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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 Cr31 centers withg51.99560.005,ub2

0u'0.021560.001 cm21, 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 vacancies Liv

1—is also
considered. The members of the family of CrNb centers 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 consist of CrLi1

31 -CrLi1
31 centers ‘‘glued’’ by the

intrinsic defects, but not of self-compensated CrLi1
31 -CrNb51

31 centers.
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INTRODUCTION

For many years lithium niobate~LN! has been of grea
interest for both fundamental science and applications,
cause of the unusual richness of its physical propertie1,2

Conventional LN crystals, grown from a congruent melt w
a lithium deficiency „Xmelt5Xcrystal'48.4%, where X
5@Li #/~@Li #1@Nb#!…, contain some percentage of intrins
~nonstoichiometric! defects. Due to the high concentration
these defects, the congruent crystals are very tolerant to
valent (Me21) or trivalent (Me31) impurities, substituting
for Li1 or Nb51, because the necessary charge compensa
~local or distant! can easily be found among the nonstoich
metric defects.

A decrease of the concentration of intrinsic defects cau
by using melts with excess3,4 Li, or by a post-growth vapor
transport equilibration~VTE! treatment,5 leads to essentia
changes of the conditions for impurity incorporation to t
LN, and as a consequence to changes of crystal prope
and characteristics~see, for examples Refs. 6 and 7!. Even
stronger changes were observed8–10 for crystals grown under
special conditions, from melts to which potassium was ad
~later on labeled LN(K)!. It was found that they have eve
lower intrinsic defect concentrations and that potassium d
not enter the crystal. Besides the main Fe31 center~where
the parameter of the axial crystal fieldb2

0 is equal to 0.1768
cm21! two new iron axial centers~with much lower param-
etersb2

050.0495 and 0.0688 cm21! have been discovered11

in LN(K) . The difference in their characteristics reflects t
different surroundings and structure of these centers.
PRB 620163-1829/2000/62~12!/7779~12!/$15.00
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Results of the first studies of samples with a high Li co
tent ~with a ratioXcrystal close to 50%!, often conventionally
called stoichiometric, pushed many laboratories in the wo
to produce such crystals by different growth techniques,12–15

and to investigate their properties. Many interesting featu
were observed,16–19 initiating the booming interest in thes
materials.

Detailed investigations of Cr31 centers in LN over a wide
range of crystal compositions, doped with various chromi
concentrations,20 have shown that in addition to the ma
axial chromium center~with b2

0520.387 cm21, i.e., with a
zero-field splittingD50.764 cm21, center No. 1!, there are
several axial and low-symmetry centers withD
'0.7– 0.87 cm21. Since all these satellite centers disappe
in stoichiometric crystals, they were interpreted as co
plexes, consisting of Cr and nonstoichiometric defects in
nearest or next-nearest cation shells of the impurity s
rounding~center Nos. 2–9!.

Here we report the results of our study of a Cr31 center
with a very low zero-field splitting~No. 10!, which was
found in crystals grown with an addition of 1 wt % chro
mium to the LN(K) melt. Radiospectroscopic methods—
electron paramagnetic resonance~EPR! and electron nuclea
double resonance~ENDOR!—have been applied as our ma
techniques, since they are very sensitive and informa
tools for the study of defect structure and hyperfine inter
tions. For complementary characterizations, data of opt
spectroscopy were also employed.

I. CRYSTALS, EQUIPMENT, COMPUTER PROGRAMS

Special series of the samples, grown by the Czochra
method from melts with different chromium concentratio
7779 ©2000 The American Physical Society
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7780 PRB 62V. GRACHEV AND G. MALOVICHKO
~0.002–1.0 wt %! and differentXmelt ratios ~43–60 %! were
used. One further set of crystals with different chromiu
contents was grown from a congruent melt with the addit
of potassium under special conditions, leading to Li-ri
samples. The actual composition of crystalsXC was deter-
mined by the analysis of the EPR and NMR linewidths a
the intensity ratios of the forbidden and allowed resona
transitions.21,22 LN(K) crystals may possess anXcrystal of
about 50.0%. Moreover, these samples are close to the r
larly ordered crystal~ROC; see the definition and the anal
sis of crystal composition in Ref. 22!. Several chromium-
doped samples from different sources were also studied
comparison.

The EPR and ENDOR measurements were carried ou
the temperature range 4.2–300 K by means of a Bruker E
200 D-SRO with ESP 360 DICE ENDOR system, operat
in theX band. The study of EPR at 77–950 K was made w
a RE-1307 spectrometer at theQ band. Optical-absorption

FIG. 1. A cross section of the LN(K) crystal boule grown with an
addition of 1 wt % of Cr to the melt. The view is along thec-axis of
the crystal.
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spectra were measured using a Bruins Instruments Om
10/20 spectrometer.

The treatment of the EPR and ENDOR spectra~filtering,
peak picking, simulations, spectra subtraction, etc.! and their
angular dependencies could only be exploited using
vanced numerical methods. For this purpose the ‘‘vis
EPR’’ and, ‘‘visual ENDOR’’ program packages23 were
used. The determination of the relevant spin Hamilton
parameters of paramagnetic centers was made by a fi
procedure, based on an exact diagonalization of the co
sponding matrices.

II. VISUAL OBSERVATION, OPTICAL ABSORPTION

Chromium-doped congruent LN crystals usually have
homogeneous coloration from light green to dark green~de-
pending on the Cr concentration!. LN(K) crystals have a simi-
lar coloration if the Cr concentration in the melt is less th
0.25 wt %. However, in a LN(K) crystal grown with an addi-
tional 1 wt % of Cr in the melt, a very picturesque inhom
geneous coloration of the boule was observed~Fig. 1!. The
visible three-ray brown star reflects the crystal symmetry

To investigate a reason for this unusual coloration, t
samples from the brown and green parts were cut out~la-
beled LN(K)-brown and LN(K)-green below!. X-ray single-
crystal analysis of both parts showed no visible deviat
from the lattice structure of conventional LN~R3c space
group symmetry!. The spectra of the optical absorption
congruent and LN(K) samples are presented in Fig. 2. A
observed strong blueshift of the fundamental absorption e
for LN(K) doped with 0.01 and 0.1 wt % of Cr reflects
decrease of the intrinsic defect content in LN(K) crystals at a
low level of chromium dopants.

Optical absorption in both LN(K) samples grown from the
melt, with 1 wt % of Cr is comparable to the absorption o
congruent crystal grown with an addition to the melt of 0.
wt % of Cr only. This means that the coefficient of Cr inco
poration for LN(K) crystals is much less than that for congr
ent crystals.

Three broad bands centered at approximately 340, 4
and 660 nm definitely increase with the rise of Cr concen
r-
ht
FIG. 2. Optical-absorption spectra of C
doped crystals at room temperature. The lig
propagation is along they axis, and the light po-
larization isEiz.



st
n

re

o

ab
r

um
nm
or
s
m

g

efi
o

O

t

s.

ped
e
g

nes
rs

d
led
lled
n-

ce
rota-

is

d-
nce

he
e

esis
her

pin

PRB 62 7781EPR, ENDOR, AND OPTICAL-ABSORPTION STUDY OF . . .
tion. The observed colors of the samples reflect the redi
bution of the optical absorption. To check on the appeara
of a band near 500–550 nm in the LN(K)-brown sample we
supposed that the band at 660 nm can serve as the refe
band for a characterization of the Cr1–9

31 concentration: all
these centers have similar crystal-field parameters, and
other centers have been found in congruent and LN(K) crys-
tals doped with a low Cr concentration.

If the absorption coefficients at 660 nm,a i(660), are pro-
portional to the center concentrations, we can eliminate c
tributions of Cr1–9

31 to the absorption coefficient of LN(K)

crystals by subtraction of the correspondingly reduced
sorption of congruent crystals. Following this, fo
LN(K)-green and LN(K)-brown we obtained curvesf andg in
Fig. 2. They obviously have the same band, with a maxim
at 530 nm, and probably additional bands at 320–360
The concentration of the centres responsible for the abs
tion at 530 nm in the LN(K)-brown sample is several time
higher than in the LN(K)-green sample. The band at 530 n
can be attributed to~a! other Cr31 centers or Cr ions of
different charge states;~b! some other defects created durin
the growth process; and~c! a noncontrolled impurity, which
may enter the crystal together with Cr. To determine d
nitely the origin of the new optical band and the structure
centers responsible for it, we carried out EPR and END
studies of all Cr-doped samples.

III. EPR STUDY

An investigation of Cr31 centers with electron spinS5 3
2

in LN has a long history~see Ref. 20, and references in i!.

FIG. 3. The EPR spectra of Cr31 in LN(K) ~a!–~c! and congruent
LN ~d! for different orientations of the external magnetic fieldB.
T55 K, n59.4 GHz.
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However, the only centers with zero-field splittingD
'0.8 cm21 were observed in conventional LN:Cr crystal
Typical EPR spectra of the centers are given in Fig. 3~d!.
These centers are usually present in all our crystals do
with Cr. In a crystal grown with 1 wt % of Cr added to th
LN(K) melt, a group of three EPR lines with a splittin
twenty times smaller was registered@Figs. 3~a!–3~c!#. The
observed ratio of integral intensities of the new and old o
~i.e., the ratio of concentrations of corresponding cente!
was about 0.1–0.2 in LN(K)-green and 1–1.2 in LN(K)-brown
@Figs. 4~a! and 4~b!#. To make a correct interpretation an
identification of these lines we have to carry out a detai
study of their characteristics, since often even non-contro
impurities~Fe, Cu, Co, etc.! can be also seen due to treme
dous narrowing of EPR lines in Li rich LN crystals.22,24

The lines belong to approximately axial defects, sin
their gravity centers have no angular dependence at the
tion of magnetic field in thexy crystallographic plane~Fig.
5!. At an arbitrary orientation of the magnetic field, th
group consists of three clearly distinguishable lines~fine
structure!. At some orientation of the magnetic field an a
ditional badly resolved structure was also observed. Si
the number of allowed EPR transitions is equal to 2S, it
would be natural to associate the visible fine triplet with t
center withS5 3

2 . However, since the observed central lin
was always much narrower than the two others, a hypoth
about the existence of additional very broad lines with rat
low peak-to-peak intensities~S5 5

2 or evenS5 7
2 ! should be

also considered.
To describe the observed spectra the following s

FIG. 4. The EPR spectra of LN(K) for different chromium con-
centrations.T55 K, n59.4 GHz, andBix.
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7782 PRB 62V. GRACHEV AND G. MALOVICHKO
Hamiltonian with the axial symmetry was used:

HEPR5bBgS1b2
0O

2

0
. ~1!

Here b is the Bohr magneton,B is the vector of the static
magnetic field,g is theg tensor,S is the total electron spin
of paramagnetic center,b2

0 is the parameter of the axial crys

tal field, and O
2

0
5O2

0/3 is irreducible tensor operator of ele
tron spin, which is defined in Ref. 25.

The best fitting of the angular dependencies of the gra
centers for all lines was obtained atS5 3

2 and g51.995
60.005, andub2

0u50.021560.001 cm21 ~zero-field splitting
0.043 cm21; Fig. 5!. It is also possible to fit the sideline
with S5 5

2 or 7
2; however, in these cases the calculated po

tions of the central line are out of the error bars. We label
center as Cr10

31 with S5 3
2 , and the evidence of the assig

ment will be provided step by step.
One of the features of nonstoichiometric LN:Cr crystals

the presence of satellite centers consisting of paramagn
impurity and intrinsic defects20 @their lines are indicated in
Fig. 3~d!#. In LN(K)-green these satellite lines around lines
the old Cr31 center are of very low intensities; however, th
are still visible@Fig. 4~b!#; in LN(K)-brown they are practi-
cally absent@Fig. 4~a!#. Therefore, we can conclude that th
concentration of nonstoichiometric defects is rather low

FIG. 5. Angular dependence~road map! of the EPR spectra o
LN(K) with 1 wt. % of Cr. The error bars and the symbol siz
reflect the widths of the EPR lines, and the symbol sizes their
tensities.
y
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LN(K)-green and is extremely low in LN(K)-brown, and that
the inhomogeneity of crystal composition correlates w
Cr10

31 contents.
Another parameter, useful for the characterization of

degree of crystal imperfection, is the width of EPR lin
~Table I!. In such a ROC, like LN(K) with 0.01 wt % Cr, the
main mechanism of line broadening is unresolved hyper
structure. Therefore, the linewidths here are comparativ
small, nearly equal for all transitions, and have a very we
dependence on the magnetic-field orientation. Intrinsic a
extrinsic defects cause random distributions of the com
nents of the crystal fields. If the line positions depend l
early on crystal-field parameters~like 63/2↔61/2 transi-
tions!, this leads to an essential line broadening. If the crys
field produces only a second-order shift of the resonance
~the central12 ↔2 1

2 transition!, a moderate broadening an
asymmetry of this line take place. A high concentration
intrinsic defects in Li-deficient congruent LN induces an i
crease of up to twice the linewidth for the central transiti
of Cr1

31, and one of up to ten times for63/2↔61/2 transi-
tions. The EPR lines atB'z are usually 1.6–2 times broade
than atBiz. This means that a random distribution of low
symmetry components (b2

1,c2
1,b2

2,c2
2) makes the dominan

contribution to the line width.
The linewidths of Cr1

31 centers in both LN(K)-green and
LN(K)-brown are much smaller then those in congruent L
however, they are a little larger than in a ROC. This is in
agreement with the above conclusion made about the
concentration of intrinsic defects in LN(K) . The linewidths
of Cr10

31, and their dependence on the orientation of the m
netic field, are quite different from these for Cr1

31 in a con-
gruent crystal. The central EPR line of Cr10

31 is narrower~2
mT only!; it has no visible asymmetry, and a very wea
angular dependence of the linewidth. The lines of63/2↔
61/2 transitions atB'z are 1.5–1.6 times narrower than th
at Biz, and 10–5 times broader than the central line.

To estimate a possible contribution of spin-lattice rela
ation to line broadening, the dependence of the EPR spe
on the microwave power was measured. All of the lines
both Cr1

31 and Cr10
31 centers have partly different but simila

dependencies; however, the corresponding relaxation r
are too slow to give an essential addition to the linewidth
any transition. The bell-like dependencies of line intensit
on microwave power help us to find optimal conditions f
ENDOR investigations. Since the central transition is le

-

TABLE I. Peak-to-peak linewidths of different transitions for chromium centers in LN~in mT!.

Center Crystal

Biz Bix

1/2↔21/2 63/2↔61/2 1/2↔21/2 63/2↔61/2

Cr1
31 Congruent 6 32–36 10.5 50–60

LN(K)-green 3.5 15 5–5.5 15–17
LN(K)-brown 3.3 12–14 5 14–17
LN(K) , ~ROC! 3.0 4–6 4.3 4–6
0.01 wt % Cr

Cr10
31 LN(K)-green 2.0 18–20 2.7 14–16

LN(K)-brown 2.0 18–20 2.6 14
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affected by crystal-field variations, the unresolved hyperfi
interactions have to be responsible for this line broadeni

To find the origin of the line broadening and a reason
the visible deviation of the observed ratio of peak-to-pe
intensities from the expected forS5 3

2 ratio 3:4:3, a simula-
tion of EPR spectra with a random distribution of crys
fields was made for the magnetic-field orientationBix,
where the lines of Cr1

31 and Cr10
31 centers do not overlap. A

good agreement of experimental and simulated spectra
obtained, supposing that a random distribution of the a
crystal field gives the dominant contribution, and that t
width of this distributionDb2

0 is about 0.006 cm21. At the
same time the values ofDb2

0 are comparatively too small to
produce a second-order shift of the central transition line
to cause its broadening or asymmetry. The larger linewi
of the 63/2↔61/2 transitions atBiz than atB'z also be-
comes understandable, if we take into account their differ
dependences onb2

0. The positions of these lines derived o
the basis of Eq.~1! are given by expressionsgbB62b2

0 and
gbB6b2

0 at Biz andB'z, respectively. Since we found tha
LN(K)-brown has an extremely low concentration of intrins
defects, some extrinsic defects have to be the source o
random distortions of the crystal fields.

The temperature dependence of the axial crystal-field
rameters for Cr1

31 and Cr10
31 centers has an opposite behavio

An absolute value ofb2
0 increases from 0.386 cm21 at 4.2 K

to 0.41 cm21 at room temperature, and is even greater at h
temperature,26 whereas the line splitting for the new cent
goes to zero when temperatureT rises, and practically disap
pears above room temperature~Fig. 6!. In ferroelectric crys-
tals the temperature dependence of spin Hamiltonian par
eters can often be caused by a lattice transformation du
the phase transition. LN has such a transition from a fe
electric R3c phase to a paraelectricR3̄c phase atT
'1540 K. The observed smooth dependenceb2

0(T) for Cr1
31

can be caused by this transition.27 However, in the tempera
ture range between 4.2 and 400 K there are practically
changes of the positions of lattice ions; therefore, a dis

FIG. 6. Temperature dependence of the axial crystal-field
rameterb2

0 for Cr1
31 and Cr10

31.
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pearance of an axial crystal field for Cr10
31 should be due to

some other reason, for instance, to the ion movements in
nearest surrounding of the Cr impurity.

IV. ENDOR

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

Since atBiz the EPR lines of Cr1
31 and Cr10

31 centers over-
lap, the main measurements were carried out atB'z to avoid
ambiguity with the spectrum interpretation. The best ratio
the ENDOR signal to noise was found at temperatures
4.2–5 K for the central EPR transition.

ENDOR frequencies are described by the addition of
spin Hamiltonian for thei th nucleus to theHEPR:

Hi52gn
i bnBI i1SAi I i1I iQi I i . ~2!

Herebn is the nuclear magneton,gn is the nuclearg factor,
and A and Q are tensors of the hyperfine and quadrup
interactions~relations between the CartesianApq ,Qpq and
irreducibleA2

q ,Q2
q components of second rank tensors we

given in Ref. 23. Roughly the ENDOR line positions can
estimated as

nM~ i !5n i1MAi1Qimi . ~3!

M and mi are projections of electron and nuclear spins
corresponding quantization axis, andn i is the Larmour fre-
quency of thei th nucleus. Explicit expressions forAi andQi

can be found, for instance, in Refs. 28–30. More precis
the ENDOR frequencies can be obtained by numerical
agonalization of

H5HEPR1S iHi . ~4!

We mainly used the following approach. At the first step,
numerical diagonalization, the energy levelsEM and wave
functions ^Mu of HEPR were found, and matrix elements o
electron spin̂ M uSuM 8& were calculated for allM and M 8.
Then, for each electron-spin stateM, the matrices of effec-
tive nuclear spin-HamiltoniansHi

M were built:

Hi
M5^M uHi uM &1SM8ÞM^M uHi uM 8&

3^M 8uHiM &~EM2EM8!
21. ~5!

Finally, again the numerical diagonalization ofHi
N was used

to calculate the nuclear sublevel energies, ENDOR frequ
cies, and relative probabilities of nuclear transitions.

The tensor of the interaction of a surrounding nucle
with the paramagnetic defect in theC3 position hasC3 sym-
metry, if both are located on the crystalz axis, andC1 sym-
metry in all other cases~local symmetry of the nucleus!. In
the R3c lattice each nucleus of the surroundingC3 center
~except for the nucleus on the center axis! has two additional
magnetically nonequivalent partners, which can be tra
formed into one another by a rotation around thez axis by

-
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7784 PRB 62V. GRACHEV AND G. MALOVICHKO
120° and 240°. These three nuclei are characterized by
same set of hyperfine and quadrupole parameters~a shell of
electrically equivalent nuclei!. If L andR partners23 are not
distinguishable by EPR~the case of axial Cr31 centers!, the
ENDOR spectrum has a contribution of both centers.
parameters of the nuclear spin Hamiltonians forL and R
centers have the same absolute values, butAxy(L)5
2Axy(R), Azx(L)52Azx(R), Qxy(L)52Qxy(R), Qzx(L)
52Qzx(R) for tensors in Cartesian notations. In this situ
tion each nuclear shell consists of six nuclei in the gene
case~this can reveal itself in an additional splitting of EN
DOR lines with specific ‘‘mirror’’ angular dependencies!.
Therefore, at the arbitrary orientations of the magnetic fi
each low-symmetry shell of nuclei can produce 63(2S
11)32I ENDOR lines.

If distances between paramagnetic defect and surroun
nuclei of the same type coincide, the parameters of the
responding interactions can be nearly equal, which lead
nonresolved ENDOR lines. Any distortion preserving t
center symmetry, for example, the shift of impurity ion alo
the z axis, can transform a part of these accidentally deg
erated nuclear shells into independent shells with differ
parameters. The systematic presence of a foreign ion or r
lar ion vacancy on the z axis does not change theC3 sym-
metry of the axial center; however, it removes the accide
degeneration of nuclear shells. The same defect in on
low-symmetry shells of the nearest surrounding param
netic impurity leads to~a! the electrical nonequivalence o
the two other ions of this shell,~b! the nonequivalence of al
three ions of the neighbor shells, and~c! a lowering of local
symmetry toC1 for nuclei atC3 sites. Consequently, a du
plication @case~a!# and a triplication@cases~b! and ~c!# of
corresponding branches should be observed. For insta
the presence of an additional interstitial ion in the vicinity
MeNb51

31 triples the lines of all Li and Nb shells. Naturally, th
values of possible distortions~and correspondingly, the split
ting of the ENDOR frequencies! become smaller with the
increase of distances between the interstitial ion and inve
gated nuclei.

The glide mirror plane is an element of crystal symmet
which transforms anL center to anR center. However, each
of theseC3 centers has no mirror plane symmetry. Therefo
for some shells their six nuclei are generally nonequivale
although they are located at the same distance from the
purity ion ~for instance, six Nb nuclei in thexy plane around
the MeNb center!. The knowledge of these features helps
decipher the ENDOR spectra, and to determine the ce
structures.

A. ENDOR of chromium nucleus

Typical triplet lines with an isotropic hyperfine interactio
~HFI! about 50 MHz are the strongest lines in ENDOR sp
tra of both new and old centers. They definitely belong
53Cr nuclei ~nuclear spin I 5 3

2 , natural abundanceNa
59.5%!. The known noncontrolled impurities~C, Cu, Fe, V,
etc.! can be excluded, because they have nuclei with othI
or with very small abundance. The determined parameter
quadrupole interaction with their own nuclei are equal
0.14 for Cr10

31 and 20.32 MHz for Cr1
31. This means that a

gradient of electric fields at the point where the nucleus
he

ll

-
al

d

ng
r-
to

n-
t
u-

al
of
g-

ce,

ti-

,

,
t,
-

er

-
o

of

f

Cr10
31 is located is essentially smaller than on the Li si

occupied with the chromium ion of the Cr1
31 center. This

correlates with the small value of the axial crystal-field p
rameter for Cr10

31 centers.
The HFI with its own nucleus for Cr10

31 has weak anisotro-
pies.Axx5Ayy551.1 MHz andAzz550.7 MHz. Some repli-
cas of the main53Cr signals were also registered at the fr
quenciesnM(Cr)/2, nM(Cr)/3, nM(Cr)/4 andnM(Cr)/5 ~Fig.
7!.

B. ENDOR of surrounding nuclei

ENDOR spectra of Cr1
31 and Cr10

31 ~Fig. 7! are completely
different. In the spectra of Cr1

31, multiplets of nine lines of
93Nb are clearly distinguishable. These Nb nuclei have
strongest HFI, since they are located in the nearest ca
surroundings of the chromium ion substituted Li31. No such
multiplets were found for Cr10

31 despite variations of mea
surement conditions~microwave and radio-frequency pow
ers, change of magnetic field within the EPR line, tempe
ture, etc.!.

The measured angular dependencies of the ENDOR s
tra of Cr10

31 for the central1
2 ↔2 1

2 EPR transition are pre
sented in Figs. 8 and 9. All of the observed lines have
angular repetitions, which reflect theR3c symmetry of LN;
however, they do not have any resolved quadrupole splitt

FIG. 7. The ENDOR spectra of Cr1
31 ~high-field EPR transition!

and Cr10
31 ~central EPR transition! at Bix, T55 K. To facilitate a

comparison of the spectra, they were shifted to the93Nb Larmour
frequencies.
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The lines without angular dependence~except for the lines of
53Cr! were not detected. The nuclear transitions for all fo
values of the electron-spin projectionM ~63/2 and61/2!
were found~probably, due to overlapping of6 3

2 ↔6 1
2 EPR

transitions with the line of the12 ↔2 1
2 transition!.

The lines of the first group are centered at Larmour f
quency of7Li nuclei nLi'5.8 MHz. At least six nuclei with
different HFI have been found. Their angular dependenc
have the extrema at azimuthal anglesw about 30°, 60°, and
90°. They were successfully fitted with two parameters o
~Table II!. It is natural to associate these lines with the7Li
nuclei. Since the structural vacancies are located at the s
azimuthal directions as regular Li sites, it is impossible
present to distinguish definitely the positions of Li nuc
responsible for the observed lines. Some of the lines m
belong to additional Li1 ions in the structural vacancies
Li v

1 , the others to regular Li1 ions in the nearest and nex
nearest neighborhoods.

FIG. 8. Measured angular dependencies of the ENDOR spe
of Cr10

31 ~symbols! and calculated dependencies~lines! for one of
the 7Li nuclei ~No. 2b in Table II! in the xy plane.T55 K andB
5341 mT.

FIG. 9. Measured angular dependencies of the ENDOR spe
of Cr10

31 ~symbols! and calculated dependencies~lines! for one of
the hydrogen nuclei~No. h2 in Table II!. T55 K andB5341 mT
in the xy plane.
r

-

s

y

me
t
i
y

The lines of the second group have rather high frequ
cies about 10–20 MHz and the extrema of their angular
pendencies occur atw about 16°–17°. There are no regul
lattice ions in these directions. If we suppose that these li
are related to the additional Li ions, the values of cor
sponding HFI parameters have to be about 20–25 M
which is in obvious contradiction with the measured width
EPR line for this center~2 mT!. Since these lines are cen
tered on the1H Larmour frequencynH , we fitted them as
related to hydrogen nuclei and obtained a rather good ag
ment with the observed frequencies at reasonable value
parameters~see Table II!. Part of the calculated angular de
pendencies is drawn in Figs. 8 and 9. If we suppose that
extrema of angular dependencies correspond to the direc
from a chromium ion to the possible nucleus positio

FIG. 10. Possible configurations of Cr31 substituting for Nb,
and charge-compensating defects.

tra

tra

TABLE II. Parameters of hyperfine interactions~in MHz!,
which describe the measured angular dependencies of END
lines for Cr10

31 in LN(K) at the rotation of the magnetic field in thexy
plane.

Nucleus Position~shell! No. Axx Ayy Axy

7Li 1 ? ? ?
7Li 2a 212.1 12.3 0
7Li 2b 29.95 9.05 0
7Li 2c 28.25 5.3 0
7Li 3a 22.65 5.05 0
7Li 3b 21.9 4.0 0
7Li 3c 20.9 2.4 0
1H h1 9.8 22.1 63.9
1H h2 7.8 23.2 63.9
1H h3 5.7 23.3 60.2
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~which is valid for dipole-dipole interactions, though it is n
obligatory in the general case!, we have to conclude thath1
and h2 positions of1H1 are shifted from the center of th
O-O bond on about one-eighth of its length. Since the
rameters forh3 shell are smaller than those forh1 andh2,
the distance to this position should be greater.1H1 of theh3
shell is probably located on the next O-O bond~Figs. 10 and
11!.

FIG. 11. Possible configurations of Cr31 substituting for Nb,
and charge-compensating defects. A projection on thexy plane is
shown.
-

Each line withAxxÞAyy belongs to the nucleus, which i
not located on the center axis. According to crystal symm
try a shell of such nuclei consists of three, six, or 12 elec
cally equivalent nuclei. An attempt to reconstruct an EP
line, supposing that each nucleus listed in Table II has two
more additional partners, fails: the calculated linewidth
the 1

2 ↔2 1
2 transition is greater than the observed on

Therefore we have to conclude that only part of the lis
nuclei belongs to the one Cr10

31 center. Being equivalent in
the sense of EPR~nearly equalg and b2

0 parameters!, Cr10
31

centers are not equivalent from the point of view of ENDO
This means that, like in the case of Cr1–9

31 centers, low crystal
field Cr10

31 creates a family of similar, but not identical, ce
ters. The difference in crystal-field parameters of the Cr1–9

31

centers, with a zero-field splitting about 0.8 cm21 was so
large that it was possible to resolve their lines even
EPR.20 Centers withb2

0'0.0215 cm21 have a much smalle
difference of the parameters~with a distribution of about
0.006 cm21; see Sec. III!; therefore, they can be distinguish
able only with the help of ENDOR.

The observed HFI for the nearest Li nuclei at a distance
3 Å ~8–12 MHz;; see Table II! strongly deviates from the
calculated dipole-dipole interactions~about 1.1 MHz only;
see Table III!. For 1H1 the estimated dipole-dipole value
~9.5–2.8 MHz at the distances 2–3 Å! are close to the pa
rameters of the observed HFI. Therefore, we can concl
that electronic density of the Cr10

31 center is rather delocalize
and anisotropic. The presence of H1 in the chromium neigh-
borhood would be very unlikely if Cr10

31 substitutes for Li1,
or incorporates itself into the structural vacancy—in bo
these cases an additional negative charge is required fo
compensation.

V. MODELS OF CHROMIUM CENTERS
IN LITHIUM NIOBATE

Finally, we came to the conclusion that the followin
model is able to explain all experimental details of the Cr10

31
site.

tal

n.
TABLE III. Nucleus positions and dipole-dipole interactions for the paramagnetic defect on the Nb

Nucleus Sphere Symmetry
Number
of nuclei Distance

Projection
on thec

axis
bdd ,
MHz a b Comment

Li 1 C3 1 3.009 3.009 1.128 0 0
Li 2 C1 3 3.053 20.70 1.084 30, 120, 270276.77
Li 3 C1 3 3.381 1.61 0.796230, 90, 210 61.53
Li 4 C3 1 3.922 3.922 0.510 0 0
Li 5a,5b C1 313 5.963 21.61 0.196 0, 60,...,300 59.69 a

Nb 1a C1 3 3.765 2.31 0.364 30, 150, 270 52.14 b

Nb 1b C1 3 3.765 22.31 0.364 230, 90, 210 252.14 b,a

Nb 2a,2b C1 313 5.148 0 0.142 0, 60,...,300 90
Nb 3a C1 3 5.494 4.62 0.117230, 90, 210 32.75 b

Nb 3b C1 3 5.494 24.62 0.117 30, 150, 270232.75 b,a

Nb 4a C1 3 6.378 2.31 0.072230, 90, 210 68.76 b

Nb 4b C1 3 6.378 22.31 0.072 30, 150, 270268.76 b,a

Nb 5 C3 1 6.932 6.932 0.058 0 0

aThe nuclei of the sphere were not indicated previously~Ref. 30! because only the upper part of the crys
lattice was considered.

bThe lines ofa andb spheres of these nuclei are split, if the defect shifts off the normal lattice positio
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center. Since the chromium ion has regular Li nuclei in
nearest neighborhood, it substitutes for Nb51. A lack of two
positive charges cannot be locally compensated for by
nearest oxygen vacancy or by the nearest NbLi, since such
defects should give a much greater low-symmetry pertur
tion of crystal field than the observed one. Since1H1 lines
found in ENDOR spectra are characterized by rather str
HFI, the interstitial H1 should be located in the vicinity o
Cr, and provide the necessary charge compensation. T
previously equivalent Li nuclei of any shell become no
equivalent in the presence of even one1H1 ~or it is the same:
OH2! in the neighborhood of the Cr ion. In a common ca
shell No. 2, for instance, splits into 2a, 2b, and 2c sub-
shells, i.e., three nuclei have similar, but not identical, H
parameters. The observed repetition of angular dependen
at 120° from the mirror plane atw530° ~the zy plane! is a
result of a superposition of many centers: each of them
low symmetry; however, a total picture reflects the crys
symmetry. A supposition that each nucleus listed in Tabl
has no partners allows one to overcome the above-indic
difficulty in EPR line reconstruction.

Based on the available data, we cannot exclude the p
ence of additional Li ions in structural vacancies Liv

1 , since
nuclei in these and regular Li positions have similar angu
dependencies in thexy plane. One can imagine several co
figurations with local or distant charge compensations, t
Li v

1 , two H1, one Liv
1 and one H1; one Liv

1 or H1 in the
nearest neighborhood; and another Li1, H1 or CrLi

31 ion in
one of the distant shells~the typical configurations for hy
drogen ions are presented in Figs. 10 and 11!. H1 can be
coupled with O22 in the oxygen layers above or below C
ions. The existence of several possible configurations ea
explains the observed difference of linewidths for1

2 ↔2 1
2

and 6 3
2 ↔6 1

2 transitions. The near disappearance of
axial crystal-field parameter of Cr10

31 at a temperature o
about 400 K is probably related to the movement of H1

around Cr.
The models of the old Cr1

31 center and Cr10
31 are com-

pletely different. In the first case Cr31 substitutes for Li1,
and has an excess of positive charge, which can be com
sated for by intrinsic defects, like Nb and Li vacancies.20 In
the second case the Cr31 ion replaces Nb51, and is nega-
tively charged relative to the regular lattice. Theoretica
some intrinsic nonstoichiometric defects, for example NbLi1

51

antisites, could serve as distant compensators for these
ters. However, Cr10

31 centers do not appear in congruent L
at a low chromium concentration~more exactly, they did no
appear until@Cr# was less than the concentration of nons
ichiometric defects!. The procedure for the growth of LN(K)
crystals reduces the concentration of nonstoichiometric
fects up to a very low level, and Cr1

31 centers bind the rest o
conventional intrinsic defects. This creates the conditio
when Cr, seeking a charge compensator, enters the cry
together with some of the available extrinsic defects—in
case with H1.

VI. DISCUSSION

It is interesting to note one unexpected and amazing f
the properties of congruent LN crystals heavily doped w
e
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such modifiers as Mg, Zn, or Ca, and codoped with the C
a rather low concentration, have many features similar~but
not identical! to those reported here for regularly ordered L
with a high Cr content~about 1% in the melt!.

The coloration of the LN:Mg:Cr crystal studied in Ref. 3
was rather inhomogeneous along thez axis: the upper and
lower parts of the crystal boule were greenish and vio
with a continuous transition range between them. Gre
color for the samples with 2% and 4% of MgO, and brow
color for the samples with 5.5% and 6% of MgO were r
ported in Ref. 33. The band at 530 nm with an absorpt
coefficient about 1 cm21 at the maximum was extracted i
Ref. 32; it is not so pronounced as in our Fig. 2~c!, but the Cr
concentration in the melt used for the growth of LN:Mg:C
was smaller. The bands at 530 and 300 nm were explaine
crystal fields transitions of Cr41 ~but not Cr31! ions.32 The
presence of H1 in the Cr neighborhood was used for th
interpretation of new band in the infrared absorption reg
at 3506 cm21 as OH stretching vibration in Cr-OH-Mg
complexes.32 In Ref. 33 one of the OH2 bands was associ
ated with the complex of CrLi1

31 -OH2-MgNb51
21 , but not with

CrNb51
31 .
In studies by EPR and ENDOR,34,35 optically detected

magnetic resonance,36 and optical absorption and EPR inve
tigations of LN:Mg:Cr37–40 as well as LN:Zn:Cr37 and
LN:Ca:Cr,41 Cr31 center with very low crystal-field param
eter b2

0 was observed. Its EPR spectrum consisted of o
one central line~the sidelines were not visible either due
overlapping with the central line or to very small intensitie
or for both these reasons simultaneously!. It was impossible
to determine the value ofb2

0 directly; nevertheless, with the
help of an indirect procedure it was roughly estimated34 as
b2

0<0.01 cm21. In contrast to Ref. 32, the additional optic
absorption band at 530 was correlated to this nearly isotro
Cr31 center withg51.971,35,36 and no other ions, except L
and Nb, were found in the Cr surrounding by ENDO
measurements34 of the same crystal. The observed H
~about 1–2 MHz or less! were interpreted as close to class
cal point dipole-dipole interactions of Cr substituting for N
and surrounding nuclei.34 The authors concluded that C
shifted by about 0.1 Å toward the center of octahedron. p
ticle induced x-ray emissio~PIXE!/channeling data42 sup-
ported Nb substitution in the LN:Mg:Cr, and the indicate
shift value.

The similarity of these and some other properties of
rich and Mg-doped LN crystals~for example, the blueshift of
the fundamental absorption edge! coexists at the same tim
with the opposite behavior of many other properties~line-
widths of EPR, NMR,22 and Raman scattering,10 lattice
constants,43 etc!. Crystals heavily doped with the above
mentioned modifiers obviously have a defect concentra
much higher~but not lower!, than conventional undoped ma
terials. Since Mg21 ions are not isocharged to Li1 or Nb51

ions, these extrinsic defects can serve as charge compe
tors for trivalent ions. For instance, a complex
MeNb51

31 -2MgLi1
21 is fully compensated for, and there is n

necessity to involve other extrinsic defects for the cha
compensation.

The superficial resemblance of LN:Mg:Cr, LN:Zn:Cr, an
LN(K): Cr turns into a profound difference at close consid
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7788 PRB 62V. GRACHEV AND G. MALOVICHKO
ation. The Cr10
31 center appears in LN(K) without the addition

of modifiers, though only at a rather high~about 1 wt. %!
concentration of Cr in the melt. The ratio of integral inten
ties of the EPR line for Cr1

31 and Cr10
31 centers in LN(K)-green

and LN(K)-brown ~Fig. 4! corresponds approximately to th
ratio of intensities of optical-absorption bands at 660 and
nm ~Fig. 2!. Therefore, there is only the possibility to ass
ciate the band at 530 nm definitely with a transition of t
Cr10

31~Nb! center, but not with the other Cr position or oth
charge states. The obtained value of the axial crystal-fi
parameterb2

0 for this center is two times higher, and valu
of the HFI with the Li nuclei are up to eight times high
than those estimated for the Cr31 center in LN:Mg.34 The
presence of H1 in the neighborhood of the Cr10

31 center leads
to a splitting of Li shells into subshells of nonequivale
nuclei. ENDOR gives evidence of the mechanism of cha
compensation by hydrogen ions. Moreover, Cr10

31 is not a
single center, but a family of the centers, which differ fro
each other in the location of H1 in the Cr neighborhood. The
coexistence of Cr1

31 and Cr10
31 takes place in LN(K) ; how-

ever, Cr1
31 is not observed in the crystals heavily doped w

Mg or Zn.
It seems there is a rather obvious necessity for a comp

tive investigation of impurity centers in both kinds of cry
tals ~undoped and heavily doped with modifiers! by different
complementary methods. Such a study is strongly desira
and would be very useful for correct conclusions about
nature of intrinsic and extrinsic defects in LN.

The exchange-coupled pairs were observed by EPR

FIG. 12. Comparison of the EPR spectra of crystals hig
doped with Cr:LN(K) and congruent LN.n59.4 GHz andT55 K,
Bix @~a! and ~b!#. B close tox ~c!.
-

0

ld

e

a-

le,
e

in

congruent crystals at comparatively low~about 0.1–0.25
wt % in the melt; Fig. 12! concentrations of Cr.44–47 Since
their lines are split at the deviation of the magnetic fieldB
from the crystalc axis, these centers are nonaxial, low
symmetry complexes. It was found44 that the main compo-
nent of crystal fieldb2

0(S) for multiplets with total spinS
53 is about 0.164 cm21. According to the theory of ex-
change pairs this value has to be close to (b2,A

0 1b2,B
0 )/5,

whereb2,A
0 andb2,B

0 are axial crystal-field parameters of th
first and second ions in the dimer. A dimer, consisting
CrLi1

31 with b2,Li
0 50.387 cm21 and CrNb51

31 with b2,Nb
0

50.0215 cm21, should have b2
0(3)5(0.38710.0215)/5

50.082 cm21, whereas a dimer consisting of two CrLi1
31

should have b2
0(3)5230.387/550.155 cm21. The last

value is very close to measured 0.164 cm21; therefore we
can now state that the observed dimers are complexes of
CrLi1

31 ~glued by one niobium vacancy20!, but not
CrLi1

31 -CrNb51
31 pairs. The low symmetry of registered dimers

in agreement with the nonaxial location of two nearest
sites, whereas the nearest Li and Nb sites are located on
c axis ~see Fig. 10!. It is rather unexpected, but there is
fact, that chromium ions do not create the local se
compensated pairs~at least such pairs were not registered
EPR!. Instead of that CrLi1

31 and CrNb51
31 ions prefer to be

isolated and to have different compensation mechanis
even if they are both present in the crystal in nearly eq
concentration.

The comparison of the EPR spectra of congruent crys
doped with 0.25 and 1 wt % of Cr and LN(K) with 1 wt % of
Cr ~Fig. 12! shows that a sharp line withg'2 does not
present in congruent crystals at low Cr concentration; ho
ever, it appears in highly doped samples. If we suppose
the6 3

2 ↔6 1
2 transitions are not resolved due to the overla

ping with the broad lines of exchange-coupled pairs, then
should also conclude about the presence of Cr10 centers in
conventional congruent LN with a high Cr content. Th
means that there is a threshold concentration@Cr# thresh at
which intrinsic defects are not able more to compensate c
pletely for all CrLi1

31 . If @Cr#.@Cr# thresh, chromium ions start
to replace Nb ions in addition to Li ions. In the last case
part of Cr ions plays the role of a modifier~like Mg or Ca!
for the other part. For LN(K) crystals having a very low con
tent of intrinsic defects, this@Cr# threshis much lower than for
the congruent ones.

VII. CONCLUSION

Detailed investigations of EPR, ENDOR, and optica
absorption spectra allowed us to clarify the structure of
family of Cr31 paramagnetic centers withg51.99560.005,
ub2

0u'0.021560.001 cm21 and an optical band at 530 nm
Since ENDOR study has shown that electrons of Cr10

31 center
have a strong HFI with the nearest Li nuclei, the conclus
was made about Cr substitution for Nb~in contrast to the
Cr1

31 center, where Cr has a strong HFI with the Nb nuc
and replaces Li!. Several ENDOR lines, which belong t
1H1, were detected, and this sheds light on one of
mechanisms of local charge compensation of the CrNb cen-
ters. The second possible mechanism is charge compens

y
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by additional Li ions in structural vacancies Liv
1 . The com-

mon feature of the found family is the Cr substitution for N
The various members of the family have different locatio
of interstitial H1 or Liv

1 . The presence of a charge compe
sator in the nearest neighborhood causes lattice distor
and leads to the distribution of crystal-field paramete
which reveals itself in the observed broadening and non
solved structure of the6 3

2 ↔6 1
2 EPR transitions. The HF

parameters with several surrounding nuclei were determin
and a splitting of shells of equivalent nuclei into subshe
was found. The observed HFI is of both CrLi and CrNb cen-
ters are much stronger than dipole-dipole interactions,
there are high electron densities on the nearest nuclei.

The mechanism of charge compensation by interstitial1

and/or by Liv
1 can be realized not only for Cr31 but for the

other impurities, which also have a tendency to replace
It is expected that this mechanism certainly works in crys
with a considerably decreased concentration of intrinsic
fects~like LN(K) or VTE LN!. Since an additional OH2 band
in the infrared-absorption region at 3506 cm21 appears in
LN:Mg:Cr, the compensation of MeNb by H1 probably also
works in crystals highly doped with divalent and trivale
elements~like Mg, Zn, Ca, Sc, etc!.

The Li replacing impurities, MeLi ~Cr is just an example!
may have a threshold concentration, when they start to
place Nb ions. The conditions of the appearance of MNb
will, however, vary from impurity to impurity, and corre
spond to a special concentration balance between the co
ered kinds of impurity and intrinsic defects.

Our results show a strong interrelation between s
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systems of intrinsic and extrinsic defects. If we come nea
to materials having vanishingly small numbers of intrins
defects, then not only quantitative, but also qualitat
changes of crystal characteristics are observed. The use
ROC for the investigation of extrinsic defects is a very he
ful and efficient method, due to its tremendous resolut
enhancement of its spectra. The appearance of interes
features in the nearly perfect material illustrates the poss
ity to tailor LN properties by variations of concentrations
both intrinsic defects and impurities. The accumulat
knowledge about charge compensation mechanism of dif
ent nonisovalent impurities allows one in the future to p
ceed to a more efficient intentional engineering of LN cry
tals with the required characteristics, instead of previo
numerous attempts at blind manipulation with dopan
growth conditions, post-growth reduction, or oxidation tre
ment.
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