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g-factor formulas of 3d5 ions in trigonal-symmetry fields and their applications

M. G. Zhao and Y. Lei
Institute of Solid State Physics, Sichuan Normal University, Chengdu 610068, People’s Republic of China

~Received 16 October 1996!

The g-factor formulas of 3d5 ions inC3v 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 3d5 configuration yields the theoretical zero-field splittingD, a, a-F, andg factors. The results for
Mn21 at the Li1 site in LiNbO3 agree well with the experimental data. The Mn

21~Li !-O22 average bond length
deduced~R52.0217 Å! is comparable with those obtained from extended x-ray-absorption fine structure
measurements, namely~2.0660.05! Å. Thed-d transition bands and EPRa value predicted can be verified by
further experiments.@S0163-1829~97!03514-5#
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I. INTRODUCTION

The microscopic calculation ofg factors of 3d5 ions in
crystals is much more difficult than that of other 3dn ions.
To our knowledge, there are no rigorous complete diago
ization calculation formulas on theg factors of 3d5 ions in a
trigonal symmetry field. To understand the EPR characte
tic of 3d5 ions in a LiNbO3 crystal, in this work we shall
develop the microscopic calculation formulas on theg fac-
tors of 3d5 ions in crystals.

Lithium niobate ~LiNbO3! is an important ferroelectric
and nonlinear optical material for many technical applic
tions ~see, e.g., Refs. 1 and 2!. Because of the similarity o
the Li1 and Nb51 sites, one of the most difficult questions
answer with respect to defects in LiNbO3 is whether dopant
ions substitute for Li1 or Nb51. The decrease in the zero
field splitting ~ZFS! parameterD with increasing tempera
ture supports the conclusion that Mn21 replaces Nb51.3,4

This conclusion has also been reached on the basis of
tron paramagnetic resonance~EPR! and nuclear magnetic
resonance~NMR! studies.5,6 An electron-nuclear double
resonance~ENDOR! study favored Mn21 at the Li1 site.7

This method can give direct information on the identity a
the superhyperfine~SHF! and quadrupole interactions of th
neighboring nuclei except those with zero nuclear spin~e.g.,
16O, the only abundant oxygen isotope!. An extended x-ray-
absorption fine structure~EXAFS! study also favored Mn21

at the Li1 site.8 The comparison between the phases of Mn21

in LiNbO3 and in aqueous solution yields a tru
Mn21~Li1!-O22 bond length of~2.0660.05! Å.8 Fluores-
cence spectra are rather noisy due to the low Mn concen
tion in their experiment and this limits the accuracy in t
determination of atomic distances. However, their res
clearly show that Mn21 lies at the Li1 site.

In this work, we apply both the complete diagonalizati
procedure ~CDP! and an approximately equivalent se
consistent-field–molecular-orbital~SCF-MO! model9,10 to
determine the local structure of Mn21 ions at Li1 sites in
LiNbO3. The result shows that the values calculated are
good agreement with the experimental findings.
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II. MICROSCOPIC EXPRESSIONS
FOR EPR PARAMETERS

By means of the approximate equivalence between
spin Hamiltonian~SH! method and the complete diagona
ization procedure~CDP!, the following microscopic expres
sions of ZFS parameters were obtained:9

D5~1/56!@~9D1 /A11T2!1D122D2#, ~1!

a2F5~1/28!@~3D1 /A11T2!118D229D1#, ~2!

a5~3D1 /A80!~T/A11T2!, ~3!

with

T522a1a2 /~a1
22a2

2!, ~4!

D15E~G4165/2!2E~G4 ,61/2!, ~5!

D25E~G6 ,63/2!2E~G4 ,61/2!, ~6!

whereE~G4,65/2! andE~G4,61/2! denote the eigenenergie
of G4 ~CDP! ground states ofu65/2& and u61/2&, respec-
tively, andE~G6,63/2! is the eigenenergy of theG6 ~CDP!
ground state ofu63/2&. a1 and a2 denote the CDP eigen
vectors of the ground state ofG4,

u11/2&~CDP!5a1u6S,11/2&1a2u6S,25/2& ~7!

plus small contributions arising fromS53/2 and 1/2 states.
The theoretical calculation ong factors of 3d5 ions in

crystals is much more difficult than that of other 3dn ions.
To our knowledge, there are no microscopic complete dia
nalization calculation formulas on theg factors of 3d5 ions
in a trigonal symmetry field.

By means of the approximate equivalence between
phenomenological SH and the microscopic Zeeman inte
tion, the following formulas are obtained:
8955 © 1997 The American Physical Society
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TABLE I. d-d transitions and EPR parameters for MnCO3 ~all energies are in units of cm21!.

Calculated~D3d symmetry! Observed
Model parameters: N50.97860.0001

q5(1.0660.001)e
Structure parameters:R5~2.1760.001! Å

u5~53.7260.001!°

Ref. 18 Ref. 16 Ref. 15 Ref. 17

6A1~
6! 0 0 0 0 0

4T1(G)(
4A2) 18 521620

4T1(G)(
4E) 18 537620 18 518 18 350 18 350 18 290

4T2(G)(
4A1) 22 417640 22 370 22 600 22 600 22 560

4T2(G)(
4E) 22 696640 22 730

4E(G)(4E) 24 490615 24 510 24 510 24 580 24 500
4A1(G)(

4A1) 24 495615 24 750 24 540 24 740

4T2(D)(
4E) 27 770640 27 400 27 620 27 255 27 330

4T2(D)(
4A1) 27 935640 27 700 27 950 27 580

4E(4E) 29 469615 29 240 29 330 29 170 29 120

4T1(P)(
4A2) 31 543640 30 864 30 625 31 900 30 610

4T1(P)(
4E) 31 909620 32 050 31 910 31 700

4A2(F)(
4A2) 39 770615 39 700

4T1(F)(
4E) 40 521620 40 820 40 540

4T1(F)(
4A2) 40 874620

4T2(F)(
4E) 43 301620 41 670

4T2(F)(
4A1) 43 410620

EPR parameters Observed~Refs. 19 and 20!

gi52.001960.0005 gi52.001860.0005,g'52.001360.0005
g'52.001960.0005 g52.001960.0009

D~1024 cm21!5275.960.5 275.7~60.5!, 675~60.5!

(a-F)~1024 cm21!56.2760.5 7.35~60.5!

a~1024 cm21!55.8460.5 4.5~60.5!
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3 F ^5/2,3/2u(
i51

5

„klz~ i !12.0023Sz~ i !…u5/2,3/2&

2^5/2,23/2u(
i51

5

„klz~ i !

12.0023Sz~ i !…u5/2,23/2&G , ~8!

g'5gxx5@~a1
21a2

2!/2a1
2#1/2^5/2,3/2u(

i51

5

„klx~ i !

12.0023Sx~ i !…u5/2,1/2&,

where„kL( i )12.0023S( i )… is the Zeeman magnetic mome
operator ofi th electron,k is the orbit reduction factor, and
u5/2,63/2& and u5/2,61/2& denote the eigenfunctions of th
ground state.

These expressions are universal ones and do not de
on the specific interaction model.
nd

The matrices of both the Zeeman magnetic moment~di-
mension 252! and the complete Hamiltonian may be com
puter generated.31

III. VALIDITY OF TECHNIQUE

It is currently accepted that for impurities in solids th
bond lengths,Ri , can be determined through the EXAF
technique. It may be applied to any kind of impurity. How
ever, the impurity concentrations of the order 100 ppm m
be difficult to see by EXAFS, while concentration of th
order of 1 ppm of some transition-metal ions can be detec
through EPR. Zhaoet al.9–11 show that the local structure o
transition-metal ions in crystals can be determined from
optical and EPR spectra.

It must be pointed out that the local structure of impur
may differ from the host cation-anion one. In concentra
ruby, for instance, the Cr31 ion has been found to be dis
placed from the host Al31 ion site by 0.06 Å.12

Now, let us to study the validity of the technique for th
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determination of local structure through the optical and E
spectra measurements.

Following the x-ray diffraction data,13 the bond lengths
and bond angles in MnCO3 are as follows:

R5R25R152.17 Å,

u5180°2u25u1553.7°. ~9!

The optical absorption spectra have been observed
some authors.15–17

In the approximately equivalent SCF-MO model,9–11 the
C3v crystal-field parameters were given by

B205@23eq̂ r 2&/2#(
i51

2

~3 cos2u i21!/Ri
3,

B405@23eq̂ r 4&/8#(
i51

2

~35 cos4u i230 cos2u i13!/Ri
5,
R

by

B4352B4235@~A35!3eq̂ r 4&/4#

3@sin3u2cosu2 /R2
52sin3u1cosu2 /R1

5#.

~10!

The crystal-field parameters,Bkq , can be calculated from
the structure data provided that the expectation values^r n&
and the effective chargeq are known. Considering the ave
age covalency between central metal ion and ligand orbit
a reasonable approximation was made that9–11

B5N4B0 , C5N4C0 , a5N4a0 , b5N4b0 ,

zd5N2zd
0, ^r n&5N2^r n&0 , k5N2, ~11!

whereN measures the average reduction factor due to
covalency, andB0 , C0 , a0, b0, z d

0, and^r n&, are the electro-
static parameters, Trees correction constant, Racah co
tion constant, the spin-orbit coupling constant, and the
pectation value ofr n in the free ion state, respectively. A
one sees, this model leaves at most two model parameteN
andq, which remain to be determined from two theoretica
or experimentally known energy levels. For the Mn21 ion,
we have9
TABLE II. d-d transitions and EPR parameters for LiNbO3:Mn
21 ~all the energies are in units of

cm21!.
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TABLE II. ~Continued.!
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B05911 cm21 ~observed, 915 cm21, SCF, 885 cm21!,

C053273 cm21

~observed, 3273 cm21; SCF, 3059 cm21!,

zd
05336.6 cm21 ~SCF, 333 cm21!,

^r 2&52.7755 a.u.,

^r 4&523.2594 a.u. ~12!

Florez et al.14 have performed the first Hartree-Foc
Roothaan calculation of the crystal-field spectrum of MnF6

42

~isolated as well as inserted the RbMnF3 lattice!. Results
show that first, the inclusion in the SCF calculation of t
electrostatic potential due to the rest of the lattice does
modify the values of the optical transition energies, wh
supports the idea of cluster as good for understanding
properties of the transition-metal impurities in crystals, a
second, the average covalency model is a good approx
ot

he
d
a-

tion since the SCF-MO transition energies can be descri
by the electrostatic parametersB and C, Trees correction
constanta, Racah seniority correction-constantb, and the
crystal-field parameter, which shows that the usual crys
field theory is approximately equivalent to the SCF-M
model calculation. In the crystal-field-like model propos
by Zhaoet al.,9,10 the parametersB, C, a, b, zd , B20, B40,
andB43 were described by Eqs.~10!–~12! of this paper. By
means of the approximate equivalence between the cry
field model and the SCF-MO model, Zhaoet al. have de-
duced the values ofN50.98496 andq5e for MnF6

42 cluster
in RbMnF3,

9 and the values ofN50.9595 andq52e for
CrO6

92 cluster in LiNbO3.
10

Since there are no SCF-MO calculation values of the
tical transition energies for MnO6

102 cluster in crystals, so the
parametersN andq are determined from the optical absor
tion bands measurement, in the present work.

For Mn21 ion in MnCO3, we have deduced the values
N50.97860.001, q5(1.0660.001)e ~Ref. 32!, R5~2.17
60.001! Å, and u553.72°60.01° from the optical absorp
tion bands.15–18
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The result is listed in Table I. An excellent agreeme
between theoretical and experimental structure supports
determination of the local structure through the optical a
EPR spectra. It means that the technique presented is co

IV. CALCULATION AND RESULTS FOR Mn 21 IN LiNbO 3

As for LiNbO3:Mn
21, no optical spectra have been pu

lished. However, we notice that the optical spectra of a lo
oxides containing Mn21 ions are quite similar:21 16 500–
19 000 cm21 for 4T1(G), 21 000–23 000 cm21 for 4T2(G),
23 000–24 800 cm21 for 4A1(G)/

4E(G), 27 500–27 700
cm21 for 4T2(D), and 28 600–29 300 cm

21 for 4E(D). This
enables us to estimate the model parametersN andq. Con-
sidering the structure similarity between Mn2126022 in
MnCO3 and Mn2126022 in LiNbO3, N50.978 and
q51.06e are used in the calculation for LiNbO3:Mn

21.
Considering the relaxation of the oxygen ligand, we d

fine
f5R/R0 , ~13!

where R denotes the bond length of Mn2126022 in
Li1/Nb51 site andR0 is the bond length of Li1/Nb5126022

in host LiNbO3.
For the Mn21 ion in LiNbO3, we have deduced a value o

f50.939 from the EPR parameterD value.5,22,26 The final
results are listed in Table II. As one sees, an excellent ag
ment between theory and experiments is reached, as
Mn21 ion substitutes for the Li1 site. In contrast with this,
the experimental EPR parameters cannot be reproduced
ing the Mn21 ion at Nb51 position.

V. DISCUSSION AND CONCLUSION

~a! The microscopicg-factors calculation of 3d5 ions in
crystal is much more difficult than that of other 3dn ions. In
this work the microscopic formulas ong factors of 3d5 ions
in trigonal-symmetry field are developed based on the rig
ous complete diagonalization procedure. These formulas
d
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he
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re

universal ones and do not depend on the specific interac
model. Applications show that the values calculated are
good agreement with experiments.

~b! We have deduced the values ofR52.17 Å and
u553.72° from the EPR and optical absorption spectra
Mn21 ions in MnCO3 which are in excellent agreement wit
the x-ray diffraction data,13 which strongly supports that th
local structure of Mn21 ions in crystal can be determine
through optical and EPR spectra. This is consistent with
conclusion reached in Refs. 9–11.

~c! We have deduced the values ofR152.101 482 Å,
R251.941 852 Å, and R̄52.021 667 Å for the
Mn21~Li !–O22 bond lengths from the EPRD value ~or,
f50.939!. The average bond length deduced is compara
with those obtained from EXAFS measurement, nam
~2.0660.005! Å.8 Thegi , g' , anda-F values predicted are
consistent with experiments within the range of experimen
errors.

~d! The d-d transition bands and EPRa value predicted
can be verified by further experiments.

~e! It must be pointed out that there is an error in t
calculation by Yu and Zhao28 becauseD ~observed! is
~219967!31024 cm21 instead of ~34.565!31024 cm21

~see Ref. 29!. Adopting the rigorous complete diagonaliz
tion procedure, the analytical expression forD value, and an
approximately equivalent SCF-MO model,9 we have de-
duced the bond lengths ofRi52.09 Å andR'52.13 Å for
MnF2 from the experimentalD value ~219967!31024

cm21 ~Ref. 29! and the optical spectrum, which are cons
tent with the structure data by Baur30 @Ri5~2.1060.01! Å,
R'5~2.1360.027! Å#, which supports again the determin
tion of the bond lengths through the optical and EPR m
surements.
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