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EPR parameters and defect structures for two trigonal Er3¿ centers in LiNbO3
and MgO or ZnO codoped LiNbO3 crystals

Wu Shao-Yi and Zheng Wen-Chen
Department of Material Science, Sichuan University, Chengdu 610064, People’s Republic of China

and International Centre for Material Physics, Chinese Academy of Sciences, Shenyang 110016, People’s Republic of Chi
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In this paper, the perturbation formulas of EPR parameters (g factorsgi ,g' and hyperfine structural con-
stantsAi and A') for the lowest Kramers doubletG6 or G7 of 4I 15/2 of 4f 11 ion in trigonal symmetry are
established. In these formulas, the second-order perturbation contributions are considered in addition to the
first-order perturbation contributions considered in the previous works. Based on these formulas, the EPR
parameters and the defect structures of two trigonal Er31 centers in LiNbO3 and MgO or ZnO codoped
LiNbO3 crystals are studied. It is found that in order to reach a good fit between calculations and experiments,
the Er31 ions in centers I and II do not occupy exactly the Li1 and Nb51 sites, respectively, but are displaced
along the C3 axis away from the center of oxygen octahedron by about 0.039 nm for center I and towards the
center of octahedron by about 0.030 nm for center II. The reasonableness of the local lattice distortions and the
contributions from the second-order perturbation terms are discussed.

DOI: 10.1103/PhysRevB.65.224107 PACS number~s!: 76.30.Kg, 71.70.Ch
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I. INTRODUCTION

LiNbO3 single crystals have been an attractive mater
due to the combination of excellent electro-optical, acous
optical, piezoelectric, elasto-optic, photorefractive effec
and the applications in integrated optics to create vari
components, such as modulators, wavelength filters,
low-loss optical waveguides.1–3 Recently, Er31-doped
LiNbO3 has gained attention through the development
light amplifiers based on LiNbO3:Er31.4–7 Since the know-
ledge of occupation position and defect structure of impu
ion is very helpful to understand the physical properties
the doped materials and electron paramagnetic reson
~EPR! is a suitable method to study the occupation posit
and defect structure of impurity ion, many EPR experimen
works have been done on Er31 impurity in LiNbO3 crystals,
e.g., Dierolf et al.8 and Milori et al.9 found one trigonal
Er31 center~marked as center I! in LiNbO3, with consider-
able anisotropy ofg factors which was attributed to Er31

occupying the Li1 position. For MgO or ZnO codoped
LiNbO3:Er31 crystals Bravoet al.10 found a new trigonal
Er31 center~marked as center II! with relatively smaller an-
isotropy of g factors in addition to the previous observe
center I. Center II was regarded as Er31 occupying Nb51

position in these codoped LiNbO3 crystals.10

Up to now, however, the above experimental results h
not been satisfactorily explained, and the defect structur
these Er31 centers~particularly, center II! have not been ob
tained by analyzing the EPR data either. For example, Mi
et al.9 roughly studied theg factors of center I by consider
ing only the interactions within the lowest4I 15/2 state~i.e.,
16316 energy matrix!, whereas the admixture between t
ground state4I 15/2 and the first excited state4I 13/2 through
crystal field interaction and those between4I 15/2 ~or 4I 13/2)
state and the higher lying excited states with the samJ
value through spin-orbit~SO! coupling interaction are ig-
nored and the comparisons between their theoretical re
0163-1829/2002/65~22!/224107~6!/$20.00 65 2241
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and the observed values were not given. In order to inve
gate the influence of the above ignored admixture effect
tween different energy levels to the EPR parameters,
similar trigonal (ErO6)92 cluster in Bi4Ge3O12:Er31 crystal,
Bravoet al.11 introduced the contributions of the first excite
state4I 13/2 state~i.e., 30330 energy matrix! in the first-order
perturbation treatment. However, the improvement by
cluding 4I 13/2 state was very small. It seems that the sign
cant improvement of theoretical results cannot be m
within the limit of the first-order perturbation calculation
and the second-order perturbation contributions arising fr
crystal field and orbital angular momentum interactions m
be somewhat important, compared with the admixture eff
between different energy levels. In order to check the con
butions of the second-order terms and to study the EPR
rameters and the local structures of the two different E31

centers in LiNbO3 and MgO or ZnO codoped LiNbO3 crys-
tals, we establish in this paper the perturbation formulas
EPR parametersgi ,g',Ai , andA' for the lowest Kramers
doublet (G6 or G7) of 4I 15/2 of 4f 11 ion in trigonal symmetry
by considering the admixture between different energy lev
and the second-order perturbation contributions. Based
these formulas, the EPR parameters of both Er31 centers in
LiNbO3 and MgO or ZnO codoped LiNbO3 crystals are rea-
sonably explained and their local structural parameters
also obtained. The results are discussed.

II. CALCULATION FORMULAS

When a 4f 11 (Er31) ion enters the lattice of crystal, th
cubic crystal field would split the ground state4I 15/2 multi-
plet into two doubletsG6 , G7, and threeG8 quartets12,13.
As the symmetry becomes lower~e.g., trigonal!, the threeG8
representations may be split further into six double
whereasG6 and G7 remain unchanged and correspond
respectively, the average EPRg values 6 and 6.8 to the firs
order in the absence of SO and admixture effects.12,13
©2002 The American Physical Society07-1
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In order to establish the perturbation formulas of Er31 in
trigonal symmetry, we should obtain the basis functions
G6 or G7 doublet by diagonalizing the energy matrix inclu
ing the ground4I 15/2 state. Considering that the first excite
state 4I 13/2 is close to the ground4I 15/2 state, the mixture
between the two states via crystal field interaction wo
make contributions to the EPR parameters, the 30330 ma-
trix including both 4I 15/2 and 4I 13/2 states should be diago
nalized to obtain the 15 groups~or irreducible representa
tions! of basis functions in terms of the linear combination
uJMJ&. Unlike the previous works,9,12,13 the admixtures be-
tween4I 15/2 and 2K15/2, 4I 15/2 and 2L15/2, and those between
4I 13/2 and 2K13/2, 4I 13/2 and 2I 13/2 via SO coupling interac-
tion are also included here. Thus, the basis functions for
lowest doubletG6 or G7 can be written as

uGg (g8)&5(
MJ1

C~ 4I 15/2;Gg (g8)MJ1!N15/2~ u 4I 15/2MJ1&

1lKu2K15/2MJ1&1lLu2L15/2MJ1&

1(
MJ2

C~ 4I 13/2;Gg (g8)MJ2!N13/2~ u4I 13/2MJ2&

1lK8 u2K13/2MJ2&1l I u2L13/2MJ2&, ~1!

where g and g8 stand for the two components ofG irre-
ducible representation.MJ1 and MJ2 are in the range215/
2–15/2 and213/2–13/2, respectively@note that the nota-
tions G6a8(b8) and G7a9(b9) for 4f 11 in cubic symmetry
are still adopted here to indicate the lowest doublet for tri
nal symmetry#. The mixing coefficientsl i and normalization
factorsNi in Eq. ~1! can be determined by using SO couplin
matrix elements and perturbation method.

The perturbation Hamiltonian for a rare earth ion in t
crystal under an external magnetic field can be expres
as14

Ĥ85ĤCF1ĤZ1Ĥhf . ~2!

The crystal field interactions may be expressed in terms
Stevens equivalent operator under trigonal symmetry12,13

ĤCF5B2
0O2

01B4
0O4

01B4
3O4

31B6
0O6

01B6
3O6

31B6
6O6

6 .
~3!

The Zeeman interactionĤz can be written asĤz

5gJ mB H• Ĵ, with their original meanings.12,13 The hyper-
fine interactionĤhf@5AiŜZÎ Z1(A'/2)(Ŝ1 Î 21Ŝ2 Î 1)# may
be expressed in terms of the equivalent operatorN̂ of mag-
netic hyperfine structure asĤhf5PNJN̂ , whereNJ is the
diagonal matrix element for2S11LJ state andP the dipolar
hyperfine structure constant in crystal.12

According to Ref. 12, the main contributions to EPR p
rameters may come from the first-order perturbation ter
however, the other~1521514! irreducible representation
Gx ~i.e., sixG6 and eightG7 for G6 ground state, or sevenG6
and sevenG7 for G7 ground state! would likely mix with the
ground state (G6 or G7) via crystal field and orbital angula
momentum~or hyperfine structure! interactions and so the
22410
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make contributions to the EPR parameters@note that the
second-order perturbation correction forg' ~or A') vanishes
because none of theGx has nonzero matrix element withG
ground state for bothĤCF andx or y component ofĴ ~or N̂)
operators, i.e.,g'

(2)5A'
(2)50]. Thus, by using the basis func

tions in Eq.~1! and perturbation Hamiltonian in Eq.~2!, the
second-order perturbation formulas of the EPR parame
gi ,g' ,Ai , andA' for the lowest Kramers doubletG6 or G7
can be derived as follows:

gi5gi
(1)1gi

(2) ,

gi
(1)52gJ^GguĴZuGg&,

gi
(2)52 (

X
8

^GguĤCFuGX
gX&^GXgXuL̂ZuGg&

E~GX!2E~G!
,

g'5g'
(1)1g'

(2) ,

g'
(1)52gJ^GguĴXuGg8&,

g'
(2)50,

Ai5Ai
(1)1Ai

(2) ,

Ai
(1)52PNJ^GguN̂ZuGg&,

Ai
(2)52 (

X
8

^GguĤCFuGXgX&^GXgXuN̂ZuGg&
E~GX!2E~G!

,

A'5A'
(1)1A'

(2) ,

A'
(1)52PNJ^GguN̂XuGg8&,

A'
(2)50, ~4!

where the parametersgJ , gJ8 , NJ , andNJ8 @note thatgJ8 and
NJ8 occur in the expansions of Eq.~4!# for various states are
obtained from Refs. 12 and 13.

It should be noted that if only the first-order perturbati
terms within the 4I 15/2 state are considered~i.e., all terms
involve the excited states and second-order perturbation
tributions vanish!, Eq.~4! returns to the original results in th
previous works.9

III. APPLICATIONS

Now we apply the above formulas to the calculations
two trigonal Er31 defect centers in LiNbO3 and MgO or
ZnO codoped LiNbO3 crystals.~Note that theg factors of
center II for Er31 in MgO and ZnO codoped LiNbO3 are the
same within the experimental errors.10 So, in the following
studies, the same method and parameters are used for c
II in both crystals.! The LiNbO3 crystal structure belongs
to theC3v

6 space group, where Li1 and Nb51 cations occupy
an octahedral site withC3 ~nearly C3v) symmetry.15,16 The
disparture fromC3v symmetry is measured by the anglea of
7-2
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TABLE I. EPR parametersgi ,g
'
,Ai , andA' for the two trigonal Er31 centers in LiNbO3 and MgO or

ZnO codoped LiNbO3 crystals~where ‘‘host’’ and ‘‘local’’ stand for the calculations based on the host a
local structural parameters, respectively!.

Center I Center II
Cal. Expt. Cal. Expt.

Host Locala Local b Local c Host Locala Local b Local c

15.14d 4.3 ~2! e

gi 13.89 12.85 13.63 15.12 3.29 3.55 3.83 4.39
15.14~5! e 4.26~5! e

2.15d 7.6 ~3! e

g' 3.32 1.84 1.92 1.92 8.19 7.22 7.83 7.83
2.2 ~9! e 7.8 ~1! e

Ai (1024 cm21) 520 463 514 571 70d 109 130 147 160

A' (1024 cm21) 104 66 72 72 70d 285 249 282 282

aCalculation by considering only the first-order perturbation terms within the4I 15/2 state.
bCalculation by considering the admixtures between the ground state and the excited states but negle
second-order perturbation contributions.

cCalculation by considering the above admixtures and the second-order perturbation contributions.
dRef. 9.
eRef. 10.
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the rotation of the upper~or equivalently the lower! oxygen
triangle measured from one of thesv planes.15 Since the
anglea is very small~for Li1 site, a'3.82° and for Nb51

site, a'0.68°, Refs. 15,16!, it has been neglected in mo
crystal-field and EPR calculations for paramagnetic ions
LiNbO3

16,17 ~it should be pointed out that a superpositi
model and crystal-field analysis of the4A2 and a

2E states of
Cr31 ion at C3 rather than the approximateC3v sites is made
in Ref. 16, but the displacements of Cr31 from the sites of
the host ions were not considered!. For simplicity, we apply
C3v approximation~a50! here. Thus, the cation-anion bon
ing lengths and the angles between cation-anion bonds
C3 axis in host LiNbO3 crystals areR1.0.2238 nm, u1
.44.57°, R2.0.2068 nm,u2.69.74° for Li1 site, andR1
.0.1889 nm,u1.61.65°, R2.0.2112 nm,u2.47.99° for
Nb51 site, respectively.15,16

In order to calculate the crystal field parametersBk
q in

Eq. ~3!, the superposition model18 is adopted, i.e.,

Bk
q5(

j 51

n

Āk~R0!S R0

Rj
D tk

Kk
q~u j ,w j !, ~5!

where the coordination factor can be expressed by using
structural parameters of the studied system.Āk(R0) and tk
are, respectively, the intrinsic parameters and the power
exponents. For the (ErO6)92 clusters, the intrinsic param
eters Ā2(R0).1030 cm21,Ā4(R0).127.1 cm21,Ā6(R0)
.22.1 cm21 ~with the reference distanceR0.0.21 nm) and
the power-law componentst2.3.4, t4.7.3, and t6.2.8
were obtained for MgO:Er31 crystal.19 They can also be
approximately applied in similar (ErO6)92 clusters in
LiNbO3:Er31.
22410
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Considering the covalency of Er31-O22 bond in
LiNbO3:Er31 crystals, the orbital reduction factork
.0.979 is applied, as for similar (ErO6)92 cluster in
MgO:Er31 crystal.12 Thus, the SO coupling coefficient an
dipolar hyperfine structure constant of Er31 in LiNbO3

crystals can be obtained:§4 f.k§4 f
0 ~where §4 f

0

.2470 cm21, the corresponding free ion value12! and P

.kP0 ~where P0.254.631024 cm21, the free ion
value12! owing to the covalency reduction effect. Similarl
the parameters of the Coulombic repulsion~i.e., F2

.97476 cm21, F4.70733 cm21, F6.47742 cm21, Ref.
20! and two-body interaction terms~i.e., a.17 cm21, b.
2473 cm21,g.1489 cm21, Ref. 20! of free Er31 ion may
be multiplied with the factork2 to obtain the corresponding
values for Er31 ion in LiNbO3 crystals. Therefore, by using
the SO matrix elements21 and perturbation method, we hav
lK.20.2020, lL.0.2359, N15/2.0.9550, lK8 .20.1080,
l I.0.0464, andN13/2.0.9932.

According to the meang values, it is agreed that for Er31

centers I and II, the lowest doublets are, respectively,G6 and
G7. If the host structural parametersRi and u i for the Li1

and Nb51 sites in LiNbO3 are adopted, the trigonal crysta
field parameters can be calculated from Eq.~5!. By applying
these parametersBk

q and the above other parameters to E
~4!, the EPR parameters for both centers are calculated.
results are compared with the observed values in Table

From Table I, it can be found that for both Er31 centers,
the calculated EPR parameters, particularly, the anisotro
of g factors~characterized byDg5gi2g') by adopting the
host structural data are not consistent with the observed
ues, suggesting that the Er31 ions in centers I and II do no
occupy the exact Li1 and Nb51 sites, respectively. For cente
7-3
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TABLE II. The coefficients of state vectors in Eq.~1! in terms of uJMJ& based on the local structura
parameters.

Center uJMJ& u 15
2 ,6 13

2 & u 15
2 ,6 7

2 & u 15
2 ,6 1

2 & u 15
2 ,7 5

2 & u 15
2 ,7 11

2 &

C( 4I J ;G6a8(b8)MJ1) 70.9085 60.3584 60.1342 60.1447 70.0790

I (G6) uJMJ& u 13
2 ,6 13

2 & u 13
2 ,6 7

2 & u 13
2 ,6 1

2 & u 13
2 ,7 5

2 & u 15
2 ,6 13

2 &

C( 4I J ;G6a8(b8)MJ1) 60.0083 70.0126 0.0073 60.0088 70.0034

uJMJ& u 15
2 ,6 13

2 & u 15
2 ,6 7

2 & u 15
2 ,6 1

2 & u 15
2 ,7 5

2 & u 15
2 ,7 11

2 &

C( 4I J ;G7a9(b9)MJ1) 20.5031 0.2286 0.7693 0.1924 20.2550

II( G7) uJMJ& u 13
2 ,6 13

2 & u 13
2 ,6 7

2 & u 13
2 ,6 1

2 & u 13
2 ,7 5

2 & u 15
2 ,6 13

2 &

C(4I J ;G7a9(b9)MJ1) 60.0046 70.0142 0.0163 0.0082 0.0086
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I, since the calculatedDg is smaller than the observed valu
we can suggest that the Er31 ion should be shifted away
from the center of oxygen octahedron by an amountDZI
along C3 axis ~the eccentric displacement of Er31 ion in
center I of LiNbO3:Er31 was found by other experimenta
methods22,23! so that the trigonal distortion of Er31 center I
and hence the calculated anisotropy ofg factor become
larger. On the other hand, for center II, the larger calcula
value ofDg than the observed value suggests that the E31

ion should be displaced towards the center of oxygen o
hedron by DZII for reducing the trigonal distortion o
(ErO6)92 octahedron and hence the calculatedDg. By fit-
ting the calculated EPR parameters to the observed va
we obtained the Er31 displacements~note that the displace
ment direction towards the center of oxygen octahedron
defined as positive one! for both centers are

DZI.20.039 nm, DZII.0.030 nm. ~6!

Obviously, the displacement directions of Er31 in both
centers are consistent with the suggestions based on th
servedDg. The corresponding crystal-field parameters c
be calculated by using Eq.~5! and the local structural param
eters in Eq.~6!, i.e.,

B2
0.22308 cm21, B4

0.1350 cm21, B6
0.2441 cm21,

B4
3.1600 cm21, B6

3.268 cm21, B6
6.603 cm21

~7!

for center I and

B2
0.222 cm21, B4

0.22533 cm21, B6
0.423 cm21,

B4
3.2812 cm21, B6

3.201 cm21, B6
6.349 cm21 ~8!

for center II. Thus, the coefficients of the statevectors in
~1! can be obtained and shown in Table II. The calcula
EPR parameters~including the results using different ap
proximate methods! are compared with the observed valu
in Table I. In addition, the calculated optical spectral data
the lowest4I 15/2 state for both Er31 centers in LiNbO3 and
22410
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is
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d

f

MgO or ZnO codoped LiNbO3 crystals based on the loca
structural data are also comparable with the observed va
~see Table III!, suggesting that the parameters used in
above calculations are reasonable.

IV. DISCUSSIONS

~1! From Table II, it can be seen that for both Er31 centers
the calculated values ofgi and g' by considering all the
contributions are in good agreement with the observed
ues. However, if the admixture effect between different e
ergy levels and the second-order perturbation contribu
are neglected, the agreements between calculation and
periment are not as good as those mentioned above.
improvement forgi and g' by further considering the ad
mixture effect between the ground state and excited s
4I 13/2 in the first-order perturbation scheme is about 6 – 8
whereas that forgi by considering the second-order pertu
bation is about 12– 14 %. The latter is about twice t
former. So, in order to obtain the exact theoretical results
EPR parameters for Er31 ion in crystals, the admixture effec
between different energy levels as well as the second-o
perturbation contribution should be taken into account.

~2! For center I, the calculated value ofA' shows good
agreement with the observed value, but that ofAi is signifi-
cantly different from the observed value. Considering th
the large trigonal distortion and hence the large anisotrop

TABLE III. Optical spectra~in unit of cm21) of the lowest
4I 15/2 state for Er31 centers I and II in LiNbO3 and MgO or ZnO
codoped LiNbO3 crystals based on the local structural paramete

Label 1 2 3 4 5 6 7

Center Cal. 72 158 173 242 306 355 42
I Expt.a 68 144 159 203 368 397 427

Center Cal. 64 138 156 165 173 195 20
II Expt.b 59 134 144 158 188 204 211

aRef. 8.
bRef. 24.
7-4
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TABLE IV. g factors and hyperfine structure constants for Er31 in various crystals.

gi g' Ai (1024cm21) A' (1024 cm21) References

ThGeO4 :Er31 6.349 5.195 225 181 26
a-LiIO3 :Er31 2.772~3! 8.556~3! 94.0 ~3! 298 ~1! 27
Bi4Ge3O12:Er31 9.6245~5! 4.9570~5! 335.2~1! 171.9~2! 11
GaN:Er31 2.861~3! 7.645~3! 110 ~5! 290 ~5! 28
ZnS:Er31 2.423~4! 8.771~5! 93 ~10! 305 ~1! 29
YAsO4 :Er31 6.639~2! 5.177~4! 223 ~1! 182 ~1! 30
YPO4 :Er31 6.42 ~2! 4.81 ~2! 214 ~4! 163 ~4! 30
YVO4 :Er31 3.544~5! 7.085~5! 122.6~4! 249.1~8! 30
ZrSiO4 :Er31 3.718~2! 6.997~6! 130.4~6! 243.8~11! 30
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g factors for center I, the observed isotropy of hyperfi
structureA @i.e., Ai.A'.7031024 cm21 ~Ref. 9!# is very
astonishing. For Er31 ion in crystals, the approximate rela
tionship gi /Ai.g' /A' was pointed out by some
authors.12,25 The relationship has been confirmed by the e
perimental EPR parameters for Er31 in many crystals~see
Table IV!. The calculated EPR parameters for both Er31 cen-
ters in LiNbO3 are consistent with the relationship. So, t
observed value ofAi for center I in LiNbO3:Er31 is doubtful
and remains to be further measured. For center II, no
served values ofAi andA' were reported. The above calcu
lated valuesAi andA' remain to be checked by the expe
mental studies.

~3! From the above studies, it is found that to reach
good fit between the calculated and experimental EPR
rameters, the Er31 ions in centers I and II do not occupy th
exact Li1 and Nb51 sites in LiNbO3, but are displaced awa
from the center of oxygen octahedron by about 0.039 nm
center I and towards the center of octahedron by about 0
nm for center II. For impurity ions in LiNbO3 crystal, an
impurity displacement scheme was suggested in a prev
paper,31 i.e., the centers of oxygen octahedra along thec axis
are occupied by cations in the sequence Li1,Nb51 and a
vacancy octahedron. The electrostatic repulsive forces
tween the neighboring Li1 and Nb51 ions displace them
from the centers of their octahedra, so that these cations
eccentric and close to the distinctive neighboring vacanc
If the cation is replaced by an impurity carrying extra char
compared with the replaced host ion, the repulsive force
ing on the impurity should be greater and so the impu
should be shifted further away the center of octahedr
Whereas for the impurity having less charge than the
placed host ion, the displacement direction with respec
the center of octahedron is opposite~i.e., towards the cente
of octahedron! because the repulsive force decreases. F
this scheme, the substitutional positions and impurity d
placements for Fe31 centers I and II in LiNbO3 and MgO
codoped LiNbO3 crystals are obtained by analyzing the
EPR data. The displacementDZI (.20.004 nm) for Fe31

center I in sign and in magnitude is comparable with t
~.20.0058 nm, Ref. 32! obtained by extended x-ray absor
22410
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30

us

e-

re
s.
e
t-

y
n.
-

to

m
-

t

tion fine structure~EXAFS! measurement~for Fe31 center
II, no observed value of impurity displacement was r
ported!. In addition, the scheme is also supported by
following facts: for trivalent rare earth ions (Pr31, Nd31,
Eu31, Dy31, Ho31, and Er31) replacing Li1 in LiNbO3
~center I!, the Rutherford backscattering spectrome
~RBS!/channeling technique23 and x-ray standing wave
~XSW! measurement22 showed that these impurities do n
occupy exact Li1 site, but is shifted away from the cente
of oxygen octahedra by an amountDZI ~the displacement
in magnitude also depends upon the ionic radius of impur
Ref. 23!. Whereas for Cr31 ion replacing Nb51 site ~center
II !, the electron nuclear double resonance~ENDOR!
measurement33 suggested that Cr31 ion is displaced towards
the center of oxygen octahedron by about 0.012 nm. So,
above impurity displacement scheme seems valid. Ob
ously, the displacement directions of both Er31 centers in
LiNbO3 and MgO or ZnO codoped LiNbO3 are consistent
with the expectation based on this scheme. More importan
for Er31 center I, the Er31 displacementDZI obtained in the
present paper are close to the displacement~.20.046 nm,
Ref. 22! obtained from XSW measurement and th
~.20.02 nm, Ref. 23! measured by RBS/channeling tec
nique ~unfortunately, for Er31 center II, no experimental re
sult about impurity displacement was reported, the ab
calculated displacement remains to be checked by other
perimental methods!. So, the displacements for both Er31

centers obtained in this paper can be regarded as reason
In passing, if we exchange the substitutional positions
Er31 in both centers, i.e., Er31 replaces Nb51 in center I and
Li1 in center II, by fitting the calculated EPR parameters
the observed values, the Er31 displacement directions in
both centers should be opposite to those in the above stu
These displacement directions are in disagreement with
expectation based on the above scheme~and the above ex-
perimental results for center I, Refs. 22,23! and cannot be
regarded as suitable. So, the occupation positions of Er31 in
center I and II suggested in the previous papers and use
this paper are verified. It appears that some useful inform
tion about the substitutional position and defect structure
paramagnetic impurity in crystals can be obtained by ana
ing the EPR parameters.
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