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In this paper, the perturbation formulas of EPR parametgria¢torsg,g, and hyperfine structural con-
stantsA; andA,) for the lowest Kramers doubldts or I'; of *I 5, of 4f'!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 trigondl” Erenters in LiNbQ and MgO or ZnO codoped
LiNbOg crystals are studied. It is found that in order to reach a good fit between calculations and experiments,
the EF" ions in centers | and Il do not occupy exactly the land N5 sites, respectively, but are displaced
along the G axis away from the center of oxygen octahedron by about 0.039 nm for center | and towards the
center of octahedron by about 0.030 nm for center Il. The reasonableness of the local lattice distortions and the
contributions from the second-order perturbation terms are discussed.
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[. INTRODUCTION and the observed values were not given. In order to investi-
gate the influence of the above ignored admixture effect be-
LiNbO; single crystals have been an attractive material§ween different energy levels to the EPR parameters, for
due to the combination of excellent electro-optical, acoustosimilar trigonal (ErQ)°~ cluster in Bj;Ge;0,,:Er™ crystal,
optical, piezoelectric, elasto-optic, photorefractive effectsBravoet alintroduced the contributions of the first excited
and the applications in integrated optics to create variou§tate4|13/;State(|-e-, 30x30 energy matrixin the first-order
components, such as modulators, wavelength filters, anBerturbation treatment. However, the improvement by in-
low-loss optical waveguides® Recently, E?*-doped cluding *1 15/, state was very small. It seems that the signifi-
LiNbO; has gained attention through the development off@nt improvement of theoretical results cannot be made
light amplifiers based on LINDQER+.47 Since the know- within the limit of the first-order perturbation calculations
ledge of occupation position and defect structure of impurityand the second-order perturbation contributions arising from

ion is very helpful to understand the physical properties Ofcrystal field an_d orbital angular momentum interactions may
. . be somewhat important, compared with the admixture effect
the doped materials and electron paramagnetic resonan

batween different energy levels. In order to check the contri-

(EI;F?; |fs a suitable m?t_hod o sFudy the Ogc;gat'on F?Os't'o'-t)utions of the second-order terms and to study the EPR pa-
and defect structure of impurity ion, many experimenta ameters and the local structures of the two differert Er

works have been done on®Erimpurity in LiNbO; crystals, centers in LINbQ and MgO or ZnO codoped LiNbQcrys-

. 8 . . 9 .
e.g., Dierolfetal.” and Milori etal" found one trigonal a5, e establish in this paper the perturbation formulas of
Er* center(marked as centep in LiNbO3, with consider- EPR parameterg; g, ,A|, andA, for the lowest Kramers

able anisotropy oy fac.t(.)rs which was attributed to £r doublet g or T';) of 4l ,5,, 0f 4f11ion in trigonal symmetry
occupying t+he LT position. For MgO or ZnO codoped py considering the admixture between different energy levels
LiNbO3:Er*" crystals Bravoet al™™ found a new trigonal  anq the second-order perturbation contributions. Based on
Er** center(marked as center)lwith relatively smaller an- these formulas, the EPR parameters of both' Erenters in
isotropy of g factors in addition to the previous observed LiNbO5 and MgO or ZnO codoped LiNb{xrystals are rea-
center |. Center Il was regarded as’Eroccupying NB*  ggonaply explained and their local structural parameters are

position in these codoped LiNkG@rystals:® also obtained. The results are discussed.
Up to now, however, the above experimental results have

not been satisfactorily explained, and the defect structure of
these Et" centers(particularly, center Il have not been ob-
tained by analyzing the EPR data either. For example, Milori
et al? roughly studied they factors of center | by consider- ~ When a 4 (Er™") ion enters the lattice of crystal, the
ing only the interactions within the lowe$l ;5, state(i.e.,  cubic crystal field would split the ground staté; s, multi-
16x16 energy matrix whereas the admixture between the plet into two doublets'g, I';, and threel'g quartet$®3
ground state’l 15, and the first excited statél 15, through  As the symmetry becomes lowe.g., trigonal, the thred'y
crystal field interaction and those betwe@ing, (or 1,5, representations may be split further into six doublets,
state and the higher lying excited states with the same whereasl's and I'; remain unchanged and correspond to,
value through spin-orbitSO) coupling interaction are ig- respectively, the average ERRvalues 6 and 6.8 to the first
nored and the comparisons between their theoretical resultader in the absence of SO and admixture efféets.

II. CALCULATION FORMULAS
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In order to establish the perturbation formulas of En make contributions to the EPR parametgn®te that the
trigonal symmetry, we should obtain the basis functions ofsecond-order perturbation correction €gr (or A, ) vanishes
I'g or I'; doublet by diagonalizing the energy matrix includ- because none of thE, has nonzero matrix element with

ing th49 ground’l 15, state. Considering that the first excited ground state for bothi .- andx or y component ofl (or N)

state “l 3, is close to the groundys), state, the mixture gperators, i.eg'?=A®=0]. Thus, by using the basis func-
between the two states via crystal field interaction wouldijons in Eq.(1) and perturbation Hamiltonian in E¢), the
make contributions to the EPR parameters, th&30 ma-  second-order perturbation formulas of the EPR parameters

trix including both *1;5, and *l 15, states should be diago- g, g A, andA, for the lowest Kramers doublét or T';
nalized to obtain the 15 group®r irreducible representa- can pe derived as follows:

tions) of basis functions in terms of the linear combination of

|JM;). Unlike the previous work$!?**the admixtures be- g=9"+gf?,
tween*l 5, and °K 455, *l 15,and °L 155, and those between
‘fl 132 and 2K1.3,2, 41352 @and 2l 13, via SO coupling interac- gfV=2g,T 13T y),
tion are also included here. Thus, the basis functions for the
lowest doublefi’g or I'; can be written as TAlB~dT r LT
gﬁ2)=2 , (Cy[Hcd X7x>< x¥x|Lz[Ty)
| % E(I'x)—E(T) '

T (")) = ME C(* 152, T Y7 IM ) Nysyd | *l 1M 5)
J1l

—1) (2)
g,=0;"*t09}",
+ X\ ?K1sM 31) + N |*L 1M 31)

gM=2gTy|3«Ty"),

+ 2, C(M132 T Y7 M 32)N gyl |41 13M 32)
Mj2 g(f)ZO

+ M| 2K 132M 32) + N 2L 1M 52), (1

where y and ' stand for the two components &f irre-
ducible representatioM ;; and M ;, are in the range-15/
2-15/2 and—13/2-13/2, respectivelynote that the nota-
tionsTga’ (B') and 'z (B") for 4f1in cubic symmetry Col T o RLIT
are still adopted here to indicate the lowest doublet for trigo- Aﬁ2>=2 S (T y[HeATx v (CxyxINz|T'y)

A=A +AR,

AN =2PNy(I'y|N|T'),

nal symmetry. The mixing coefficientd; and normalization X E(T'y) —E() '
factorsN; in Eq. (1) can be determined by using SO coupling
matrix elements and perturbation method. A =AD+AP,

The perturbation Hamiltonian for a rare earth ion in the
c;)l/ftal under an external magnetic field can be expressed AN =2PNy«(T y|Ny|Ty"),
a

(2)=
H'=HcetHz+Hyy. 2 AT=0, @

The crystal field interactions may be expressed in terms O\fvhere the parametegs, g;, N;, andN; [note thatg, and

Stevens equivalent operator under trigonal symmtfy N occur in the expansions of E¢d)] for various states are
obtained from Refs. 12 and 13.

Hcr=B909+B20%+BZ03+B202+B303+ BSOS. It should be noted that if only the first-order perturbation
(3y terms within the?l 15/, state are considered.e., all terms
involve the excited states and second-order perturbation con-
The Zeeman interactiorﬂz can be written as|3|Z tributions vanish, Eq.(4) returns to the original results in the
=g, g H-J, with their original meaning®13 The hyper-  Previous works.

fine interactionH y{ = A\Sz1,+ (A, /2)(S.1_+S_1.)] may

be expressed in terms of the equivalent operAtaf mag- Il APPLICATIONS

netic hyperfine structure aghf: pNJN , whereNj is the Noyv we apply the above formglas _to the calculations of
diagonal matrix element fofS* L, state andP the dipolar ~ two trigonal EF* defect centers in LiNb@and MgO or
hyperfine structure constant in crystal. ZnO codoped LiNb@ crystals.(Note that theg factors of

According to Ref. 12, the main contributions to EPR pa-center Il for EF* in MgO and ZnO codoped LiNbgare the
rameters may come from the first-order perturbation termssame within the experimental errdfsSo, in the following
however, the othef15—1=14) irreducible representations studies, the same method and parameters are used for center
I, (i.e., sixI'g and eightl"; for I'g ground state, or sevdry Il in both crystals) The LiNbO; crystal structure belongs
and sever'; for I'; ground statewould likely mix with the  to theC$, space group, where tiand NB™ cations occupy
ground state I{ or I';) via crystal field and orbital angular an octahedral site witkC; (nearly C5,) symmetry*>6 The
momentum(or hyperfine structupeinteractions and so they disparture fronCs, symmetry is measured by the anglef
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TABLE I. EPR parameterg|,g A, andA, for the two trigonal E¥* centers in LINbQ and MgO or
ZnO codoped LiNb@ crystals(where “host” and “local” stand for the calculations based on the host and

local structural parameters, respectively

Center | Center Il
Cal. Expt. Cal. Expt.
Host Local Local® Local® Host Loca® Local® Local®
15.14¢ 43(2) ¢
g 13.89 12.85 13.63 15.12 329 355 3.83  4.39
15.14(5) © 4.26(5) ¢
2.15¢ 76(3) ¢
g, 332 184 192 192 8.19 7.22 7.83 7.83
2.2(9° 7.8(1)°
Aj(10%cm™t) 520 463 514 571 76 109 130 147 160
A (100%cm'l) 104 66 72 72 70 285 249 282 282

aCalculation by considering only the first-order perturbation terms within‘the, state.
®Calculation by considering the admixtures between the ground state and the excited states but neglecting the

second-order perturbation contributions.

Calculation by considering the above admixtures and the second-order perturbation contributions.

9Ref. 9.
®Ref. 10.

the rotation of the uppetor equivalently the lowgroxygen
triangle measured from one of the, planest® Since the
angle« is very small(for Li* site, a~3.82° and for NB"
site, ~0.68°, Refs. 15,16 it has been neglected in most

Considering the covalency of £r-O*>~ bond in
LiINbO5:Er* crystals, the orbital reduction factok
=0.979 is applied, as for similar (Egf~ cluster in
MgO:ErP" crystall? Thus, the SO coupling coefficient and

crystal-field and EPR calculations for paramagnetic ions irdipolar hyperfine structure constant of 3Erin LiNbOj,

LiNbO4***7 (it should be pointed out that a superposition crystals can

model and crystal-field analysis of tHé\, and ﬁE states of
Cr* ion at G, rather than the approxima@;, sites is made
in Ref. 16, but the displacements ofCrfrom the sites of
the host ions were not considejeor simplicity, we apply
C3, approximationa=0) here. Thus, the cation-anion bond-

be obtained:s,=ks3; (where s
=2470 cm *, the corresponding free ion valtfe and P
=kP, (wWhere Py=-54.6x10%cm !, the free ion
value'®) owing to the covalency reduction effect. Similarly,
the parameters of the Coulombic repulsigie., F?
=97476 cm', F*=70733 cm?!, F6=47742 cm?, Ref.

ing lengths and the angles between cation-anion bonds arh) and two-body interaction termse., a=17 cm !, B=

C5 axis in host LiNbQ@ crystals areR;=0.2238 nm, 6,
=44.,57°,R,=0.2068 nm,#,=69.74° for Li* site, andR,
=0.1889 nm,#;=61.65°, R,=0.2112 nm,#,=47.99° for
Nb°" site, respectively>°

In order to calculate the crystal field paramet&g in
Eq. (3), the superposition modélis adopted, i.e.,

ty

" R

e 0

BY=2, AK(R0)<§
=1 i

—473 cm !, y=1489 cm !, Ref. 20 of free EF* ion may
be multiplied with the factok? to obtain the corresponding
values for E?* ion in LiNbO; crystals. Therefore, by using
the SO matrix elemertSand perturbation method, we have
A¢=—0.2020, N\ =0.2359, N5,,~0.9550, \ = —0.1080,
N=0.0464, and\3,~0.9932.

According to the meag values, it is agreed that for £f
centers | and Il, the lowest doublets are, respectidélyand
I';. If the host structural parameteRs and 6, for the Li*
and NB* sites in LiNbQ, are adopted, the trigonal crystal-

where the coordination factor can be expressed by using the, g parameters can be calculated from E5). By applying

structural parameters of the studied systéq(R,) andt,

these parameteB] and the above other parameters to Eq.

are, respectively, the intrinsic parameters and the power law), the EPR parameters for both centers are calculated. The
exponents. For the (EgP~ clusters, the intrinsic param- results are compared with the observed values in Table I.

eters  A,(Ry)=1030 cm 1, A4(Ry)=127.1 cm 1, A5(Ry)
=22.1 cm ! (with the reference distand®,=0.21 nm) and
the power-law components,=3.4, t,~7.3, andtz=2.8
were obtained for MgO:EBf crystal'® They can also be
approximately applied in similar (Eg)°~ clusters in
LiNbO3:Er™.

From Table I, it can be found that for bothErcenters,
the calculated EPR parameters, particularly, the anisotropies
of g factors(characterized bAg=g;—g,) by adopting the
host structural data are not consistent with the observed val-
ues, suggesting that the®rions in centers | and Il do not
occupy the exact i and NB* sites, respectively. For center
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TABLE II. The coefficients of state vectors in E€L) in terms of|JM;) based on the local structural

parameters.
Center [IM3) 128 8= (2= 12 12
C(Y,:Tga’BIM,) 709085  *0.3584 +0.1342 *0.1447  +0.0790

1(T'e) [IM) 128 182D 1B 127D 1B
(;(4|J ;Faa’(ﬂ')Mn) +0.0083 +0.0126 0.0073 +0.0088 +0.0034

[IM3) 128 12D (R=h 1RFH 0 1RFY
C(4,:T;a"#M,,)  —0.5031 0.2286 0.7693 0.1924  —0.2550

l(r'7) [IM) 128 18D 1R=xhH 1825)H 12D
C("’I 3 ;F7a”(ﬁ")MJl) +0.0046 +0.0142 0.0163 0.0082 0.0086

I, since the calculated g is smaller than the observed value, MgO or ZnO codoped LiNb@ crystals based on the local
we can suggest that the rion should be shifted away structural data are also comparable with the observed values
from the center of oxygen octahedron by an amod@;  (see Table Il), suggesting that the parameters used in the
along C5 axis (the eccentric displacement of Erion in  above calculations are reasonable.

center | of LINbQ:Er** was found by other experimental

method$>*) so that the trigonal distortion of EF center | IV. DISCUSSIONS

and hence the calculated anisotropy @ffactor become

larger. On the other hand, for center Il, the larger calculated (1) From Table I, it can be seen that for bott?Ercenters
value of Ag than the observed value suggests that th& Er the calculated values aj; and g, by considering all the

ion should be displaced towards the center of oxygen octacontributions are in good agreement with the observed val-
hedron by AZ, for reducing the trigonal distortion of ues. However, if the admixture effect between different en-
(ErOe)g‘ octahedron and hence the calculateg. By fit- ergy levels and the second-order perturbation contribution
ting the calculated EPR parameters to the observed valuegleé neglected, the agreements between calculation and ex-
we obtained the B displacementgnote that the displace- Pperiment are not as good as those mentioned above. The
ment direction towards the center of oxygen octahedron igmprovement forg, andg, by further considering the ad-

defined as positive ondor both centers are mixture effect between the ground state and excited state
41 13,2in the first-order perturbation scheme is about 6—8 %,
AZ=-0.039 nm, AZ;=0.030 nm. (6)  whereas that fog; by considering the second-order pertur-

] ) o B bation is about 12—-14%. The latter is about twice the

Obviously, the displacement directions of Erin both  former. So, in order to obtain the exact theoretical results of
centers are consistent with the suggestions based on the obpgr parameters for EF ion in crystals, the admixture effect
servedAg. The corresponding crystal-field parameters cametween different energy levels as well as the second-order
be calculated by using E¢6) and the local structural param- perturbation contribution should be taken into account.
eters in Eq(6), i.e., (2) For center I, the calculated value &f shows good
agreement with the observed value, but thafpfs signifi-
cantly different from the observed value. Considering that
the large trigonal distortion and hence the large anisotropy of

BS=-2308 cm!, B9=1350 cm?, B9=-441cm?,

B3=1600 cm?, Bi=-68cm?!, B{=603cm?

() TABLE lIl. Optical spectra(in unit of cm 1) of the lowest
for center | and 4] 15, state for E?* centers | and 1l in LiNb@ and MgO or ZnO
codoped LiNbQ crystals based on the local structural parameters.

BJ=222 cm!, BY=-2533 cm?!, B2=423 cm?,

Label 1 2 3 4 5 6 7
3__ -1 3__ -1 6__ -1
B;=2812cm*", Bg=20lcm*, Bg=349cm~ (8  center ca. 72 158 173 242 306 355 422
for center II. Thus, the coefficients of the statevectors in Eq! Expt® 68 144 159 203 368 397 427
(1) can be obtained and shown in Table Il. The calculateGanter  cal. 64 138 156 165 173 195 209
EPR parametergincluding the results using different ap- |, Expt’ 59 134 144 158 188 204 211

proximate methodsare compared with the observed values
in Table I. In addition, the calculated optical spectral data ofRef. 8.
the lowest*l ;5, state for both E¥" centers in LINbQ and  “Ref. 24.
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TABLE IV. g factors and hyperfine structure constants fof 'Ein various crystals.

9 g, A (10 %cm™1) A (10%cm™ Y References
ThGeQ:Er* 6.349 5.195 225 181 26
a-Lil04:EFY 2.772(3) 8.556(3) 94.0(3) 298 (1) 27
Bi,Ge;0;,:Er™ 9.6245(5)  4.9570(5) 335.2(1) 171.9(2) 11
GaN:EP" 2.861(3) 7.645(3) 110(5) 290 (5) 28
ZnS:EF* 2.423(4) 8.771(5) 93 (10) 305 (1) 29
YAsO,:Er* 6.639(2) 5.177(4) 223(1) 182 (1) 30
YPO,:Er* 6.42(2) 4.81(2) 214 (4) 163 (4) 30
YVO,:EF* 3.544(5) 7.085(5) 122.6(4) 249.1(8) 30
ZrSio, :Er* 3.718(2) 6.997(6) 130.4(6) 243.8(11) 30

g factors for center |, the observed isotropy of hyperfinetion fine structure(EXAFS) measurementfor Fe€®* center
structureA [i.e., Aj=A, =70x10"* cm * (Ref. 9] is very  II, no observed value of impurity displacement was re-
astonishing. For Bf ion in crystals, the approximate rela- ported. In addition, the scheme is also supported by the
tionship QIJJM/A”zgL /A, was pointed out by some following facts: for trivalent rare earth ions (Pr, Nd®",
authorst??° The relationship has been confirmed by the ex-EL**, Dy**, Ho®*, and EF") replacing Li" in LiNbO;
perimental EPR parameters for®Erin many crystalssee  (center ), the Rutherford backscattering spectrometry
Table IV). The calculated EPR parameters for both'Ezen-  (RBS)/channeling techniqd and x-ray standing wave
ters in LINbO, are consistent with the relationship. So, the (XSW) measuremeftt showed that these impurities do not
observed value oA, for center I in LINbGy:Er** is doubtful ~ 0SCUPY exact Li site, but is shifted away from the center
and remains to be further measured. For center II, no obf 0Xygen octahedra by an amou?, (the displacement
served values ofy andA, were reported. The above calcu- in magnitude also depends upon the ionic radius of impurity,

as . adit
lated valuesh; andA, remain to be checked by the experi- Ref. 23. Whereas for CI* ion replacing NB™ site (center
mental studies II), the electron nuclear double resonan¢ENDOR)

. o measurement suggested that €f ion is displaced towards

3 l_:rom the apove studies, it is found t_hat to reach thethe center of oxy%gen octahedron by aboutp0.012 nm. So, the
good fit betweéen 'the palculated and experimental EPR P%bove impurity displacement scheme seems valid. Obvi-
rameters, the Er_ ions in centers I'and |1 do not occupy the " the" displacement directions of both® Ercenters in
exact Li* and NB™ sites in LiNbQ, but are displaced away LiINbO; and MgO or ZnO codoped LiNbQare consistent
from the center of oxygen octahedron by about 0.039 nm fo{yith the expectation based on this scheme. More importantly,
center | and towards the center_of oc_tahgdron by about 0.03@; £+ center I, the EY" displacemenhZ, obtained in the
nm for center Il. For impurity ions in LiNb@ crystal, an present paper are close to the displacentent0.046 nm,
impurity displacement scheme was suggested in a previoysef, 22 obtained from XSW measurement and that
paper'i.e., the centers of oxygen octahedra alongdiais (=—0.02 nm, Ref. 2Bmeasured by RBS/channeling tech-
are occupied by cations in the sequencé,Nb>* and a  nique (unfortunately, for E¥* center I, no experimental re-
vacancy octahedron. The electrostatic repulsive forces besult about impurity displacement was reported, the above
tween the neighboring [l and NB* ions displace them calculated displacement remains to be checked by other ex-
from the centers of their octahedra, so that these cations aperimental methods So, the displacements for both3r
eccentric and close to the distinctive neighboring vacanciexenters obtained in this paper can be regarded as reasonable.
If the cation is replaced by an impurity carrying extra chargeln passing, if we exchange the substitutional positions of
compared with the replaced host ion, the repulsive force acter’™ in both centers, i.e., Bt replaces Nb' in center | and
ing on the impurity should be greater and so the impurityLi* in center Il, by fitting the calculated EPR parameters to
should be shifted further away the center of octahedronthe observed values, the *Er displacement directions in
Whereas for the impurity having less charge than the reboth centers should be opposite to those in the above studies.
placed host ion, the displacement direction with respect ta’hese displacement directions are in disagreement with the
the center of octahedron is opposiie., towards the center expectation based on the above schéml the above ex-
of octahedroh because the repulsive force decreases. Fromerimental results for center |, Refs. 22,2#d cannot be
this scheme, the substitutional positions and impurity disregarded as suitable. So, the occupation positions bf Er
placements for F& centers | and Il in LINb@ and MgO  center | and Il suggested in the previous papers and used in
codoped LiNbQ@ crystals are obtained by analyzing their this paper are verified. It appears that some useful informa-
EPR data. The displacemenZ, (=—0.004 nm) for F&" tion about the substitutional position and defect structure for
center | in sign and in magnitude is comparable with thatparamagnetic impurity in crystals can be obtained by analyz-
(=—0.0058 nm, Ref. 3Pobtained by extended x-ray absorp- ing the EPR parameters.
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