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g-factor formulas of 3d® ions in trigonal-symmetry fields and their applications
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The g-factor formulas of 8° ions in C3, symmetry are developed based on the equivalence between the
phenomenological spin Hamiltonian and the microscopic Zeeman interaction. The formulas are universal ones
and do not depend on the specific interaction model. Diagonalization of the complete Hamiltonian within the
whole 3d® configuration yields the theoretical zero-field splittiBy a, a-F, andg factors. The results for
Mn?" at the Li* site in LINbO, agree well with the experimental data. The ¥M(Li)-O?>~ average bond length
deduced(R=2.0217 A is comparable with those obtained from extended x-ray-absorption fine structure
measurements, namelg.06+0.05 A. The d-d transition bands and EP®value predicted can be verified by
further experimentq.S0163-182@07)03514-5

I. INTRODUCTION II. MICROSCOPIC EXPRESSIONS
FOR EPR PARAMETERS

The microscopic calculation af factors of 3° ions in By means of the approximate equivalence between the
crystals is much more difficult than that of othed™3ions.  spin Hamiltonian(SH) method and the complete diagonal-
To our knowledge, there are no rigorous complete diagonalization procedur¢CDP), the following microscopic expres-
ization calculation formulas on thgfactors of 2i°ionsina  Sions of ZFS parameters were obtairted:
trigonal symmetry field. To understand the EPR characteris-
tic of 3d° ions in a LiNbQ crystal, in this work we shall D=(1/56)[(9A/V1+T?)+A;—2A,], (1)
develop the microscopic calculation formulas on théac-
tors of 3d° ions in crystals.

Lithium niobate (LINbO3) is an important ferroelectric
and nonlinear optical material for many technical applica-
tions (see, e.g., Refs. 1 and.Because of the similarity of a=(3A,/\/80)(T/1+T?), 3
the Li* and NB* sites, one of the most difficult questions to
answer with respect to defects in LiINp@ whether dopant with
ions substitute for Li or Nb>". The decrease in the zero-
field splitting (ZFS) paramgterD with increasing tempera- T=—2a1a2/(af—a§), (4)
ture supports the conclusion that Kinreplaces NB'.3*

This conclusion has also been reached on the basis of elec-

a—F=(1/28[(3A,/V1+T?)+180,—9A,], (2

tron paramagnetic resonan¢EPR and nuclear magnetic Ay =E(l'4+ £52)—E(T'4, £ 1/2), ®)
resonance(NMR) studies®® An electron-nuclear double
resonanc§ENDOR) study favored MA" at the Li" site/ A,=E(I'g,+3/2—E(I'y,*=1/2), (6)

This method can give direct information on the identity and
the superhyperfiné€SHF) and quadrupole interactions of the whereE(I',,+5/2) andE(T',,+1/2) denote the eigenenergies
neighboring nuclei except those with zero nuclear $pig., of I'y (CDP) ground states of=5/2) and |+1/2), respec-
180, the only abundant oxygen isotgpén extended x-ray- tively, and E(I'6,+3/2) is the eigenenergy of thEq (CDP)
absorption fine structurEXAFS) study also favored M ground state of+3/2). a, anda, denote the CDP eigen-
at the Li" site® The comparison between the phases ofMn vectors of the ground state &Y,
in LINbO3; and in aqueous solution yields a true
Mn**(Li*)-O*" bond length of(2.06+0.05 A.® Fluores- |+1/2)(CDP) =ay|%S,+ 1/12) +3,/°S,-5/2)  (7)
cence spectra are rather noisy due to the low Mn concentra-
tion in their experiment and this limits the accuracy in theplus small contributions arising froi8=3/2 and 1/2 states.
determination of atomic distances. However, their results The theoretical calculation og factors of 3i° ions in
clearly show that Mfi" lies at the Li site. crystals is much more difficult than that of othed"3ions.

In this work, we apply both the complete diagonalizationTo our knowledge, there are no microscopic complete diago-
procedure (CDP) and an approximately equivalent self- nalization calculation formulas on thgfactors of 31° ions
consistent-field—molecular-orbitalSCF-MO modeP?® to  in a trigonal symmetry field.

determine the local structure of ¥ihions at Li" sites in By means of the approximate equivalence between the
LiINbO5. The result shows that the values calculated are iphenomenological SH and the microscopic Zeeman interac-
good agreement with the experimental findings. tion, the following formulas are obtained:
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TABLE I. d-d transitions and EPR parameters for MnO@ll energies are in units of cm).

Calculated(D 34 symmetry Observed
Model parameters: N=0.978+0.0001
q=(1.06+0.001)
Structure parameter®&=(2.17+-0.001) A Ref. 18 Ref. 16 Ref. 15 Ref. 17
6=(53.72+0.00)°
A1) 0 0 0 0 0
TUG)(*A)) 18 521+ 20
TU(G)(“E) 18 53720 18518 18 350 18 350 18 290
TLG)(*AY) 22 41740 22370 22 600 22 600 22 560
“T,(G)(“E) 22 696+40 22730
4E(G)(“E) 24 490+15 24510 24510 24580 24 500
“AL(G)(PAY) 24 495+15 24 750 24 540 24 740
4T,(D)(*E) 27 770+40 27 400 27620 27 255 27 330
“T,(D)(*A)) 27 93540 27 700 27 950 27 580
‘E(“E) 29 469+15 29240 29330 29170 29 120
TUP)(PAL) 31543+40 30 864 30625 31 900 30610
TLP)(*E) 3190920 32050 31910 31700
“AL(F)(PA,) 39 77015 39 700
TR (*E) 4052120 40 820 40540
TUR)(RAY) 40 87420
“T(F)(*E) 4330120 41670
TLF)(*A)) 43 410+20
EPR parameters Observédefs. 19 and 20
9,=2.0019+0.0005 g,=2.0018+0.0005,g, =2.0013+0.0005
g, =2.0019-0.0005 g=2.0019+0.0009
D10 *cm Y)=-75.9+0.5 —75.7+0.5), +75=0.5)
(a-F)(10 % cm 1)=6.27+0.5 7.35+0.5)
a(10™* cm 1)=5.84+0.5 4.5+0.5

1 5 The matrices of both the Zeeman magnetic monidit
91=09z22=3 (5/2,3/32 (kl(i)+2.0023(i))|5/2,3/2 mension 252 and the complete Hamiltonian may be com-
=1 puter generatetf-
5
—(5/2,—3/2 >, (kli)
=1 lll. VALIDITY OF TECHNIQUE

It is currently accepted that for impurities in solids the

+2.0025,(1))|5/2,-312) . ®) bond lengthsR;, can be determined through the EXAFS
technique. It may be applied to any kind of impurity. How-
5 ever, the impurity concentrations of the order 100 ppm may
0, =0u=[(a2+a32)/2a2]Y%5/2,313 >, (Kl(i) be difficult to see by EXAFS, while concentration of the
=1 order of 1 ppm of some transition-metal ions can be detected
1+ 2.0028,(1))|5/2,1/2, through EPR. Zhaet al®~1! show that the local structure of

transition-metal ions in crystals can be determined from the
where(kL(i)+2.0023(i)) is the Zeeman magnetic moment optical and EPR spectra.
operator ofith electronk is the orbit reduction factor, and It must be pointed out that the local structure of impurity
|5/2,+3/2) and |5/2,+1/2) denote the eigenfunctions of the may differ from the host cation-anion one. In concentrated
ground state. ruby, for instance, the & ion has been found to be dis-
These expressions are universal ones and do not depepthced from the host Al ion site by 0.06 A2
on the specific interaction model. Now, let us to study the validity of the technique for the
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determination of local structure through the optical and EPR B,.= — B, ,=[(/35)3eq(r*)/4]

spectra measurements.
Following the x-ray diffraction dat4’ the bond len
and bond angles in MnCCare as follows:

R=R,=R;=2.17 A,

9=180°— 0,= 6, =53.7°.

gths

9

X [sin*6,cos, /R3— sint6,cos, /R3].
(10)

The crystal-field parameterB,, can be calculated from
the structure data provided that the expectation va{uBs
and the effective chargg are known. Considering the aver-
age covalency between central metal ion and ligand orbitals,
a reasonable approximation was made%Hat

The optical absorption spectra have been observed by B=N'Bo, C=N*Cy, a=N'a;, B=N*g,

some author&®1’

In the approximately equivalent SCF-MO modget? the

C,, crystal-field parameters were given by

2
Byo=[— 3eq<r2>/2]2l (3 cog6,—1)/R?,

2
Byo=[— 3eq<r4>/8]21 (35 cod 6, — 30 cod 6, +3)/R?,

Za=N2Z5,  (rM=N3r",, k=N?, (1D

whereN measures the average reduction factor due to the
covalency, and,, C,, ap, By, £3, and(r"), are the electro-
static parameters, Trees correction constant, Racah correc-
tion constant, the spin-orbit coupling constant, and the ex-
pectation value of" in the free ion state, respectively. As
one sees, this model leaves at most two model paramdters
andq, which remain to be determined from two theoretically
or experimentally known energy levels. For the ¥rion,

we havé

TABLE Il. d-d transitions and EPR parameters for LiNJKIn®" (all the energies are in units of

cm™Y).
Calculated (Li site, £=0.939+0.001)% Calculated (Nb site,
F=0.973+0.001)°
O, symmetry C;, symmetry C}, symmetry
54.,(S) 0.000 000 000 0.000 000 000
( ! nd state) 0.147 645 4264 0.150 999 4580
groune state 0.437 555 3337 0.435 823 0692
16 960 ] 4 13345 7] 4
16980 | 42 13426 ] A2
4 17767 7] 13 806 ]
T(G) 17790 o 13890 o
17 800 13931
17803 _| 13954 _]
21765 ] 19046 7 44
21876 ag 19059 1
T.6) 21912 19 146 7]
2 21968 _ 19 176 ag
21010 7 4a 19189
22014 ! 19192 _]
24 474 7 4y 24407 4g
24475 1 24412 | !
4.6 24477 7] 24 447 7]
YEG) 24 487 ag 24 464 ag
24 495 24 485
24501 _] 24492 |
27195 7] 4 26914 4
27241 | Al 26924 | Al
4 27 596 7] 27 143 7]
D) 27 694 g 27233 ig
27 748 27273
27800 _] 27 418 _
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TABLE Il. (Continued)

Calculated (Li site, £/=0.939+0.001)2 Calculated (Nb site,
[=0.973+0.001)°
O}, symmetry C, symmetry C;U symmetry
29179 7] 29 488 7]
4 29 251 4 29 497 4
E(D) 29 320 E 29 503 E
29379 | 29506 |
31703 7] 34068 |
31784 . 34179 .
T.P) 31893 E 34260 E
1 32040 | 34370 _
33470 ] ™ 35008 4y
33482 | 2 35071 2
‘ 39731 . 39834 | ‘
Ax(F) 39863 | A 9837 | A
40478 " 42330 ] ‘A,
40562 2 42 460
. 41378 7 42 509 7
TW(F) 41 403 ag 2722
41511 42793 ‘E
41540 | 42850 _
Observed

EPR parameters (Refs. 5, 22, 23, and 24)

Li site Nb site

21=2.001 887+0.0005 2.001 686+0.0005 g=2.002:-0.0005
g, =2.001 873x0.0005 2.001 680+0.0005 £=1.995+0.005
£2=2.001 88+0.0005 2.001 683+0.0005 £=1.998+0.0025
D(10"* cm™")=730+4 724+4 7266, 725, 725+5
(a-FY(10™* ecm™)=11.6+05 36.7%0.5 7.5+45, 6+6, 8+5
a(107* cm ™ 1)=6.6+05 28.1%0.5

2R9=2.238 A, R3=2.068 A, 6,=44.57°, 6,=110.26° (Refs. 10, 25-27).
®R9=1.889 A, R9=2.112 A, 6,=61.65°, 6,=133° (Refs. 10, 25-27).

Bo=911 cm! (observed, 915 cit, SCF, 885 cm?), tion since the SCF-MO transition energies can be described
by the electrostatic parameteBs and C, Trees correction
Co=3273 cm! constanta, Racah seniority correction-consta@t and the
crystal-field parameter, which shows that the usual crystal-
(observed, 3273 cnt; SCF, 3059 cm?b), field theory is approximately equivalent to the SCF-MO
model calculation. In the crystal-field-like model proposed
£5=336.6 cm! (SCF, 333 cm?), by Zhaoet al.**° the parameter8, C, «, B, ¢y, Byo, Bso.
andB,; were described by Eq$10)—(12) of this paper. By
(r¥=2.7755 a.u., means of the approximate equivalence between the crystal-
field model and the SCF-MO model, Zhat al. have de-
(r%=23.2594 a.u. (12)  duced the values d=0.98496 andj=e for MnF¢ cluster
in RbMnF;,° and the values oN=0.9595 andq=2e for
Florez et al}* have performed the first Hartree-Fock- CrO%™ cluster in LiNbQ;.X°
Roothaan calculation of the crystal-field spectrum of MnF Since there are no SCF-MO calculation values of the op-
(isolated as well as inserted the RbMnlattice). Results tical transition energies for Mn3™ cluster in crystals, so the
show that first, the inclusion in the SCF calculation of theparameter®N andq are determined from the optical absorp-
electrostatic potential due to the rest of the lattice does naion bands measurement, in the present work.
modify the values of the optical transition energies, which For Mr** ion in MnCQ;, we have deduced the values of
supports the idea of cluster as good for understanding the=0.978+0.001, q=(1.06-0.001e (Ref. 32, R=(2.17
properties of the transition-metal impurities in crystals, and+0.001) A, and §=53.72*-0.01° from the optical absorp-
second, the average covalency model is a good approximaion bands->~*8
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The result is listed in Table I. An excellent agreementuniversal ones and do not depend on the specific interaction
between theoretical and experimental structure supports theodel. Applications show that the values calculated are in
determination of the local structure through the optical andgjood agreement with experiments.

EPR spectra. It means that the technique presented is correct. (b)) We have deduced the values &=2.17 A and
0=53.72° from the EPR and optical absorption spectra of
IV. CALCULATION AND RESULTS FOR Mn 2% IN LiNbO , Mn?" ions in MnCG, which are in excellent agreement with
_ o _ the x-ray diffraction data which strongly supports that the
As for LINbO;:Mn“", no optical spectra have been pub- |oca| structure of MA™ ions in crystal can be determined

lished. However, we notice that the optical spectra of a lot ofhrough optical and EPR spectra. This is consistent with the
oxides containing Mf" ions are quite similaf' 16 500~  gnclusion reached in Refs. 9—11.

19000 cm * for T (G), 2100023 000 cmt for *T,(G), (c) We have deduced the values Bf=2.101 482 A,
23000-24 800 cm’ for *A,(G)/*E(G), 27500-27700 R,—1941852 A, and R=2.021667 A for the

cm™* for *T,(D), and 28 600-29 300 cm for *E(D). This Mn?*(Li)-0?" bond lengths from the EPR® value (or,
enables us to estimate the model parameteendqg. Con-  £—0.939. The average bond length deduced is comparable
sidering the structure similarity between #r-60°" in  \ith those obtained from EXAFS measurement, namely
MnCO; and Mrf'—60°" in LiNbO;, N=0.978 and (2.06+0.005 A.® The g,, 9, , anda-F values predicted are

q=1.06e are used in the calculation for LiNGGMn?*. consistent with experiments within the range of experimental
Considering the relaxation of the oxygen ligand, we de-gprqgrs.
fine (d) The d-d transition bands and EPR value predicted
f=RIRy, (13 can be verified by further experiments.
where R denotes the bond length of Mih—60°" in (¢) It must be pointed out that there is an error in the
Li */Nb®* site andR, is the bond length of Li/Nb®* —60?~  calculation by Yu and ZhaB becauseD (observed is
in host LiNbO,. (—199+7)x10™* cm ! instead of (34.5+5)x10°* cm™!

For the Mrf™ ion in LiNbO,, we have deduced a value of (see Ref. 28 Adopting the rigorous complete diagonaliza-
f=0.939 from the EPR paramet& value®??2® The final  tion procedure, the analytical expression Bovalue, and an
results are listed in Table II. As one sees, an excellent agre@Pproximately equivalent SCF-MO modelwe have de-
ment between theory and experiments is reached, as trficed the bond lengths 6=2.09 A andR, =2.13 A for
Mn2* ion substitutes for the [i site. In contrast with this, MnF, from the experimentalD value (—199+7)x10 *
the experimental EPR parameters cannot be reproduced pla@™ — (Ref. 29 and the optical spectrum, which are consis-

ing the Mrf* ion at NE* position. tent with the structure data by BaffR,=(2.10+0.01) A,
R, =(2.13+0.027 A], which supports again the determina-
V. DISCUSSION AND CONCLUSION tion of the bond lengths through the optical and EPR mea-
surements.

(@) The microscopia-factors calculation of 8° ions in
crystal is much more difficult than that of othedBions. In
this work the microscopic formulas anfactors of 31° ions
in trigonal-symmetry field are developed based on the rigor- This work was supported by the National Natural Science
ous complete diagonalization procedure. These formulas aféoundation of ChindGrant No. 19574036
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