dipole interaction. The axis of the dipo
dipole interaction of the impurity withi th nucleus has to
coincide with the direction ofRi , and the value ofbdd

i can be
estimated with the help of the expression

bdd
i 514.17gn

i /@Ri~Å !#3 MHz.

Anisotropic partsbi of HFI observed for the Cr1
31 center are

larger than thebdd
i calculated for Li and Nb substitution

~Table 1 and Table 3 in Ref. 14! as well as for the vacancy
occupation. Nevertheless, since for the nearest shells the
trema of the angular dependencies of the ENDOR frequ
cies in thex-y plane coincide with the projections ofRi onto
the x-y plane for cations~azimuthal angles 0, 30, 60, an
90°!, we may suppose that one of the axes of the lo
symmetry HFI is very close toRi , i.e., that polar angle of
this axis is close to the polar angle of theRi vector. Then,
assuming that the surrounding ions are located at reg
lattice sites, we can compare the principal directions of H
tensors for possible center models. Figure 11 shows that
principal directions of the second and third shells of Nb n
clei have a common point only in the case of Li substitutio
and that this point is not exactly the regular Li site. Therefo

FIG. 10. Reconstruction of line shape of the central EPR tr
sition on the basis of ENDOR data. Circles, experimental EPR
measured for LN crystal withxC about 50.0% and 0.02 wt % Cr a
Biz, n59.4 GHz, andT54.2 K. The solid lines were calculate
with the help of hyperfine parameters listed in Table III~thick lines!
and with the parameters of dipole-dipole interactions from Tab
~thin lines!.
6-8
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we can conclude that for Cr1
31 center the Li substitution is

realized, and that the chromium ion is shifted by about 0.2
from the Li site.

We have to mention that the correspondence of the p
cipal directions and theRi vectors is not valid for quadrupol
tensors. Since lattice ions in LN are located in noncubic
sitions, nonzero electric field gradients on nuclei exist ev
in an ideal crystal. The impurity ion creates additional g
dients, which are comparable~near to the impurity ion! or
much smaller~at large distances from the impurity! than gra-
dients of crystal-lattice ions.

Comparing the principal directions of other HFI tenso
with the Ri vectors of lattice ions we can determine the
lations between the measured parameters and shells of
ous nuclei. We found this correspondence for the CrLi model
~Table III!, however, we met many difficulties if the occup
tion of Nb site or structural vacancy is supposed.

FIG. 11. Comparison of principal directions of hyperfine tens
for the case of Li and Nb substitutions~the projection onz-y plane!
and estimation of a possible shift of the chromium ion from regu
Li site. bA

(2) , bA
(3) are thebA angles for the second and third N

shells, respectively, from Table III.
22411
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With the help of Eq.~3! we calculated the distribution o
electron spin densityai /ggn

i ~Tables II and III!. It is negative
~about280 MHz! for the own 53Cr nucleus. Since electron
density of 3d electrons is equal to zero at the own nucleu
the origin of nonzero negative density is a polarization of 1s,
2s, and 3s core electrons by 3d electrons. The spin densitie
for surrounding nuclei are unexpectedly rather high. Th
are positive and decrease with increasing distance from
chromium ion. The densities at Nb nuclei are several tim
larger than on the Li ones; this is obviously related to t
stronger attraction of chromium electrons to the larger po
tive charge of Nb51.

Our ENDOR data do not give an obvious evidence for
presence of another defect~or defects! in the neighborhood
of the main axial Cr1

31 center. The found shift of the chro
mium ion from the Li site can be explained by the nonisov
lent replacement. The lack of ENDOR lines from the near
Nb nucleus on the center axis can be caused by an absen
this ion. However, they could be also unobservable, if co
ditions for their observation are nonoptimal or if HFI param
eters are very small~nodal line for 3d3 wave function!.

IX. STRUCTURE OF THE Cr 3¿ SATELLITE CENTERS

For low-symmetry satellite centers we have direct e
dence of the presence of some defect in the nearest ne
borhood. Since Cr31 substituting for Li1 has two additional
positive charges, it would be very unlikely that this defe
also has a positive charge~instead of a negative one for th
charge compensation!. Therefore, interstitial Li1 or Nb51,
antisite NbLi1

51 and the oxygen vacancyvO
22 should be dis-

carded, as well as noncontrolled impurities. An addition
interstitial oxygen ion can give required charge compen
tion, therefore CrLi

31 – O22 complexes have to be considere
as possible models for the axial and low-symmetry cent
However, in this case it is not easy to explain directly~in the
frame of conventional schemes of LN nonstoichiometry! the
observed disappearance of satellite centers,5 a decrease of
chromium incorporation and the appearance of CrNb

31

centers14 in crystals withxcrystal'50%: the concentration o
CrLi

31 – O22 complexes with the local charge compensati
should not depend on the concentration of NbLi and cation
vacancies.

Among other intrinsic defects with relative negativ
charge—the antisite LiNb51

1 lithium and niobium vacancies
vLi

1 and vNb
51 , the LiNb and vNb

51 give a more logical and
natural explanation of both the EPR~see Ref. 5! and the
ENDOR data. All satellite centers are CrLi centers with one
of these defects in the second or further niobium shells. T
additional 4- or 5-charge, repelling chromium electron
should increase the electron density~and correspondingly
HFI! at the other neighboring Nb51 nuclei. Just this was
observed in our ENDOR study~see Sec. VI!.

The main chromium center, most probably, has no s
defects in its neighborhood~however, the presence of one o
them in the first niobium shell on thez axis should be con-
sidered as a possible alternative!. The observation of low-
symmetry exchange coupled chromium pairs in nonstoich

s

r

6-9



n
m
e

os
l-
e

et

th
tu
a-
tra
ain
ra
O
ie

ng

ic

s

lu

e

ns

o

ar
in

igh
an
fo

on

n-
e

e
y.
o-
.
s-
u-
the
the
dif-
the

of

oth
ra-
m-
g
ti-

or-
for

g of
lar

of
-

xci-
ped

ing

y
er
are-
al

ted

i-
ag-
s of

G. MALOVICHKO et al. PHYSICAL REVIEW B 65 224116
metric crystals at a comparatively low Cr concentration a
their disappearance in regularly ordered crystals beco
also understandable in the frame of the chosen idea: th
pairs areC1 complexes formed from onevNb ~or one LiNb!
and two CrLi, which are located at two nearest Li sites.

X. CONCLUSIONS

The reported detailed analysis and classification of p
sible surroundings of impurities in different lattice sites a
lows us to understand the main features of the ENDOR sp
tra observed and can be helpful for other paramagn
centers. The use of crystals with differentxC and various
chromium concentrations offered many advantages for
investigation of the impurity centers. It gave us an oppor
nity to find crystals with optimal conditions for the observ
tion of ENDOR. It facilitated also an analysis of the spec
and simplified the interpretation of the data. For the m
axial Cr1

31 center a full investigation of the ENDOR spect
and their angular dependencies was carried out. The END
spectra of satellite chromium centers have also been stud

Summarizing all our results we can make the followi
conclusions.

In all LN crystals from congruent to nearly stoichiometr
composition the chromium ion replaces Li1 in the case of
the main axial center Cr1

31 as well as for satellite center
Cr2

31-Cr9
31 .

Chromium ion in the Cr1
31 center is shifted by 0.2 Å from

the regular Li-site. The determined shift is close to the va
derived on the basis of PIXE data for the CrLi center.10

The analysis of the quadrupole splitting of53Cr shows
that the parameter of the axial crystal field is negative:b2

0

520.387 cm21 at 4.2 K. It is interesting to note that th
signs and values of the parametersb2

0, a, and Q2
0 for the

Cr1
31 center, which needs a defect for the charge compe

tion ~independently of Li1 or Nb51 replacement!, are close
to the parameters of Cr31 in Al2O3 , where chromium sub-
stitutes Al31 and had no defects in its surroundings39 ~Table
II !. However, they differ essentially from the parameters
Cr31 in Mg doped LN and CrNb

31 ~Ref. 14!.
Determined parameters of the hyperfine interactions

several times larger than expected for pure dipole-dipole
teractions. Rather high values of isotropic~contact! HFI give
us the evidence for a transfer of the electron density to ne
boring nuclei. The determined parameters of hyperfine
quadrupole interactions present a reliable starting point
theoretical calculations.

The strong distortion of the electron density distributi
O.
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derived from the ENDOR spectra of satellite centers co
firms the conclusion5 that they have an intrinsic defect in th
chromium surroundings. Models withvNb or LiNb as a charge
compensator of Cri center are able to explain most of th
details of both EPR and ENDOR spectra in a natural wa

The observed narrowing of the ENDOR lines in stoichi
metric crystals is less pronounced than for the EPR lines

The shape and width of the ENDOR lines for perfect cry
tals with low chromium concentration are close to the sim
lated ones on the base of ENDOR data. This proves
correctness of the interpretation of the ENDOR data. On
other hand that presents a good basis for the use of the
ference between the calculated and observed widths of
Cr1

31 EPR lines for the estimation of the imperfection
nonstoichiometric crystals.

The successful reconstruction of EPR spectra for b
CrLi and CrNb centers for crystals with decreased concent
tion of intrinsic defects allows us also to formulate an e
pirical rule: widths of EPR lines for the impurity substitutin
for Li are usually larger than for the same impurity subs
tuting for Nb. In the case of Cr31 the linewidths of central
EPR transition are approximately equal to 3 and 1 mT, c
respondingly. The unresolved superhyperfine structure
MeLi centers having Nb nuclei withI 59/2 in the nearest
neighborhood should cause essentially larger broadenin
the EPR lines than the hyperfine interactions with simi
number of surrounding Li nuclei (I 53/2) for MeNb impuri-
ties.

Obtained results, together with the determined structure
the CrNb

31 centers,14 can give a key for understanding of re
cent results of optical absorption, luminescence, photoe
tation, and photoluminescence spectra in chromium do
nearly stoichiometric LN crystals.40–48We hope that our EN-
DOR study presents decisive arguments for the long stand
discussion~see references in Ref. 5! about the location of the
chromium in Cr1

31-Cr9
31 centers. It shows also a possibilit

and necessity to perform similar ENDOR studies for oth
paramagnetic centers created by transition metals and r
earth impurities, which are of special importance for optic
applications.
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21A. Räuber, inCurrent Topics in Material Sciences, edited by E.
Kaldis ~North-Holland, Amsterdam, 1978!, Vol. 1, p. 481.

22S. A. Altshuler and B. M. Kozirev,Electron Paramagnetic Reso
nance in Compounds of Transition Elements~Wiley, New York,
1974!.

23A. Abragam and B. Bleaney,Electron Paramagnetic Resonanc
of Transition Ions~Clarendon, Oxford, 1970!.

24M. D. Glinchuk, V. G. Grachev, M. F. Deigen, A. B. Roitzin, an
L. A. Suslin, Electric Effects in Radiospectroscopy. Electro
Paramagnetic, Electron Nuclear Double and Paraelectric Re
nance’s~Nauka, Moscow, 1981!, pp. 1–332, in Russian.

25J.-M. Spaeth J. R. Niklas, and R. H. Bartram,Structural Analysis
of Point Defects in Solids: An Introduction to Multiple Magnet
Resonance Spectroscopy~Springer, Singapore, 1992!.

26E. Schempp, G. E. Peterson, and J. R. Carruthers, J. Chem.
53, 306 ~1970!.

27G. E. Peterson and P. M. Bridenbaugh, J. Chem. Phys.48, 3402
~1968!.
22411
.

.

.:

/

m.

.

s.

-

ys.

28G. Corradi, H. Soethe, J.-M. Spaeth, and K. Polgar, J. Ph
Condens. Matter2, 6603~1990!.

29H. Soethe and J.-M. Spaeth, J. Phys.: Condens. Matter4, 9901
~1992!.

30G. I. Malovichko, V. G. Grachev, E. P. Kokanyan, O. F. Schirm
K. Betzler, B. Gather, F. Jermann, S. Klauer, U. Schlarb, and
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