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ABSTRACT

Spin resonance measurements of Ca0 and MgO single crystals containing
vanadium and other impurities of the 3d transition elements have been carried

out. The usual spin Hamiltonian coefficients have been measured at room

temperature. They are: g = 1.9678, A = -75.97 x lO'LL -1

cm in Ca0 and

g = 1.980 and A = -7L.19% in MgO respectively. An anisotropy due to both

fine and hyperfine components has been observed and discussed.

*Others? have reported Aﬁgo = 75.2><lO'LL cm™Ll. The product of 74.19 by
(gfree/gion)MgO gives

~

AMgO = -75-2XJ.O"LF em™L, also Aéao = -75.97 x Efree _ _77_50X10~M em-1.°
€ion

ix



I. INTRODUCTION

The electron spin resonance (ESR) of vt ion in MgO has been reported

by a number of earlier investigators.l'5 Low?

reports the presence of a
very small rhombohedral distortion at vt site in MgO being similar to that
at the Mn™t site in this crystal. In addition it is observed6 that the posi-
tions of the fine-structure components of vt ion do not agree with the pre-
dictions of the usual spin Hamiltonian* provided only corrections of up to
second order are included. Ham and others' have reported an improved spin
Hamiltonian for S = 5/2 (Co++) system in a cubic field containing terms of
the third power in electron spin components, Sy, Sy, and S,. This Hamil-
tonian produces an angular dependence of the fine structure components and
it can be applied in our case. (The ground state of Cott in tetrahedral
compounds is the same as the ground state of V++ in octahedral AIIBIV com-
pounds.)

The purpose of this report is to give a detailed investigation of the
ESR of V't in Ca0 and MgO crystals. Besides the ESR of V't and v* ions in
MgO powders is studied to augment the results in the crystals. Since the
discrepancy in the position of the fine structure component of vt ion6

caused by contributions from higher orders of approximation and these con-

tributions depend on the microwave frequency band, we have performed our meas-

“JE = gps B 4ASI .



urements at X-, Ku- and K-band spectrometers.

The experimental procedures and the results are given in Section II and
a discussion of the anistropy, asymmetry and line broadening of the fine

structure components is given in Section TIII.



II. EXPERIMENTAL PROCEDURE

A. GENERAL

Samples of these crystals have been placed in the cavity so that the d-c
magnetic field could be rotated in one of its (110) and (100) planes. X-band
measurements are made with both rectangular TEO12 and cylindrical TEOll la-
vite cavitie59 when at Ku- and K-band measurements only cylindrical TEOLll
cavities have been used. The magnetic field is produced with a rotating base
12 in. Varian magnet and the field modulation of 100 kcps has been used. The
microwave frequency is determined by zero heating against the harmonics of
a Beckman 7580 transfer oscillator whose frequency in turn is measured by
a Beckman 7370 counter,

Magnetic field measurements are made with a Varian F-8 fluxmeter. Cali-
bration of the field as accomplished with the resonance of polycrystalline

diphenyl picryl hydrazyl with g = 2.003%6.

B. Ca0:V

Single crystals of this material which are colorless and slightly hydro-
scopic are obtained from Semi-Elements, Inc. Pieces of the sizes of 1 x L x
4 mm are used for both X- and Ku-band measurements when at K-band a piece of
the sizes 1 x 2 x 2 mm is used. All of these crystals contain manganese as
a natural impurity and therefore the spectra of ESR of vt* ion in these crys-
tals are mixed with those of Mn**. 1In Fig. 1 the spectra of vt and mntt
at Ku-band and at about 77°K is shown. The angle © in this figure and all

others represents the angle between the d-c magnetic field H and one of the

5
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principal axes of the cube, [100]. The angle has been determined by compar-
ing the spectra of Mn*™* in these crystals with those in a standard sample of
MgO. The standard sample has been examined by X-ray diffraction and the re-
sult indicates that the faces of these crystals are mostly in (100) planes.
The assumption that the cleavage planes of the Ca0 samples are of the (100)
type was confirmed by the symmetry of the ESR spectra of Mntt in these samples.
Since in all of the samples we have used, the manganese impurity is present,
we have been able to determine © within 1°. In Fig. 2 the spectra at @ = 0O
and at about 9, 18, and 2k G/sec are shown. The samples S102; S101 and S102R
are of the same source and R in S102R indicates irradiation with X-rays. A
comparison of these spectra shows that the second order effects are the major
mechanisms responsible for the splitting of the lines of vt* ions. To deter-
mine these effects as a function of different parameters the measurements at
X-band was investigated in more detail. 1In Fig. 3 the angular variation of
the line in extreme left of Fig. 2a is shown. This line, Vg, corresponds to
the V't ion for nuclear magnetic quantum number m = 7/2. The variation in

the (110) plane of the crystal S101 (Fig. 3a) indicates that the fine structure
compgnents o and y (see Fig. 14) are sharpest along the [100] directions where
they are broadest along the [111] directions. In the (100) planes the gen-
eral trend is the same but the components o and y (Fig. 3b) are not smeared
off completely as in the (110) plane. To investigate the same phenomenon as

a function of lattice constant ag it was necessary to run crystals of MgO

containing venadium impurity. The results are as follows.
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C. Mg0:V (CRYSTAL)
As in the case of Ca0 most of the samples available to us contain an
appreciable amount of other impurities such as manganese, chromium and iron.

vt

The spectra of can be, however, enhanced by irradiating the crystals with

+++

X-rays for a few hours. The spectra of V', Mn**, and Fe in MgO are given

in Fig. 4. The fine structure components of vt

is very well resolved along
[100] directions (Fig. U4a) whereas along [111] and [110] directions they are
smeared off (Figs. Uc and L4d). The spectrum at © = O in which the two com-
ponents @ and y (Fig. 4a) are sharpest is taken at X- and K-band (Figs. 5a
and 5c) in the samples S306 and 306. At X-band the components are clearly
resolved when it is difficult to find them at K-band. It is also very in-
teresting to note that the separation of the components with m < O is larger
than the corresponding lines with m > 0. The angular variation of the
vanadium line Vg+ (m = 7/2), (Fig. 5a) in the planes (110) and (100) (Figs.
6a and 6b) is similar to Ca0, (Figs. 3%a and 3b). Since one of the sources
of the broadening in solid state paraﬁagnetic resonance is the spin lattice
relaxation the angular variation of Vg in the (100) plane was investigated
at liquid nitrogen temperature (Fig. 6c). It was found that the effect of
temperature was unobservable. Therefore, we conclude that, in MgO:V, the
spectra of v show the same dependence on the crystalline field as in Ca0:V.
In both of these materials a variation of the separation of the two com-
ponents & and ¥y is observed which could not be expressed by the usual spin

Hamiltonian. This point will be discussed in Section III in more detail.
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D. ZnS:Mn

To obtain the origin of the broadening of the components of V8 as a func-
tion of crystalline structure we took a spectrum of manganese in cubic ZnS
in the (110) plane (Fig. 7b). A similar spectrum of Mn** in Ca0 in the (110)
plane (Fig. 7a) is taken for comparison. It is evident that the line broad-
ening of Mnt* fine structure components o, B, &, and A in ZnS are opposite
to their broadening in Ca0. The angular variation of the broadening of the
components & and y of V; and Q, B, &, and A\ of Fe™* and Mn* in MgO are
given in Fig. 8. A comparison among the spectra in Figs. 8a-8e indicates
that the broadening of v components is opposite to the broadening of the

+++

components of Mntt and Fe in MgO but is similar to the broadening of the

10 shows

++
components of Mn in ZnS. The spectra of vt* in tetrahedral field
a broadening which is apparently similar to the components of Mot in MgO.

The numerical values of the splitting and separation of the components O

and y from each other and from the central line (B) are given in Tables I-V.

E. MgO:V POWDER SAMPLES

Powder samples were prepared by wetting MgO powder with a few drops of
aquous solution of vanadyl chloride to obtain a thick dough-like mixture
with an atomic relative concentration V/Mg of about 0.05%. The samples were
then dried at 100-150°C and "fired" subsequently at high temperatures for
several hours. Firing was done in an electric conduction furnace that could
be operated at a maximum temperature of 1300°C. The fired samples were then

x-irradiated at 50 KVP x 35 ma for about an hour.

12
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lows:

and (

The spectra of the powder samples depend on the heat treatment as fol-

(a) sSamples fired at T00-1000°C in air do not show any vanadium spec-
tra either at 300° or at 77°K prior to x-irradiation. After the irra-
diation a set of eight sharp lines* (line width about 1.2 gauss) about
g = 2. The lines are separated by 77-8% gauss and do not have any
satellites (Fig. 9a).

(b) Samples fired at about 1000°C in a reducing atmosphere such as
hydrogen show, after x-irradiation, an ESR spectrum which contains a
set of eight lines, each flanked by two satellites (Fig. 9b). The line
width and position of the central lines in the magnetic field are quite
the same as in (a). The separation of the satellites from each other
depends on location of the corregpponding central line (Table V), sim-
ilar to the case of the single crystal samples.

(c) Samples fired at 1200-1300°C in air show no spectra, before ir-
radiation, either at 300° or at T77°K. Upon x-irradiation, an ESR spec-
trum, similar to (b), is obtained.

(d) Finally, samples fired at 1200-1300°C in an oxidizing atmosphere
and x-irradiated subsequently show an ESR spectrum similar to (a),
i.e., a set of eight sharp lines without any accompanying satellites.
The above observations lead us to believe that the set of lines in (a)

d) can be associated with Vaas (I=17/2, s=1/2) ions. In (b) and (c)

¥These are in addition to the characteristic lines of Mn't, Fett , and Cr

+ o+

which are present as impurities in the magnesium oxide powder used in
preparation of our samples.

15
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however, the two satellites flanking each hfs principal line suggests that
the electron spin of the paramagnetic center is 5/2, and thus vanadium must
be in V2+ state. In fact, very good agreement between theory and experiment
1s obtained by assuming that the satellite splitting is due to second-order
effects in the electron-nuclear interaction term. Our tentative conclusion
recelves further support from the fact that ESR spectrum of the single
crystal MgO:'V2+ samples in the [100] direction is quite similar to those of
the powder samples in (b) and (c).

Further investigations are being made to determine the mechanism of

temperature and radiation effects in powder samples.

TABLE T

ANGULAR VARIATION OF THE COMPONENTS ¢, B, AND y
OF V**+ IN THE (110) PLANE OF Ca0:V

Line e a B y AB@ A75 Aya

0° 159u961b 1598100b 1&00951b 7.37¢  6.65°%  1h.02C

V§+ (m = 7/2) .
15° 1395029 0398103 1400931 7.22 6,6k 13.86
v;+ (m=5/2) 0° 1361935 1364162 1365970  5.23  4.25 9.48

8Unless specified the data are taken at X-band.
bIn arbitrary unit.
CAij is the separation of the two components i and j in units of gauss.

L7



TABLE II

ANGULAR VARTATION OF THE COMPONENTS ¢, B, AND vy
OF Vg IN THE (100) PLANE OF MgO:V

6 Aoy Ayp by Bya/2
0° 6.72 6.08 12.80 6.40
15° 6.62 6.43 13.05 6.52
30° 6.41 6.87 13.28 6.6k
y5e 6,64 7.02 13.67 6.83
60° 6.41 6.78 13.20 6.60
75° 6.64 6.27 12.91 6.45
90° 6.77 6.08 12.85 6.42
TABLE III

Ay IN THE (100) PLANE OF MgO:V AS A FUNCTION OF m AND ©

m > -7/2 -5/2 -3/2 -1/2 5/2 7/2
0°, [100] 14.09 11.25 8.24 3.43 7.8 12.87
45°, [110] 13.35 12.06 9.55 - - -

18



TABLE IV

ANGULAR VARIATION OF Vg COMPONENT

IN THE (110) PLANE OF MgO:V

e Bagy Ay By
0° 6.60% 5.8k 1.0
15° 6.02 5.70 11.72
30° 5.62 5.82 11,44
55° 5.73 6.5k 12.27
90° 5.40 6.33 11.73

8A11 values are in gauss.

TABLE V

Ayy AS A FUNCTION OF m IN POWDER SAMPLES

(Ku-BAND SPECTRUM) AT v = 17.136 KMC/SEC

m

Central Line

Gausses

-7/2  -5/2  -3/2  -1/2 3/2
Vl V2 VB VLl_ V6
7.2 5.6 4.6 -

7/2

Vg

19






ITT. DISCUSSION

A, LINE POSITION
The position of the V2+ lines can be expressed in terms of the magnetic

field H as (see Appendix A, Section 1)

H (1+1.2up/g)'l [Hy-A(1+1.2Up/A)m + ﬁz m] - A(m,®)

(M=3/2M=1/2) (1)

el fost=-1/2) = (1+1.8up/g) "1 [H,-A(1-1.8Up/A)m] (2)

H

(Mol /2olimn3/2) (1+1.2up/g) ~T [Hy-A(1+1.2Up/A) + ﬁf n] - As(m,®)

(3)

where Hy = hvo/gB, u and U are constant coefficients, and p is defined by

p = 1-5(nind + 05 nf + n3 nf) (1)

With n;, ns, and nz being the direction cosines of the magnetic field with
respect to the three cubic axes.

A(m,8) and As(m,8) in (1) &and (3) denote the discrepancies between the
éxperimental values of line position and the calculated ones. Higher order
perturbations caused by hyperfine interaction make substantial contribution
to A and Ao,

The value of u and U, obtained from Eq. (2), are

w3 x 100, U100 emd

21



A major contribution to u and U comes from the fourth order perturba-
tion8 caused by the spin-orbit interaction term AL-S together with the Zee-
man term P(L+28)H, or with the hyperfine interaction term P(L-I). Denoting

these contributions by u, and U,, they are found to be (see Appendix A,

Section 2, Egs. (A.22) and (A.23))
u;p = 120 A%/(ESz2Es2) (6)
and
U, = Puy (7

where A\ is the spin-orbit coupling constant, E52 = EF5'EFQ’ and

Byp = Bp-Ep,. Substituting for A, Bsp, end Eyp one obtains: 1s12

u; = 120(90) 5/(152002 x 19900) =~ 2.8 x 1075
and (8)
U, =~ 10_6 em™1

Hem et g;.,8 have used the first two terms of Egs. (1) and (3). They
have neglected the third term apparently because its effect on the line{posi—
tion of C02+ in CdTe is at most 0.1lh4 gauss to be compared with U =~ 1 gauss.
In our case, however, both the third and the fourth terms of these equa-
tions are necessary to describe the position of V2+ lines in the octahedral
field.,

To obtain the magnitude of A; and Az (Egs. (1) and (3)) we consider

Fig. 10 and Egs. (1)-(5). Equation (5) indicates that at © = 30° and in

(100) planes

22



P = 1-15/16 ~0 (9)

and
(up/g)E< 3 x 1072 x 3 x 10° x 6 x 1072 =~ 0.005 gauss (10)

and
Up =~ 10-6 x 6 x 1072 ~ 0.0007 gauss (11)

These quantities are certainly negligible compared to the deviations of the
position of the components o and y as illustrated by Figs. 10-12. The Egs.

(1) -(3) can, therefore, be re-written neglecting the terms having up and Up:

HM = 3/2,m,30°) = Hy - Am + mA2/Hy - A;(m,0) (12)
H(M = 1/2,m,30°) = Hy - Am (13)
HM = -1/2,m,30°) = Hy - Am - mA%/Hy - A2(m,6) (1k)
whence
|B(M = 3/2,m,6=30°) - H(M = -1/2,m,%0°) | = |2mA®/Ho - (A1-22)| (15)

Assuming A < 0, as is obtained from nuclear magnetic moment measurements,
the Zeeman splittings of V++ nuclear and electronic spin levels is shown
in Fig. 13. Therefore the components o and y of Vlvand Vg in Fig. 7 can be
designated as in Fig. 14. Here m is the nuclear magnetic quantum number

and assignment of M to -1/2, 1/2, and 3/2 is according to Kikuchi's designa-

23
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tion. Thus, for Vg(m = 7/2), Eq. (15) gives:

20 = [H(M=3/2,m =7/2,8=30°) - H(M = -1/2,m = 7/2,6=30°) ] = |TAZ/Hy-(41-22) |
(16)
where:
20 = 13.30 (gauss) (17)
and
TA2/Hy = 13.51 (gauss) (18)

Equations (16)-(18) give

(A, -05) = 0.21 (gauss) (19)

Equations (12) and (13) give:

- A2/Hy - 0,(7/2,30°) + Ay = -0.13 gauss (20)

B,p(6=30°,m=7/2) >

and

bl 0=30°,m=7/2) = L 22/, + 2(7/2,50°) > b2 = -0.35 gauss (21)

Considering Egs. (9)-(11) and (19)-(21) one finds that the parameters u and
U at most would do a contribution smaller than 0.1 gauss when both A; and Ao
are larger than 0.10 gauss. The dependence of the parameters A on m 1s more

pronounced for smaller m as shown in Figs. 11 and 12,
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B. LINE BROADENING

Our investigations concerning the line broadening suggest that charge
transfer may account for this phenomenon provided we assume that in case of
Mn++ and Fett" the transfer takes place, through o-bonding and e orbitals
of t25e2 configurations of these ions. But in case of V2+ only through t25
orbitals. This mechanism explains why the Mn™t and Fet** ESR spectra in ZnS

show similarity with that of V'* in MgO and Ca0 and the spectrum of V'' in

silicon shows similarity with Fe™™* and Mn™™ in MgO and cao0.

C. IRRADIATION RESULTS
Irradiating MgO and Ca0 with X-rays we have been able to increase Fettt

end V' populations. These ions, however, anneal as is shown by Fig. 15.
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Fig. 15. X-ray irradiation of MgO:Fe, V, Mn.
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Iv. NEW RESULTS

In addition to the usual fine lines in each of the six groups of the
Mnt* ESR spectrum in Ca0 (Fig. 5, © = 55°) we observe two extra components

L+

in each group. These components are tentatively assigned to Mn Further

investigations are necessary to identify these lines.
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APPENDIX A

1. DERIVATION OF V' LINE POSITION
The spin Hamiltonian for S < 2 ions in a crystalline field of cubic or

tetragonal symmetry is usually written as

7(20) = gBS'H+ A'S-I- gyl E (A-1)

However, this simple spin Hamiltonian cannot explain the angular variation
of ESR spectra that we have observed. Similar observations have been re-

15 and Koster and Statzl6 have suggested,

ported by othersaln’8 As Bleaney
there are cases where some of the observed anomalies can be accounted for by

addition of a correction term to Eé/io). This correction term is given by

AVKS = up{SgHy + SJH, + SZH, - % (s-H) [38(s+1) -11)

(A-2)

1=

+ U{SRIx + SPIy + S8I, - = (8-1) [38(s+1)-11}

where x, y, and z are the cubic axes of the crystal and u and U are constants
depending on g. Using above additive terms and neglecting the last term of
(A-1) which is very small and causes a constant shift in all energy levels,

the new spin Hamiltonian can be written as
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1
K. = epsm+asI

+

up(SZH, + SSH, + S3H, - % (s-B) [38(5+1)-1]) (A-3)
(
5

+

U(SRIx + S§Iy + 531, - = (8-I) [35(s+1) -11)

d 1
Using the corrected spin Hamiltonian dk?s , the energy levels to second order

in A and to first order in u and U are found to be

Ey,m = GBHM + A'mM
A2
+ [I( T+1) -m®+m(2M-1) ] (A-L)
2gBH,
+ (uBH+Um) (M® - % [3s(s+1) -1 ]M)p

where, M and m are eigenvalues of S and I along the magnetic field H, H,

stands for hv/gB, and

_ 2 2 2 2 2 2
p = 1 - 5(n¥n5 + n3n3 + n3n7)

with ny, ns, and ng denoting direction cosines of the magnetic field H with
respect to the three cubic axes.
The position of the v°* lines in gauss is found from Eq. (A-4) to be

2

H a3 /oome1/2) = (1+1.2up/g) ~* [H, -A(1+1.2Up/A)m + AHZ m] (A-5)

B(pel footie-1/2) = (1+1.8up/g) "1 [H,-A(1-1.8Up/A)m] (A-6)

2

= (1+l.2up/g) =1 [H -A(1+1.2Up/A) + f\'—m] (A-7)

B Ho

(M=-1/2>M=-3/2)
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where A stands for (A'/gB), and A' is the usual hyperfine coupling coef-

ficient.

2. DERIVATION OF u, AND U,
The octahedral crystalline field of MgO and Ca0 splits the orbital
level of V2+ to give a singlet I's, lowest lying, and two triplets I'), and F5

as shown in Fig. A-1.

A F)-l- (Tl)
L 8Dq
F3/2 L (
g (3) I's (Tog)
10Dg
V ( ) Pg ( Agg)

Fig. A-1. Orbital levels of V2+ in MgO.

Assuming weak bonding, eigenfunctions of I'p, I'j, and I's energy levels are

as following

T, > = (2)'1/2[ [2>- | -2>]
|y, > = o>
ITye > = 8)'1/2[f5'|-3 >+ W3 [+1> ]
]FL@ > = 8)"1/2[[5- 3>+ W3 |-1> ]
|P51> = (2)‘1/2[|2>+ [-2 > ]
|r52>= 8) L2 y3 |55+ V5 |1> ]
|F55 > = 1/2 -3 3>+ N5 |-1>
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The matrix elements of L, L_, and L, for L=3 with respect to these states

are given in Table A-1.

TABLE A-1

MATRIX ELEMENTS OF Ly, L., AND L, FOR L = 3
WITH RESPECT TO I, I, AND I's ENERGY LEVELS

rp > [r5y > rsp > Irss > — Imy > [y > [Ty >

Iz L L |L; L, L | I Ly L | I Ly L. |z Ly L. | L Lt I I, Ly .
<, ffo o ol2 o 0 0o 242 o 0 0 -242] 0 o 0 o 0 0 0 0 0
<02 o ofo o 0 o ~2/2 o 0 o W2/2lo o 0 o 30/2 o o 0o 30/2
<rspllo o 2420 o VB2 | -1/2 © 0 0 0 o [oV30/2 o |N15/2 o 0 0 0 0
I<Ts3]| 0 242 0| 0 ¥2/2 0 0 0 0 1/2 0 o [o o «30/2 o 0 o | «15/2 o 0
<ngllo o olo o 0 o o 30/2f o 30/2 o o o o 0 o 342/2 o 342/2 o
<npllo o o]lo o E0/2|415/2 o 0 0 0 o | 03422 o | -3/2 0 0 o 0 0
<rngllo o o|o 3/ o 0 0 o |415/2 o o |lo o ?zpe 0 0 0 3/2 0 0

For instance, according to this Table < P55|L+1F2 > = -242. Figure A-2
shows all possible coupling channels among Iy, I, and F5 levels.

Several possible mechanisms contribute to the coefficients u and U
in Eq. (A-2). It can be seen that one of the major contributions to u,
which lends itself to theoretical calculations, is made by the Zeeman
term, BL-H+2fS.H and the spin-orbit coupling term AL:S. We denote this
contribution by u;. Similarly, a major contribution to U comes from the
Zeeman term and the hyperfine interaction term PL-I and is denoted by Uj.
Using Lth order perturbation theory, the interaction between these terms
yer

and the energy levels of can be calculated.

a. Calculation of u;
The factor u, can be obtained by computing the numerical coefficient

Lo
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Coupling channels.

Fig. A-2.
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of either BSQH%,BS?,Hy,or BSZHZ in Eq. (A-2). 1In order to do this, we use

the Lth order perturbation calculations to determine the interactions be-

tween the perturbation Hamiltonian

vy

= B(L+28)-H + AL-S (A-8)

‘and the orbital triplets.* The coefficient uy can be found by collecting

terms of first order in H and 3rd order in S.

The term 28S-H in Eq. (A-8)

does not contribute anything to u; and hence it can be excluded from V,.

The simplified perturbation Hamiltonian can be then written as,

The Lth
Wy = -
+
+

BL-H + AL'S (A-9)

order perturbation formula for non-degenerate ground state is

Z Z < Ip|V[Ty, > < Ty k|VITg > < Ty nlV|Tpq > < Tpg| V[T >
(Ej-Er) (Eg-Er) (Ep-Er)

k,m,q j,%,p

Z' < TplV|Ty > X' |< Ty xlVIre >|2
(Ej-Ep)

L,m £y

— 1 — 1
<
< rp|v|re > Z 2 (l + l)(
Ey-E, Ey-E

|< rplvire >

-EI‘

J,k f,m

Jrk

Fr|V|Fj,erj,kIV,FI,mXFILmIV]Fr>

( EJ ’EI') ( E,Z'Er)

(A-10)

-1
Z < Tp|V[ry i > < Ty 3| V]I >

Jrk

(B3-Ep)

*Tt may seem that another source of contribution to u; arises from 28S-H
in first order along with AL-S in second order. However, the result of
third order calculation for these perturbation operators is zero.
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where IFr > and E,. denote the ground level wave function and energy respec-
tively and the prime on Y, denotes the omission of the terms with index r
from the summation,

The last two terms of Eq. (A-10) have vanishing result in owr case be-

cause

< Ty|ve|Ty > = 0

Hence, the Lth order perturbation formula, Eq. (A-10), reduces to

1 "
Wa = Wg + Wy (A-11)
where
W - - }; }: < Tp|VIDy x> < Ty |VITy m > <Py m|V|Tpq > <Tpq|V|Ty>
: E;-E,) (Ep-E -E
k,m,q J,,p (B Er) (By-Er) (Bp-B) (A-12)
and,
] 1
" U< rp VT >|B < T's 1 |V|Ty >3 ,
PR WL VI G ST AL
I,m El-EI' i,k (EJ -Er) =

Furthermore, we can show that components SiHi, etc., can not be ob-
tained from WZ and therefore this part of the perturbation formula is not
needed for calculation of u;. To prove this, first we notice that WZ can
mix T'> and P5 levels only because matrix elements of v, with respect to

I'> and all I') levels are zero. Now, using shift operators
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Ly = Lyt iLy

S+ = Sy t iSy

the perturbation operator v; can be written as

1

vi = BlLyHy + = (LyH+LLH,) | + A[L,S, + 5 (LiS_+L.Sy) ] (A-1L)

2

Using (A-1k4) in W; we obtain

i

Wy

Replacing the matrix

have

Expanding (A-16) and

and

we find,

[[(BH,+AS,) < Iol|L,|rsy >|®

=1

|BE.#AS_|2 < Tp|Ly|rsp > < rsgyL_[rg >

|BEAS, |Z < plLiNgs > < ToglLylry >1P (A-15)

=l

elements in (A-15) by their values from Table A-1 we

B[2(BH,+AS,) 2 + |BH.+AS_|2 + |BH,+AS,|212 (A-16)

making use of relationships

s, H, + % (S_H+8,.H) = S°H
S_S, + 8,8_ = 2s(s+l) - 253
" 3
Wy = i [s-H(s+1l)s] + w (A-17)
EZp



where w denotes the terms of second L4th power in s and in H, and Esp stands
for Eg-Ep.

We notice that Wj does not contain explicitly terms such as SFHy, S?Hy,
etc, It has rather the form of the 4th term in Eq. (A-2). Therefore, to
calculate u, we must apply W, to the perturbation Hemiltonian v,. But first

we consider that

1
SR = Tz (S48 %(HH)
3, = - (8,-5.)°(H,-H.)
y 16
Hence,
SPH,+SPH,+S3H, = % [(5+5,52+5_545.+525;) Hy
+ (S3+825_+8,8_8,+5_SP)H_] + S3H, (A-18)

Replacing S_ in the first parenthesis by S;-2iSy, and S4 in the second paren-

thesis by S.+2iSy (A-18) can be written as,

SPH,+SPH +SFH, = é (s3H,+8%H_) + SJH,*R (A-19)

where R represents the terms not reducible to either S§H+, SfH_, or S%HZ.
Comparing (A-19) with (A-2) it is easily seen that u; can be found by
applying thevhth order perturbation calculations (W, part) to v, and deter-
mining the coefficient of any term of the right side of Eq, (A-19). However,
the first two terms are much easier than the others to deal with and thus we

will do the calculations for Siﬂi° The perturbation Hamiltonian reveals
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(1)

BL.Hy). Ac-

that this term can only come from operators such as (AL_S;
cording to Fig. 2-A the only chain through which operator L can interact

with the energy levels is
< Tp|L.|T5z > < I'sz|L_|Ty; > < Iy [Lo[Igp > < Fgp|Lo|Tp > ( A-20)

However, since L_H; can occupy any of the four channels in the chain (A-20),
there are effectively four chains similar to (A-20). Using the scheme (A-20)

in W4 and taking the factor of 4 into account we obtain

Leas :
- ——— S3H, < Ip|L.|l53 > < Igz|L [Ty > < Iy [Lo|T5p > < sp|L_|Tp >

2
E-LE
52742 (A-21)

Table A-1 gives the values of the matrix elements

<Tpli|rgy > = -242

< TsslLolmyy > = J30/2

< Tyl Ty > = J30/2
= 242

< P52|L_|F2 >

Hence, the coefficient of BSEH; is obtained from (A-21) to be 2&0%3/E§2Eu2

and so,
1 2Lop3
Uy = — X
BooByp
or,
3
wy, = =20 (A-22)
EgeEhe
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b. Calculation of Uy

If in the perturbation calculations BL-H 1s replaced by PL-I we ob-
tain the coefficient U,. However, since as far as operation on the orbital
levels is concerned I can be regarded as a constant similar to H the two co-

efficients u, and U; are equal within a constant factor P. That is,

Uy = Puy (A-23)
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APPENDIX B

THE SHIFT IN THE g-FACTOR

Since in an octahedral field g is isotropic,

gx = 8By = 8z

The Zeeman term and spin-orbit coupling term may be written as (with

H||z-axis)
H = B(LyH,+25,H,) + AL'S

As we have seen before since all matrix elements of L with respect to I, and
), levels are zero, we have only to deal with Iy and F5 interactions.

To the first order
Wy = < Ip|H|p > = 2BS,H,

To the second order approximation we have two possible chains,

/]
BLzHz ALzSy, and NozSz, BLyHy
To
Thus,
We = -2 BM <ol s > < Ts1|LzSz [T >
E52
We = -8 g
Esp

k9



Neglecting the higher order approximations we have

Wy + Wo = 2BSyH, - -2—55 s,H, = <25 - %> S, H,

52 Esp

Comparing this expression with the Zeeman term in spin Hamiltonian

HS = gBSZHZ + .

we find

e - <2 —8-5@>
E52

or

8\
E52

Now from Eq. (A-22),

2
\e = A1FsoBio
120

Eliminating A between (B-1) and (B-2) and use E52/Eu2 = 5/9 we get,

= -2 (g2)°

u
. 192
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