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It is shown that Low’s conjecture, that the Stark level *T(G) in MgO:Mn?* would be higher
than 14000 cm ~! from the ground state, is in accord with EPR experiments. Furthermore, possi-
ble reasons for the difference between our results and previous ones are given.

I. INTRODUCTION

Low’s conjecture that the Stark level *7,(G) in
MgO:Mn?* would be higher than 14000 cm ~! from the
ground state is a very important criterion to know whether
a crystal-field calculation may or may not be adequate to
account for the ground-state splitting and the optical spec-
tra.! At present the crystal-field spin-orbit coupling
mechanism has been remarkably successful in explaining
many of the features of spectra of transition-metal ions in
crystals,2® and many works have referred to the EPR and
optical spectra of the d° configuration’~'® However, none
of the previous analyses can be used to confirm Low’s
speculation. In the following, we verify that Low’s conjec-
ture is in accord with EPR experiments by diagonalizing
the complete matrix for the ligand-field spin-orbit cou-
pling perturbation.

IL. ZERO-FIELD SPLITTING

The spin Hamiltonian for the ®S-state ions in cubic
symmetry can be expressed relative to the threefold axes
of the cube as!”

H(S) =gBH-S — (a/180) (09 +20~203) . ¢))

Parameter q is associated with a fourth-order spin opera-
tor and represents a cubic component of the crystalline
electric field, and the spin operators have the following
form:

09 =355—[30S(S+1) —251S2—6S(S+1)
+35%(S+1)?%, )
0i=%1S,(S1+S3)+(S1+S52)s,],

Employing matrix elements'® and free-ion wave functions
| 6S,5/2,M) the explicit expression for zero-field splitting
can be written as

quartet state: E(I'g) =a |,
doublet state: E(I'7) =—2q , 3)

zero-field splitting: E(I's) —E('7) =3a .
The effect of the cubic field is therefore to split the six-
fold degenerate state into a quartet and a doublet state,
which, respectively, have energies @ and —2a relative to
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the original level. The zero-field splitting can be used to
determine the Stark level *T';(G) in the d° configuration.

III. CHECKING THE ENERGY MATRIX

The perturbation-energy matrix for the d” configura-
tion has been constituted by many workers,'*"? and a
method for checking the matrix elements of the spin-orbit
interaction has been proposed by Schroeder.? In the fol-
lowing, we give a general scheme for checking the com-
plete matrix for the ligand-field spin-orbit coupling per-
turbation which includes the previous conditions.

Our complete matrix has been constituted for the per-
turbation Hamiltonian '®

H=H,.+Ho+V(C;) , 4)
where

'y 1
H. .= 728 /rlj ’

ij
f{so_ Z 'S
13
and

V(C3) =X V(C3)

This matrix can be checked by diagonalizing it and em-
ploying the following conditions.

(1) V(C3) =0 and H=H,.,+H,,. In this case the ei-
genvalues would be in agreement with the J-J coupling
calculation. »

(2) A=0and H=H,..+V(D3;). In this case the ei-
genvalues would be in agreement with the requirements of
group theory, and we have repeated Wan’s calculation. 3

(3) H=H,..+Hy,+V(0;). In this case we have re-
peated Powell’s result. '%!6

(4) H=H, .+ Hy+ V(D3) In this case we have re-
peated Hempel’s calculation. >

Therefore, we have confirmed the previous results and
shown that a reliable calculation for ground-state splitting
can be obtained by diagonalizing our complete matrix. '¢

IV. COMPARISON OF OUR RESULTS WITH
THOSE OF DU AND ZHAO

The cubic zero-field splitting for the Mn?* ion in crys-
tals has been studied by Du and Zhao'* (DZ). They dis-
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TABLE 1. Comparison of our results for 3a with those of Du

and Zhao (Ref. 14), all numbers in units of cm ~'. Initial pa-
rameters B =911, C=3273, {=336.6.

D, 10*(3a)® 10°3a ©+34®)" 10*(3a@)®
1600 2339 529 33.6
1200 58.4 25.7 19.4

800 17.0 10.4 9.0

400 3.8 2.69 2.58
*This paper.
®See Ref. 14.

cussed this problem in the framework of a high-order per-
turbation calculation. By taking the same values of the
electrostatic parameters, the spin-orbit-coupling coeffi-
cient, and the crystal-field strength D,, as those of DZ,'*
we obtain the zero-field splitting. From Table I we find
that our data for the ground-state splitting are about two
times larger than those of DZ. This implies that the
ground-state splitting of the Mn?* ion in MgO can be
fitted by using the crystal-field spin-orbit-coupling mecha-
nism but not requiring the crystal-field strength D, to be
larger than 1200 cm .

V.STARK LEVEL *T(G) IN MgO:Mn2*

The spectra of the Mn2* and Fe3* ions have been sum-
marized by Jérgensen.3! His tables show that for the
same ligand ions the Stark level *T(G) of Mn?* would
be higher than that of Fe3*. For example, the Stark level
*T(G) of Mn(6H,0)2* (at 18900 cm ~!) is higher than
that of Fe(6H,0)3* (at 12600 cm ~'). Therefore, one
can expect that the Stark level *T(G) of MgO:Mn?*
woultli tlye higher than that of MgO:Fe3* (at 12100
cm 1),

The Stark level *7T,(G) in MgO:Mn2* has not yet been
observed, and there have been some speculations about
it."'1° Low and Rosengarten' discussed a series of spectra
of Mn?* and conjectured that the Stark level *T(G) in
MgO:Mn?* would be more than 14000 cm ~! above the
ground state. This conjecture is a very important criterion
to determine whether a crystal-field calculation may or
may not be adequate in accounting for the ground-state
splitting and the optical spectra.

By using the average covalency parameter'* N, we have

B=N*By, C=N*Co, a=N4ap, B=N*go , (5)

where the Racah parameters Bp=918 cm !, Co=3273
cm "1, the Tress correction ap™=65 cm ~ !, and the Racah
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TABLE II. The Stark level *T1(G) of MgO:Mn?* for vari-
ous values of the ground-state splitting. All are in units of
-1
cm .

Ground-state

splitting [10*(3a)]  52.5 56.2 60.1 55.8°

Crystal-field
strength D, 980

Stark level
‘T(G)
44:(G),*E(G)

1000 1020 <1100®
>14000°

23474¢

14999
23279

14806
23279

14614
23279

2See Ref. 33.
bSee Ref. 1.
°See Ref. 34.

correction o= —131 cm ~! are as determined by Curie,

Barthou, and Canny.3? Taking the same value of the
average covalency factor'* N (N =0.965) and employing
the spin-orbit couPling coefficient of Low and Rosengar-
ten ((=320 cm ~'),! we obtain the crystal-field strength
D, by diagonalizing the complete matrix to fit the
ground-state splitting.3* The Stark level *T,(G) of
MgO:Mn?* from 14600 to 15000 cm ~! is therefore ob-
tained for various values of the ground-state splitting (see
Table II). Our results show that Low’s conjecture that
the Stark level *T,(G) of MgO:Mn?* would be higher
than 14000 cm ~! from the ground state is in agreement
with the EPR experiments.

In conclusion, a general scheme for checking the com-
plete matrix for the ligand-field spin-orbit coupling per-
turbation has been proposed, and by diagonalizing the
complete matrix to fit the ground-state splittin§ we have
confirmed Low’s conjecture that the Stark level *T(G) of
MgO:Mn?* would be higher than 14000 cm ~! from the
ground state. Our result is also in agreement with that of
Jorgensen, and shows that a crystal-field calculation may
be adequate in accounting for the ground-state splitting
and the optical spectra.

APPENDIX: EXPRESSION FOR THE
CRYSTAL-FIELD PARAMETERS

Y1 =(5/1967) V20,0(r?), Y, =(1/1967)Y2v40(r?) ,

Y3=(5/567) V2v5:3(rY), Ya=i(5/567) " 2vi5(r?) .

The expression for Y3 and Y in our previous work 'S con-
tains a typographical error.

IW. Low and G. Rosengartin, in Paramagnetic Resonance, edit-
ed by W. Low (Academic, New York, 1963), p. 314.

28. Sugano and Y. Tanabe, J. Phys. Soc. Jpn. 13, 880 (1958).

3R. M. Macfarlane, J. Chem. Phys. 39, 3118 (1963); 42, 442
(1965); 47, 2066 (1967).

M. D. Sturge, J. Chem. Phys. 43, 1826 (1965).

5J. P. Jesson, J. Chem. Phys. 48, 161 (1968).

6W. C. Lin, J. Magn. Reson. 68, 146 (1986).

7M. Van Vleck and W. G. Penney, Philos. Mag. 17, 961 (1939).

8M. H. L. Pryce, Phys. Rev. 80, 1107 (1950).

9H. Watanabe, Proc. Theor. Phys. Jpn. 18, 405 (1957); Phys.
Rev. Lett. 4, 410 (1960).

10M. J. D. Powell, J. R. Gabriel, and D. F. Johnston, Phys. Rev.
Lett. 5, 145 (1960); Proc. R. Soc. London, Ser. A 264, 503
(1961).

R, R. Sharma and J. P. Dus, Phys. Rev. 149, 257 (1966); 151,



37 BRIEF REPORTS 9721

338 (1967); 171, 378 (1968); Phys. Rev. B 3, 76 (1971).

12D, J. Newman and W. Urban, Adv. Phys. 24, 793 (1975).

13A. Edgar, E. Seigel, and W. Urban, J. Phys. C 13, 6649
(1980).

14M. L. Du and M. G. Zhao, J. Phys. C 18, 3241 (1985).

I5W. L. Yu and M. G. Zhao, J. Phys. C 19, 6761 (1986).

16X, Y. Kuang and Z. H. Chen, Phys. Rev. B 36, 712 (1987);
36, 797 (1987).

175, M. Bakeb, B. Bleaney, and W. Hayes, Proc. R. Soc. Lon-
don, Ser. A 247, 141 (1958).

18M. T. Hutchings, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic, New York, 1965), Vol. 16, p.
227.

19A. D. Lieher, Mol. Phys. 2, 123 (1959).

20C. A. L. Beeker, D. W. Meek, and T. M. Dunn, J. Phys.
Chem. 72, 3588 (1968).

21T, M. Dunn and W. K. Li, J. Chem. Phys. 47, 3783 (1967).

22, C. Eisenstein, J. Chem. Phys. 34, 1628 (1961).

23W. A. Runciman and K. A. Schroeder, Proc. R. Soc. London,
Ser. A 265, 489 (1962).

24 C. Hempel and M. E. Miller, J. Chem. Phys. 64, 4307
(1976).

25W. Low and G. Rosengarten, J. Mol. Spectrosc. 12, 319
(1964).

26), R. Perumareddi, J. Phys. Chem. 71, 3144 (1967).

27A. Bencini and D. Gatteschi, J. Phys. Chem. 80, 2126 (1976).

28W. Low and M. Weger, Phys. Rev. 118, 1119 (1960).

29K. A. Schroeder, J. Chem. Phys. 37, 1587 (1962).

30K. L. Wan, Z. H. Li, and F. Z. Li, Acta. Phys. Sin. 33, 260
(1984).

31C, K. Jorgensen, in Absorption Spectra and Chemical Bond-

ing in Complexes (Pergamon, New York, 1962), p. 292.

32D, Curie, C. Barthou, and B. Canny, J. Chem. Phys. 61, 3048
(1974).

33W. Low, Phys. Rev. 105, 792 (1957).

34p, Koidl and K. W. Blazey, J. Phys. C 9, L167 (1976).



