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ENDOR study of Cr3* centers substituting for lithium in lithium niobate
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The surroundings of several €r centers in lithium niobate crystals were investigated with the help of
electron nuclear double resonarlNDOR). 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 @F 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 C¥" substitutes for LT, however, the chromium ion is shifted by 0.2 A from the regular Li site.
An analysis of quadrupole splitting 8fCr shows that the parameter of the axial crystal field is negalu'g/e:
=—0.387 cm ! 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 resonafeER) 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 isotropicontac} hyperfine interactions demonstrate a transfer of electron
density to neighboring nuclei. An analysis of the ENDOR spectra of satellite cent?e*rs(ﬂi+ has shown that
Cr* substitutes for Li 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 mode|yéth a
charge compensator of Gicenter explains most of details of both EPR and ENDOR spectra in a natural way.
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[. INTRODUCTION absorption fine structure analysis were in favor of Li
substitutior® however, these measurements were made for

The determination of the structure of centers created ih-N crystals with a high dopant level of about 5 mol %, for
lithium niobate, LiINbQ (LN), by trivalent ions, including Which clustering and occupation of both Li and Nb positions
those of transition metals and rare-earth elements, is one &€come very probable. The best fit of the data of particle
the most important tasks in defect study of this materialinduced x-ray emissiofPIXE) combined with channelmlﬁ ,
Besides pure scientific interest, the elucidation of the posiWas obtained assuming 60% of the Cr occupying regular Li
tion of these impurities in the lattice, their nearest surroundSit€S and 40% occupying regular Nb sites. However, this

ings, and the way of the charge compensation are vital fanethOd is not §e_nsitiye to phe charge state of the impurity
tailoring fundamental properties of this material for various"’md does not distinguish axigl; and low-symmetnC, sat-

applications. The discussion about the location of th&"Cr ellte centers.

. it in th tal latti tarted with the first optical and The measurements of the electron nuclear double reso-
Impurity in the crystal 1atlice started wi e firstop |ca+an nance(ENDOR) are rather complex. However, the ENDOR
electron paramagnetic resonantePR studies of C}

, . data give a very rich set of characteristics of hyperfine inter-
(Refs. 14, see Ref. 5 for the introduction to the probldm ,qtions(HFI) and quadrupole interactions of impurity elec-
this context, one main difficulty is that the most probableions with own and surrounding nuclei, which can be con-
positions for impurity incorporation, Li and Nb sites as well yerted into information about the impurity position, the
as the structural vacancy, have the same local symn@&{ry  djstribution of electron density, the presence of charge com-
This means that they are not distinguishable by many spegensators, and so on.
troscopic techniques including EPR. In the ENDOR stud¥ of the axial C§* center in LN
Attempts to determine the impurity positions by indirect crystals, grown from congruent and stoichiometric melts, pa-
methods often gave contradictory information. In pioneeringrameters of hyperfing€49.3 MH2 and quadrupolg—0.37
paper$ it was assumed that chromium occupies the NbMHz) interactions foP3Cr were determined. The rather large
site. Later, however, it was concluded on the basis of EPRalue of the observed quadrupole interaction was in agree-
datd that the main axial chromium center characterized byment with the C};" assignment.
crystal-field parametelng~—0.39 cm?! (Crf+ centej® has Another chromium center witrbgmo appears in LN
to be attributed to Cr on a Li site. codoped with about 6 mol % of Mg. The ENDOR investiga-
Many of direct methods for the determination of impurity tions of this centé?** showed that the observed hyperfine
positions are not applicable to the LN:Cr system:ddioauer interactions with several shells of surrounding Li nuclei can
spectroscopydemands the presence of special nuclei; chanbe explained by assuming that chromium occupies the Nb
neling investigationgRutherford backscattering spectrom- site. This was supported by the small valueb@f (=<0.01
etry, Ref. § are more successful in the case of heavy, manyem %) and quadrupole interactia®.1 MHz), more likely to
electron ions. Results obtained by an extended x-rayccur for the Nb than for the Li site, and by comparison with
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the corresponding parametetSof the chromium center in
LN not codoped with Mg. However, in making a comparison
of both types of Cr centers one has to consi¢@rLN with-
out Mg and LN heavily doped with Mg are very different
crystals with respect to both the intrinsic and extrinsic defect
subsystems(b) a disappearance of chromium centers with
|b3|~0.39 cmi ! in LN:Mg could be explained, for instance,
by the presence of Mg in the nearest neighborhood or by
the change of charge compensator instead of another chro-
mium position. The family of G centers with |bJ|
~0.0215 cm* was found in stoichiometric LN doped with
1 wt% of chromiumt* Detailed investigations of angular
dependencies of the EPR and ENDOR spectra, and optical
absorption allowed to conclude that Cr in this center substi-
tutes for Nb and has in the nearest surrounding'thé or
additional Li* ions in structural vacancies Lifor the charge
compensation. The members of the family ofyCcenters
differ from each other by the location of one or both these
compensating defects.

In order to have direct evidence for the®Crlocation in
the centers withb5|~0.39 cmm* and to get detailed infor- FIG. 1. Assignments of nuclear shells around the lithium site.
mation about the impurity surroundings, a full ENDOR in-
vestigation of these centers in LN was carried out. The patiNbO; molecules in its rhombohedral elementary unit cell.
rameters of hyperfine and quadrupole interactions withall sites along thez (or opticalc) axis of the crystal, includ-
several nuclear shells were determined. This allowed us ting the sites of Li, Nb and the octahedral structural vacancy
find the exact chromium positiofshifted from Li sitg. The  y, have the symmetry of the point grou;. An isolated
models of chromium centers, which are able to explain aldefect in any of these positions create€a (later on also
experimental data of the EPR and ENDOR are suggested. |abeled “axial”) center. A glide mirror plane is the symmetry

element, which transforms one of the two molecules into

Il. CRYSTALS, EQUIPMENT, COMPUTER PROGRAMS another one, and correspondingly, the surroundings of the
“right” (R) center into the surroundings of the “left(L)
; - . bne. However, each of the€®; centers has no mirror plane
method from melts with different chromium concentra- gy metry. Therefore, six nuclei of some shells are generally
tions (0.002-1.0 wt% and differentXcyysia= ([LiID/([Li]  honequivalent, although they are located at the same distance
+[Nb]) ratios(47.0, 48.5, 49.5, 49.85, and about 50.0%, S€&,m, the impurity ion(see, for instance, the shells 2a, 2b and

Refs. 5, 1416 for detailsvere used. _ ga, 5b on Fig. 1 and in Tablg.IAll other positions(oxygen
Most of the EPR and ENDOR measurements were carrie ite, tetrahedral vacancy, etar complexes of two defects

out in the temperature range 4.2-300 K>band on a (gycept when both are located on the crystakis) have the
Bruker ESR-200 D-SRC with ESP 360 digitally computed lowest possible symmetrg; .
. . 4 . 1
excitation (DICE) ENDOR system at the University of
Osnabrgk and on a Bruker ESR-300 spectrometer at Gies-
sen University. Some testinQ and X band EPR investiga-
tion were performed by means of RE-1301, RE-1308 spec- The usual spin Hamiltonian, which describes the field po-
trometers at Institute for Problems of Material Sciencessitions of the EPR lines of centers with the sfga 3/2 and
(Kiev, Ukraing. Optical absorption spectra were measuredarbitrary symmetry, can be written as
using a Bruins Instruments Omega 10/20 spectrometer.
The treatment of the EPR/ENDOR spedtiifiering, peak
picking, simulations, spectra subtraction, gtnd their an-
gular dependencies were carried out with the help of the
“Visual EPR” and “Visual ENDOR” program packageS. Here g is the Bohr magnetorB is the vector of static mag-
The relevant spin-Hamiltonian parameters of the paramagaetic field,g is theg tensor,Sis the total electron spin of the
netic centers were determined by a fitting procedure, basegaramagnetic centehl, cJ are the parameters of crystal
on the exact diagonalization of the corresponding matricesfield; 0= 0%/3, Q3=03/3; 0, QF are irreducible tensor
operators of electron spin, which are defined elsewffere.

Special series of samples, grown by the Czochralsk

B. Spin Hamiltonians

Hepr=pB-g-S+2 (b03+c309), —2=g=2. (1)
q

[ll. THEORETICAL BACKGROUND For C3; symmetry the spin Hamiltonian has only diagonal
. ) . . . components of thg tensor and one crystal-field term having
A. LN lattice and possible surroundings of impurity centers q=0

The ideal LN lattice(see Fig. 1 in Ref. bhas the space The ENDOR frequencies are described by the addition to
group symmetryR3c at room temperatuté=2! with two  Hgpg the spin Hamiltonian foith nucleus’®-2°
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TABLE I. Nucleus positions and dipole-dipole interactions for the paramagnetic defect on the Li site.
and B are the azimuthal and polar angles, respectively, of the “defect-nucleus” direction.

Projection
Number Distance onc axis byqy a B
Nucleus Shell Symmetryof nuclei  (A) A) (MHz) (deg (deg Comment
Li la Ci 3 3.765 2.31 0.576 30, 150, 270 52.15 @
Li 1b Ci 3 3.765 —-2.31 0.576 —30, 90, 210 —52.15 ab
Li 2a, 2b Ci 3+3 5.149 0 0.225 0, 60, ..., 300 90
Li 3a Cy 3 5.494 4.62 0.185 —30, 90, 210 32.80 a
Li 3b C, 3 5.494 —4.62 0.185 30, 150, 270 32.80 a,b
Li 4a C, 3 6.378 2.31 0.118 —30, 90, 210 68.77 a
Li 4b C, 3 6.378 —-2.31 0.118 30, 150, 270—-68.77 ab
Li 5 Cs 1 6.932 6.932 0.092 0 0
Nb 1 Cs 1 3.009 3.009 0.712 0 0
Nb 2 C, 3 3.053 0.70 0.682 —30, 90, 210 76.77
Nb 3 C, 3 3.381 —-1.61 0.503 30, 150, 270—-61.53 b
Nb 4 Cs 1 3.922 3.922 0.322 0 0
Nb 5a, 5b Cy 3+3 5.963 1.61 0.124 0,60, ..., 300 59.69

#The lines ofa andb shells of these nuclei are split, if the defect shifts off the normal lattice position.
®The nuclei of the shell were not indicated previougRef. 29, because the upper part of crystal lattice was
considered.

H= —ginﬁnB' S+SALI+1.Q- 1" 2) MHz and four triplets between 20 and 80 MHz. The narrow-
) ) est ENDOR line, which was observed in LN:Cr, had a peak-
Bn is the nuclear magnetog,, is the nucleag factor,A, Q = 5 peak linewidth of about 0.1 MHz all other lines were
are the tensors of hyperfine and quadrupole |.nteraqct|oras. Reoader. In crystals with highe the ENDOR lines were
lations between Cartesiah,q, Qpq and irreducibleA;, Q; 1 5_2 times narrower than in congruent ones, however, this
components of second-rank tensors are given in the literaturgarrowing was not so pronounced as for EPR litfag or
(see Ref. 1¥. For systems with a large anisotropy of both more times. No essential dependence of the ENDOR line-

Zeeman and hyperfine interactions or wib-1/2 (like in - width on chromium concentration was found fi€r] be-
our casgthe use of orthogonal irreducible tensors instead ofyween 0.02 and 1 wt %.

nonorthogonal Cartesian tensors has indisputable advan-
tages, since it strongly facilitates a fitting of angular depen-
dencies of complex EPR/ENDOR spectra. All parameters of
the nuclear spin Hamiltonians fdr and R centers have the
same absolute values, buB(L)=—A(R), A,%L)
=—A; %(R), Q3(L)=—Q3(R), Q2 *(L)=—=Q; *(R) forir-
reducible tensors. The procedure of the ENDOR frequencies
calculations for each electron spin stdw# and detailed
analysis of the ENDOR line multiplication caused by the
shift of an impurity ion along axis, by the lattice distortion,

by the systematical presence of extrinsic ion or vacancy of
regular ions in the surroundings were described in Ref. 14.

ENDOR signal

IV. DEPENDENCE OF THE ENDOR SPECTRA ON THE
CRYSTAL COMPOSITION xc AND CHROMIUM
CONCENTRATION: PARASITIC LINES

For each sample investigated the conditions for observa-
tion of the ENDOR signals were optimized by variation of
microwave and radio frequency power, time constant, modu- T
lation amplitude of radio frequency field, and number of av- Frequency (MHz)
eraging scans. The best spectra were found at liquid helium
temperaturdtypical examples are represented in Figs. 2 and FIG. 2. Fragments of the ENDOR spectra offCrcenter in
3). Signal intensities decrease with increasing temperaturgiNbO, at T=4.2K for samples withxc=49.5% and[Cr]
and practically disappear above 50 K. =0.05wt %. The spectra were averaged out at eight scans to in-
Several dozens of lines were registered between 1 and Zflease signal-to-noise ratio.
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FIG. 3. The ENDOR spectra of &F in Ln, T=4.2K. Simu-  Central(a) and high-field(b) EPR transitions and quantum numbers
lated lines for own®*Cr nucleus and fob3>0 (a, d, g andb)  (M|Ss|M) are indicated.
<0 (b, e, h are shown above experimental spedtaf, i) for the
crystal withxc=49.5% and Cr]=0.05 wt %. dencies of ENDOR spectr@oad map in three orthogonal
planes. A quick glance at é?e angular dependencies of the
. ) EPR spectra of the axial €r center(Fig. 4) shows that
changed stronglyup to several imgswith xc and[Cr] due intensities of all transitions, except the central one, strongly

to the variation of ratios of spin-lattice and spin-spin relax- o . ; . -
ation rates. The ratio of the ENDOR signal intensities of thedepend on magnetic-field orientation. Since the ENDOR sig-

main axial center and the satellite centeveere approxi- nals amount to a few percent of the EPR signal, it is possible
mately proportional to the intensities of their EPR lines: it !0 measure only fragments of the ENDOR angular dependen-

Relative intensities of different lines and line groups

was larger in crystals with small concentrations of intrinsic €S in thex-z andz-y planes(about 15257 for most of the
defects. transitions. The high-field EPR transition at 712 mT gives us
Several further signals were registered in our ENDOR@N opportunity for a complete investigation in the plane.
measurements. Some of the Signa|s are rep”cas Of3me Full angular dependenCieS in three planes can be obtained for
lines, the strongest lines in the spectra. They were observéfie central EPR transition only. Due to the low resonance
at the frequenciesc,/2, v /3, and v /4, whereve, is a  magnetic fields for this transitiofl70—-340 m7 the differ-
frequency of the ENDOR transition at arbitrary orientationence between the Li and Nb Larmor frequencies is rather
of magnetic field. These lines were easily recognized, sincemall; that complicates the interpretation of observed spec-
their positions can be predicted by simple calculation. Simitra. The necessity to measure at different magnetic fields dur-
lar replicas were registered also for the strongé§b lines  ing the rotation in thex-z and z-y planes leads to angular
at vyp/3, however, signals aiy,/2 and vy,/4 were practi-  dependencies of Larmor frequencies; that also creates certain
cally absent. These lines probably appear because the stanconveniences.
dard Bruker radio frequency generator is not quite mono- Since an unavoidable overlapping of large number of
chromatic. ) _rather broad lines hampered the line tracing, very small steps
Another unusual set of unknown signals was observed iRt ahout 1° were chosen for the study of the angular depen-
some samples only. Their intensities were sometimes cOmpgencies. Although the ENDOR signals at the wings of the
rable with the intensities of the main ENDOR lines. The gpR jine were comparable with the signal at the center of

distances between lines of the set were always constant angis jine. durin ;
. . , g the measurements of angular dependencies
equal to 2.1 MHz. The signals are obviously not of ENDORy, magnetic field corresponding to the center of the EPR

type, since first, .the pc_)sitions of the$e I.ines do not depend %fhe was mainly used. This allowed us to decrease a possible
the value and orientation of magnetic field, and second, thei

. - , . " Contribution of satellite centers to the ENDOR signal. Typi-
mtgnsmes do n.ot fOHOW.I.EPR signal intensities. Samplesbal fragments of these dependencies are shown in Figs. 5—-8.
which do not give parasitic lines, were used for the mos

. . . . : St is seen that they are very rich and very complex. To un-
important experiments; otherwise these lines were simply i y Y y P

9c i iri -
nored at the interpretation of the ENDOR spectra, derstand all details of the spectra and make their interpreta

tion more reliable, we carried out the same measurements on
V. ANGULAR DEPENDENCIES OF ENDOR SPECTRA fogr sample_s with differenkc and chromium concentration
using two different ENDOR spectrometei@t Giessen and
Full determination of hyperfine and quadrupole tensorOsnabrgk). In spite of very different ratios of relative inten-
with C; symmetry requires measurements of angular depersities observed for some lines and line groups, the main fea-
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FIG. 5. Road map of the observed ENDOR signals of*Cr )
center for the central EPR transition. Symbol sizes reflect line in/" 2% Plane in congruent crystal.
tensities. Curves represent the calculated angular dependencies for
the first shell of**Nb nuclei. overlapping of two EPR lines takes placén the ENDOR
spectra of LN:Cr the four triplets, which belong to all four
tures of all angular dependences obtained were practicallglectron spin states, were observed very often. This over-
identical. However, the investigation of these additionalcrowds the spectra, however, sometimes it facilitates their
samples gave us decisive information for some line groupsevaluation.
For instance, some lines ofNb shells were more pro-  The spectra in Fig. 3 show that quadrupole splitting is
nounced in crystals witlic=49.5% than in congruent ones. different for differentM. It can be explained only if contri-
butions of H;)?/Hgpg are taken into account. Since this ef-
_ s fect depends on the relative signs of the parameters of the
A. Lines of **Cr spin Hamiltoniang1) and (2), it becomes possible to deter-
Only 9.5% of the chromium ions have a nonzero magnetignine them from the comparison of calculated and observed
moment: the isotopeCr has|=3/2 and g,=—0.3147, ENDOR frequenciegthe positions of EPR lines depend only
quadrupole momen®=—0.028e|x 10" ?* cn?. It is com-  on|bJ|). The analysis of the quadrupole splitting @itz and
paratively easy to find and to trace their triplets in the EN-BL z confirms the conclusidh that the parameter of isotro-
DOR spectra—they have the largest frequencies and some-

times the highest intensitigkig. 3). Although each EPR line Li shells
corresponds to the transition between two electron spin state . 3 1b 1a 2a
(except of the rare directions of magnetic field, where an 0F .
k o't RS E_ _E
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VI g :
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22
Frequency (MHz) FIG. 8. Fragment of observed ENDOR signa&ymbolg of

Cr* center for high-field EPR transition iy plane for the crystal
FIG. 6. Observed ENDOR signals of Crcenter for high-field  with xc=49.5% and[Cr]=0.05wt%. Lines, calculated angular
EPR transition inx-y plane (symbol3. Lines, calculated angular dependencies fofLi nuclei of 1a (thin lines and 2a (thick lines
dependencies for the first shell Nb nuclei. shells.
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TABLE Il. Comparison of characteristics of crystal field, hyperfine and quadrupole interactions with the
53Cr nucleus for different G centers.

Center, crystal

Axial Cry; Axial Cryp

LiNbO3, LiNbOg3, Cryp Axial Cry

T=42K T=42K LiNbO5: Mg Al,O,
Parameter (this work) (Ref. 14 (Refs. 12, 13 (Ref. 38
g 1.97 1.995 1.971 1.99
b9 (cm™ -0.387 +0.0215 <0.01 -0.191
a=Ad=(Aut+A, +A,)/3 (MHz) 49.5 50.97 50.93 48.5
b=AJ=(2A,,— Au—A,,)/6 (MHz) -0.3 -0.13 —0.066 0
QY (MHz) -0.32 0.14 0.1 -0.21
a/gg, (MHz) -79.8 -81.2 -82.1 774

pic (contaci hyperfine interactiora for CrfJr is positive, Q=-0.28 |e[x10 ?*cn?) due to the characteristic
whereas parameters of axial crystal fib§iand quadrupole multiplets of nine lines with the intensity ratios
interactioan are negativgTable Il). Although the hyper- 9:16:21:24:25:24:21:16:9. It is much more difficult to trace
fine interaction is expected to be nearly isotropic and thesuch multiplets, when they are overlapped. We managed to
magnetic moment of°Cr is rather small, it was observed trace several shells of Nb nuclei and to determine their pa-
that during rotation of magnetic field in thex and z-y = rameters by fitting. Figures 5 and 6 show comparison of
planes the chromium triplets move surprisingly from 62 tocalculated and observed angular dependencies. The obtained
26 MHz (Fig. 7). A computer simulation of ENDOR spectra parameters of hyperfine interactions for low-symmetry shells
has shown that this effect is caused by the very strongTable Ill) are unexpectedly very high. They are several
change of matrix element&M|SM). Since for the Cf*  times larger than the predicted dipole-dipole interactions.
center the axial crystal field splitting of about 0.8 Ciris The extrema of the angular dependencies of the ENDOR
comparable with the Zeeman splitting for magnetic fields offrequencies in the-y plane occur near the angles 0°, 30°,
about 100—1000 mT, the values (@l |Sg|M) strongly devi-  60°, and 90°. These directions correspond to the projections
ate from +£3/2, £1/2, which are typical for high magnetic of the radius vectoR' from an impurity ion to regular lattice
fields (see Fig. 4 The fitting of the experimental angular sites of nearest cation shells ontgy plane.

dependencies gava=49.5 MHz and parameter of aniso-  We paid special attention to search for lines without an-

tropic HFI b= —0.3 MHz. gular dependence in they plane, nuclei on the center axis
_ o3 should give such lines. The only group of Nb lines, which we
B. Lines of “Nb shells found, has a very small hyperfine interaction and a parameter

It is easy to recognize the ENDOR lines of tf8Nb  of axial quadrupole interactio@3~0.55 MHz. The param-
nucleus (1=9/2, natural abundance 100%,=1.3712, eterQ) is related to the valueqQ which is usually used in

TABLE Ill. Parameters of hyperfine and quadrupole interactions of tHé €enter in lithium niobate.

Euler angles
Euler angles for rotation
for rotation Quadrupole fromx, vy, z
Hyperfine interaction fromx,y, z interaction to 1, 2, 3, axes a/gg,
(MHz) to 1, 2, 3 axegdeg (MHz) (deg Shell no.  (MHz)
Nucleus a b b’ an Ba Ya Q9 Q3 ag  Bo Yo
Nb 7.66 1.014 -0.476 90 85 90 0.48 —0.176 90 29 270 2 2.836
Nb 464 0.889 -0.859 90 40 0 0.856 —0.196 90 6 0 3 1.72
Nb 277 0.947 -0.292 309 8 192 0.63 —-0.42 19 57 77 B, bor 1.026
3 for Cr,
Li 1.06 1446 —0.226 90 53 180 <0.05 la 0.248
Li 0.65 1.084 -0.034 90 38 0 <0.05 b 0.151
Li 0.4 0875 —0.739 O 90 78 <0.05 Zaor2b 0.082
Li 0.25 1.05 -1.07 0 90 95.4 <0.05 D or2a 0.058
Li 025 O -04 0 0 0 <0.05 3or4 0.058

Here a:(A11+ A22+ A33)/3, b= (2A33_ All_ A22)/6, b/ = (All_A22)/21 Qg:3Q342, QSZS(QII_ Q22)/2, Aii and Qii (| = 1,2,3) are the
principal values of hyperfine and quadrupole tensors, respectively.
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nuclear magnetic resonan¢BMR), by the expressiong

=3 eqQ4I(21-1). Based onleqQ =22-23.6 MHz from
NMR dat&® for Nb nuclei in the bulk of the crystal, we
estimated than(bqu)=0.51—0.55 MHz. Since both HFI
andQS for this registered group of Nb lines are very close to
the bulk values, we are inclined to suppose that these line:
rather belong to distant nuclei than to nuclei on the center
axis.

The interpretation of the dependencies fex and z-y
planes is more complicated, since they are results of com
petitive angular dependencies of Larmor frequency,
(M|S|M), HFI and quadrupole interaction.

C. Lines of Li shells L

The main isotope’Li has |=3/2, a natural abundance © 10 20 ’Uw
92.5%, g,=2.17096, and a quadrupole momer® Frequency (MHz) -
=—0.040e[x 10 e The quadrupole splitting for dis- £ 9. Observed ENDOR signals for different parts of overlap-
tant nuclei, estlmateq on the basis of NMR 35'Ghould_ be ing EPR lines of the Gf and satellite centers in LNB|ly, »=9.4
about 0.014 MHz. Since the observed lines have widths 0gHz T=4.2 K, x.=49.5%, and Cr]=0.05 wt %.
about 0.1 MHz, such a splitting cannot be resolved. Even if

the electric field gradient near to the chromium ion is Sevel'ainvestigated their ENDOR spectra at specia| directions 0n|y_
times larger than in the bulk, the quadrupole triplet’af  Figure 9 represents the ENDOR signal for different values of
will merge into a single line. We found several shells with permanent magnetic field 8tly. The field of about 712 mT
such lines near to Larmor frequency fi (see Fig. 8 The  corresponds to one of the EPR transitions of ‘Ccenters
obtained parameters of the hyperfine interactiofeble I1)  (see Fig. 4, all other values—to the same transition of sat-
are again larger than the predicted dipole-dipole interactionsg|jite centers. Since the EPR line intensities for satellite cen-
Although some low-intensity single lines without angular ters are essentially lower than for the main center, their EN-
dependence in the-y plane could be indicated in the mea- poR signals have also lower intensities. Nevertheless, for
sured spectra, their partners from another electron spin stagteljite lines with resonance fields of about 626 and 792 mT
were not found; therefore we have no reliable interpretationpe appearance of additional groups of Nb lines with fre-
of these lines(we cannot exclude even that their angularquem:ies 19-22 MHza~9-10 MHz) was found. These
independence is a fruit of our imagination, since a lot ofjjnes have parameters of HFI and quadrupole interactions,
much more intense lines move through the investigated reyich are larger than for the &F center. The observed re-
gion of frequencies distribution of electron density and electric field gradients
indicates that some defect with a strong perturbation is
D. Search for lines of other nuclei present in the nearest neighborhood of this kind of satellite
centers. Since lines of other nuclei, except Cr, Li, and Nb,

always present in LN. Since the chromium concentrations ofvere not found, this defect can be a vacancy, an "ENDOR

studied samples are one or two order larger than the conceﬁ'—Ient 'on, ora ngr_wegu_lar Li or .Nb' For msta_nce, a lack of
traions of these noncontrolled impurities(about one of the six NB* ions in chromium surrounding can cause

0.00X mol %), the latter cannot be associated with each@n essential increase of electron densities on other positively

Cr’™ ion. However, we are obliged to consider a possibilityCharge‘j ions.
that some of them can be present in the neighborhood of ghA strong increase of HFI could take place also for the

part of chromium ions. We checked especially also the nu- romium incorporation in a tetrahedral vacancy due to
clei: H, 19F, 27Al, ¥ (for the samples grown from a melt closer location of the nearest Nb nudlabout 1.72 A. How-

with an addition of potassium53Cr from ions in 2+ or 4+ ever, characteristics of crystal fields for this low-symmetry
. . center with tetrahedral surrounding should be quite differ

states(they do not reveal themselves in EPR(O lines be- from observe? parameters for ¢ g(]:enters withinqox en

longing to these nuclei were found. This means that tffé Cr 2P r Y9

center can have in its surroundings only the Li, Nb, theirOCtahedron'

vacancies and, theoretically, the “ENDOR silent” foreign
ions (ions with nuclei without magnetic moments VIl. RECONSTRUCTION OF EPR LINE ON THE BASIS

OF ENDOR DATA

Unintended trace impuritie§C, Cu, Fe, Co, Ta,)..are

VI. ENDOR SPECTRA OF SATELLITE CENTERS To check the self-consistence of the determined HFI pa-
rameters we have to reconstruct the shape of the EPR line. If

Satellite chromium centers £---Crg” have a nature we suppose that the hyperfine interactions are close to
common with the main G center Since angular depen- dipole-dipole ones, the predicted inhomogeneous broadening
dencies of their EPR lines are rather complex at this step wef the EPR lines should be about 0.3—-0.5 mT, whereas the
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measured linewidths for conventional LN crystals are about ' ' '
one or two orders larger. Despite the availability of some 1L
ENDOR dat&??*2?82%hijs drastic contradiction was not dis-
cussed previously, since conventional congruent crystals and
even Li-rich crystals used for these measurements have usu-
ally a lot of intrinsic defects. Therefore the difference be-
tween the calculated and observed linewidth could be as-
cribed to these defects. Recently, several ways were
developed to obtain perfect crystals with~50.0% (growth
from the melt with an addition of potassium°~>3double
crucible growth?*°postgrowth vapor transport equilibration
treatment®=39. These crystals have extremely low concen-
trations of intrinsic defects, and the ascription mentioned
above is not valid anymore. In all cases when the linewidth
of the observed EPR line is much greater than the linewidth
reconstructed on the basis of the ENDOR data, we have to L M- o
clarify reasons of this contradictiofnonperfect crystals, 335 340 345
nonoptimal condition for the measurements, lost ENDOR Magnetic field (mT)
lines, unreliable evaluations, nonsatisfactory interpreta-
tion,..) and have to eliminate sources of possible errors. FIG. 10. Reconstruction of line shape of the central EPR tran-
The shape and width of the observed EPR lines in LNsition on the basis of ENDOR data. Circles, experimental EPR line
Strong'y depends on many parameters: Crysta' Compositioﬁl;]easured for LN Crystal Wlthc about 50.0% and 0.02 wt % Cr at
chromium concentration, magnetic-field direction, and temBlz v=9.4 GHz, andT=4.2K. The solid lines were calculated
perature. The line of the central EPR transition usually ig¥ith the help of hyperfine parameters listed in Table(hick lines
narrower than those of the other transitions. In order to carnf"d With the parameters of dipole-dipole interactions from Table |
out a reliable comparison of simulated and experimentalMin lines-
spectra we investigated the line of the central EPR transition
at Bliz, at 4.2 K for a crystal withx. of about 50.0% and substitutes Li or occupies an octahedral vacancy site and has
rather low chromium concentratidf.02 wt %. Under these Nb nuclei in the nearest cation neighborhood. In the case of
conditions the effects of all mechanisms of line broadening\Nb substitution the nearest cation surroundings are Li nuclei,
described above are essentially reduced and we can assuigd hyperfine interactions with these nuclei should be the
that hyperfine interactions give dominating contributions tostrongest ones.
the EPR linewidth(inhomogeneous broadeningor simu- Very often (for instance, at distances so large that the
lation of the EPR spectrum we used two approaches: a ranteracting magnetic moments can be considered as point
construction with the help of the algorithm described in Ref.dipoles the anisotropic part of the HFI has to be close to the
24, and the straightforward calculation of EPR spectra oflassical dipole-dipole interaction. The axis of the dipole-
many nuclear systems. Both methods gave similar results. Aipole interaction of the impurity witlith nucleus has to
good agreement of lines calculated on the basis of our ENeoincide with the direction oR', and the value oy, can be
DOR data(Table Ill) and experimental ong$ig. 10 gives  estimated with the help of the expression
evidence of the correctness of the evaluation and interpreta-
tion of our complex ENDOR spectra. We have to conclude
also that the Nb nucleus of the first shell not found in our
ENDOR investigation(if it is present at a)l should have a
HFI much smaller than the HFI of the second or third shells Anisotropic partb' of HFI observed for the QF center are
otherwise the simulated EPR line becomes broader than thgrger than theb,, calculated for Li and Nb substitution

EPR signal intensity

bl =14.1%/[R'(A)]® MHz.

observed one. (Table 1 and Table 3 in Ref. 14is well as for the vacancy
occupation. Nevertheless, since for the nearest shells the ex-
VIIl. STRUCTURE OF THE Cr §* CENTER trema of the angular dependencies of the ENDOR frequen-

According to the simplest theory the parameter of the isocies thex-y plane coincide with the projections Bf onto

. . . the x-y plane for cationgazimuthal angles 0, 30, 60, and
glcj)gllgu(scontac) HFI of paramagnetic electrons withth 90°), we may suppose that one of the axes of the low-

symmetry HFI is very close t&®, i.e., that polar angle of
aiEAg,i:Smi/3:87_rgﬁginﬂn|w(Ri)|2/3, 3) this axis is close to the polar angle of tR vector. Then,

. . assuming that the surrounding ions are located at regular
where |(R')|? is the electron density in the poiR' of lattice sites, we can compare the principal directions of HFI
nucleus location. Based on the measured parameters of Hidnsors for possible center models. Figure 11 shows that the
(Table Il), we found that for Cf" center the values of elec- principal directions of the second and third shells of Nb nu-
tron density on Nb nuclei are essentially higher than on Liclei have a common point only in the case of Li substitution,
nuclei. This can be easily explained if the chromium ionand that this point is not exactly the regular Li site. Therefore
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. With the help of Eq(3) we calculated the distribution of
OLI ONb %0 AMG electron spin densitg'/gg;, (Tables Il and I1). It is negative

(about—80 MHz) for the own®3Cr nucleus. Since electron
density of 31 electrons is equal to zero at the own nucleus,
the origin of nonzero negative density is a polarization &f 1
2s, and 3 core electrons by @ electrons. The spin densities
for surrounding nuclei are unexpectedly rather high. They
are positive and decrease with increasing distance from the
chromium ion. The densities at Nb nuclei are several times
larger than on the Li ones; this is obviously related to the
stronger attraction of chromium electrons to the larger posi-
tive charge of NB*.

Our ENDOR data do not give an obvious evidence for the
presence of another defe@r defect$ in the neighborhood
of the main axial C}* center. The found shift of the chro-
mium ion from the Li site can be explained by the nonisova-
lent replacement. The lack of ENDOR lines from the nearest
Nb nucleus on the center axis can be caused by an absence of
this ion. However, they could be also unobservable, if con-
ditions for their observation are nonoptimal or if HFI param-
eters are very smalhodal line for 31*> wave function.

IX. STRUCTURE OF THE Cr 3* SATELLITE CENTERS

For low-symmetry satellite centers we have direct evi-
dence of the presence of some defect in the nearest neigh-
borhood. Since Gf substituting for Li" has two additional
positive charges, it would be very unlikely that this defect
also has a positive chargmstead of a negative one for the
charge compensatidnTherefore, interstitial Li or Nb°*,
antisite Ntﬁf+ and the oxygen vacanayzo_ should be dis-
carded, as well as noncontrolled impurities. An additional
interstitial oxygen ion can give required charge compensa-

Nb site tion, therefore Gt"— 0%~ complexes have to be considered
as possible models for the axial and low-symmetry centers.

FIG. 11. Comparison of principal directions of hyperfine tensorsHowever, in this case it is not easy to explain direcitythe
for the case of Li and Nb substitutioithe projection ore-y plane frame of conventional schemes of LN nonstoichiomgethe
and estimation of a possible shift of the chromium ion from regularobserved disappearance of satellite cerﬁeﬂsdecrease of
Li site. B, BY are thep, angles for the second and third Nb chromium incorporation and the appearance of3;Cr
shells, respectively, from Table IIl. centerd® in crystals withxqyea~=50%: the concentration of
Cr3*—0?~ complexes with the local charge compensation

we can conclude that for &F center the Li substitution is Should not depend on the concentration of Nind cation
realized, and that the chromium ion is shifted by about 0.2 Avacancies. o _ _ _
from the Li site. Among other intrinsic defects with relative negative
We have to mention that the correspondence of the princharge—the antisite s lithium and niobium vacancies,
cipal directions and thR' vectors is not valid for quadrupole v/, and vy, the Liy, and vy, give a more logical and
tensors. Since lattice ions in LN are located in noncubic ponatural explanation of both the EPRee Ref. 5 and the
sitions, nonzero electric field gradients on nuclei exist everENDOR data. All satellite centers are Ccenters with one
in an ideal crystal. The impurity ion creates additional gra-of these defects in the second or further niobium shells. The
dients, which are comparableear to the impurity ionor  additional 4- or 5-charge, repelling chromium electrons,
much smalleat large distances from the impuritthan gra-  should increase the electron densignd correspondingly
dients of crystal-lattice ions. HFI) at the other neighboring NB nuclei. Just this was
Comparing the principal directions of other HFI tensorsobserved in our ENDOR studigee Sec. Vil
with the R' vectors of lattice ions we can determine the re- The main chromium center, most probably, has no such
lations between the measured parameters and shells of vadefects in its neighborhooghowever, the presence of one of
ous nuclei. We found this correspondence for thg @wodel  them in the first niobium shell on theaxis should be con-
(Table IIl), however, we met many difficulties if the occupa- sidered as a possible alternajiv@he observation of low-
tion of Nb site or structural vacancy is supposed. symmetry exchange coupled chromium pairs in nonstoichio-
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metric crystals at a comparatively low Cr concentration andderived from the ENDOR spectra of satellite centers con-
their disappearance in regularly ordered crystals becomdirms the conclusiohthat they have an intrinsic defect in the
also understandable in the frame of the chosen idea: thesdaromium surroundings. Models with, or Liy, as a charge
pairs areC, complexes formed from oney, (or one Li,)  compensator of Grcenter are able to explain most of the

and two Cp;, which are located at two nearest Li sites. ~ details of both EPR and ENDOR spectra in a natural way.
The observed narrowing of the ENDOR lines in stoichio-
X. CONCLUSIONS metric crystals is less pronounced than for the EPR lines.

The shape and width of the ENDOR lines for perfect crys-
The reported detailed analysis and classification of postals with low chromium concentration are close to the simu-
sible surroundings of impurities in different lattice sites al-lated ones on the base of ENDOR data. This proves the
lows us to understand the main features of the ENDOR spe@orrectness of the interpretation of the ENDOR data. On the
tra observed and can be helpful for other paramagnetiother hand that presents a good basis for the use of the dif-
centers. The use of crystals with differex¢ and various ference between the calculated and observed widths of the
chromium concentrations offered many advantages for ther?* EPR lines for the estimation of the imperfection of
investigation of the impurity centers. It gave us an opportunonstoichiometric crystals.
nity to find crystals with optimal conditions for the observa-  The successful reconstruction of EPR spectra for both
tion of ENDOR. It facilitated also an analysis of the spectracy,; and Ckp centers for crystals with decreased concentra-
and simplified the interpretation of the data. For the maintion of intrinsic defects allows us also to formulate an em-
axial C;* center a full investigation of the ENDOR spectra pirical rule: widths of EPR lines for the impurity substituting
and their angular dependencies was carried out. The ENDORr Li are usually larger than for the same impurity substi-
spectra of satellite chromium centers have also been studieliting for Nb. In the case of Gf the linewidths of central
Summarizing all our results we can make the following EPR transition are approximately equal to 3 and 1 mT, cor-
conclusions. respondingly. The unresolved superhyperfine structure for
In all LN crystals from congruent to nearly stoichiometric Me; centers having Nb nuclei with=9/2 in the nearest
composition the chromium ion replaces’Lin the case of neighborhood should cause essentially larger broadening of
the main axial center f as well as for satellite centers the EPR lines than the hyperfine interactions with similar
cnt-crnt. number of surrounding Li nucleil &€3/2) for Mey, impuri-
Chromium ion in the G center is shifted by 0.2 A from  ties.
the regular Li-site. The determined shift is close to the value Obtained results, together with the determined structure of
derived on the basis of PIXE data for the Czenter the C{; centers, can give a key for understanding of re-
The analysis of the quadrupole splitting 8iCr shows cent results of optical absorption, luminescence, photoexci-
that the parameter of the axial crystal field is negativg: tation, and photoluminescence spectra in chromium doped
=—0.387cm® at 4.2 K. It is interesting to note that the nearly stoichiometric LN crystai€~**We hope that our EN-
signs and values of the parameté} a, and QJ for the =~ DOR study presents decisive arguments for the long standing
Cr* center, which needs a defect for the charge compensé&liscussiorisee rEfererlces in Ref) &bout the location of the
tion (independently of Li or Nb°* replacement are close ~ chromium in CE"-Crg" centers. It shows also a possibility
to the parameters of &F in Al,Os, where chromium sub- and necessity to perform similar ENDC_)R studies for other
stitutes AP* and had no defects in its surroundifigéTable ~ Paramagnetic centers created by transition metals and rare-
I). However, they differ essentially from the parameters of€@"th impurities, which are of special importance for optical
Cr** in Mg doped LN and GY/ (Ref. 14. applications.
Determined parameters of the hyperfine interactions are
several times larger than expected for pure dipole-dipole in-
teractions. Rather high values of isotroptontacj HFI give In its various stages this work has been partly supported
us the evidence for a transfer of the electron density to neighay grants from INTAS, BMBF, ESF, DFGn the frame of
boring nuclei. The determined parameters of hyperfine an&FB 225. It was carried out in cooperation with many sci-
quadrupole interactions present a reliable starting point foentists, and we are very grateful to all members of the Mag-
theoretical calculations. netic Resonance Spectroscopy Groups at the Universities of
The strong distortion of the electron density distribution Osnabrek and Giessen.
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