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Superhyperfine structure tensors for the 12 next-nearest ligands in CdTe:Mn?* have been expressed
in terms of molecular orbital and geometry parameters. ESR and ENDOR transition frequencies are
related to the superhyperfine tensor components. An attempt is made to obtain the amount of d-electron

delocalization from such relations.

I. INTRODUCTION

UPERHYPERFINE structures (shfs) due to the

next-nearest ligand nuclear spins have been ob-
served in the electron spin resonance (ESR) of AuiBvi
compounds containing Mn?* ion impurities by Dorain,!
Lambe and Kikuchi,? Hall ef ¢l.,* and Schneider et al.!
The observed shfs constants are almost isotropic and
have the values 4(Cd)=2.6X10"¢ cm™! in CdS: Mn?+
and CdTe:Mn?*t, A(Cd)=2.7X10"* cm™ in CdSe:
Mn?t, and A4(Zn)=0.75X10~* cm™! in ZnS:Mn?t,
Recently, Ludwig and Lorenz® have reported the ob-
servation of shfs stemming from the next-nearest ligands
in electron nuclear double resonance (ENDOR) of
CdTe:Crt. With the precise frequency measurement
available in this technique, they were able to observe
the anisotropy of the shfs tensor and to determine the
directions of its principal axes.

In this paper, we extend the molecular orbital (MO)
formulation of the nearest ligand shfs developed by
Clogston ef al.5 and Marshall and Stuart,” to the next-
nearest ligand shfs. A part of the theory is developed
in the previous paper.® The expressions of shfs tensor
for the next-nearest ligands are derived in terms of
the MO parameters and the crystal structure constants.
Then, the observed shfs in ESR and ENDOR are
related to the shfs tensor components. The probabilities
of finding the delocalized d electrons in the ligand
orbitals are estimated from these relations. This proba-
bility is 0.249,~0.519, per d electron for the next-
nearest ligand s orbitals and ~259%, per d electron for
the nearest ligand p orbitals. It is also found that the
anisotropy of the shfs tensor is mostly due to the
delocalization of the d electrons into the nearest ligand
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p orbitals. By examining the relations between the
resonance frequencies and the tensor components, it is
possible to choose the best directions of the external
magnetic field for the observation of the anisotropy.
For the convenience of terminology, CdTe:Mn?* is
used as an example in the following discussion.

The four nearest ligands (Te-1, 2, 3, 4) and 12 next-
nearest ligands (Cd-la, 18, 1c, «--, 4a, 48, 4c) of the
impurity ion Mn?% are shown in Fig. 1. The coordinates

F16. 1. Nearest and next-nearest ligands in zinc blende struc-
ture. I: impurity ion; 1, 2, 3, 4: nearest ligands; ia, b, ic; (i=
1,2, 3, 4) : next-nearest ligands.

at the ligands are chosen in the following way with
respect to the coordinates (X,, Vo, Zy) of the central
ion

X, /66 — () 166X,
il=| 12 0o vz v|, (O
A —1N3 —1A3 —1AB_ Z,

X1a 1 o0 0 X,

Ywl|=| 0 12 —1p2 | ¥, (2)

Z1a 0 —1ANZ —1n2_|l 2z,
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TasLE L Irreducible representations of LCAO of nearest and next-nearest ligands in Point Group T.

Irreducible
representation 4 orbital

Nearest-ligand orbitals

Next-nearest-ligand orbitals

x1s= (24) "*_é (Siatsm—25ic)
=1

da o= {mtmtota—VI(ntyetyst+y) 3
4
x10=(24) 22 (3ia+20—25:)
E =1
xee= ()43 (s1a—50)
4
daty? =3[+t yst V3 (mtatrte) ] x2e=(8) "‘_2_31(2;a—z.-b)
e=%(s1+F52—53—54) X3¢ =% (S1aF52a— S30—$4a)
dy: oe=3(ntn—2n—2)
ew=tm+re—rs— VI (n+ya—3—) ] Xs0="4 (%12t %20— %30 — 34a)
=3 (s1—S2+53—354) X4s= 3 ($16— S5+ 53— 5m)
T2 [ . oie=%4(21 —+2—2s)

=1} (01— 22 tw3—204)

P5s= ‘} (81— $2—53+54)
dzy eso=3%(z1— 22— 2+2)

osr=i{n—m—2+2— V3 (n—y2—y+ys) ]

X1o=15 (21— 22+ 22 — 28
X6s= %‘ (310—520_53:+340)

X6o = % (Zlc—z2c_23c+24a)

The coordinates at Cd-15 and Cd-1¢ are obtained from
that of Cd-1a by positive and negative threefold rota-
tions around [111] axis. The coordinates at Cd-ia, b,
ic, ({=2, 3, 4) are obtained from the set =1 by two-
fold rotations around X,, ¥y, and Z, axes.

The wavefunctions of d electrons are the linear com-
binations of manganese 3d, tellurium Ss, Spo, Spr, and
cadmium Ss, 5pe orbitals. They can be written as

D=0l * +BexprrtYesX1st VesXio, (3)
Dy=ad2 2 +BerprntYesX2stYeoX20s (4)
Dy =0yt BuusstButsetBitsntvixsstviuxss, (5)
Dy=0.s+Bispsst Biopss T BintsetVisXastY Xty  (6)
Ds=a sy +-BuvsatBioset-Biresn+Y tsxss+VoXso,  (7)

where @, 8, and vy are numerical constants usually
known as “mixing coefficients”; ¢’s and x’s are, respec-
tively, the linear combinations of nearest and next-
nearest ligand orbitals which belong to the same irreduc-
ible representation as the corresponding d orbital. The
explicit forms of ¢’s and x’s are given in Table I. D,
and D, belong to the irreducible representation E, and
Dy, Dy, and Dg belong to T, of the tetrahedral group 7.

II. SUPERHYPERFINE TENSOR

The Hamiltonian for the interaction between the
ligand nuclear spins and the unpaired electrons can
be written in the form of a sum of one-electron opera-

tors as 5
Henr= EH(k) (8)
k=1
with
H(k) =2 28.g.8n
x| oS by 05 () By o],
Tin (47 3
9)

where 8., 8v, are Bohr and nuclear magnetons; g, is
the nuclear g factor: 1, s, I are electron orbital, spin,
and nuclear spin angular momenta in units of #. The
subscripts # on I, and 1, indicate that the quantities
are measured with Ligand Nucleus # as origin.

The wavefunction of the ground-state 3d°%S can be
represented, to the first approximation, by a Slater
determinant of the five molecular orbitals D/’s,

Y={Dy(11), Du(12), Ds(x3), Dy(ts), Ds(r5)}. (10)

First-order perturbation to this state due to the
Hamiltonian 3C; is usually expressed as a spin Hamil-
tonian in the form:

W | HCens | ¥ )= > S-A= 1,

where S is the total electron spin operator,
In this section, we derive the expression of shf
tensor A® for next-nearest ligand # in terms of molec-

(11)
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ular orbital and geometric parameters from the rela-
tion Eq. (11).

Using the Hamiltonian Eq. (8) and wavefunction
Egq. (10), we can rewrite the left-hand side of Eq. (11)
in the form

W | Beuns | ¢>=Z§<D¢<k> |H(E) | D). (12)

The Hamiltonian 3Cx¢ can be divided into two parts:
(i) contact interaction and (ii) dipole interaction.

i. Contact Interaction

The one-electron Hamiltonian for this interaction is
given by

He(k) = Z'lﬁg"’rﬁegnBNa(rkn) Sy In- (13)
This interaction gives the isotropic component 4" of
the shf tensor.

Using the Wigner-Eckart theorem, we can relate
the one-electron spin operator §; to the total electron
spin operator S as (within the manifold of constant 8),

8= S/28, (14)

where § is the eigenvalue of S. Thus from Eq. (11)
we have

g (Di | H,| Di)=223" (28)7* 4inB.guy

X <Di I 5(1'7.) I D; )S'In

=>.4,S-1,. (15)

Hence A" can be written as
A= (28)7 2enBg.Bn D, (D; | 8(1a) | Ds).  (16)

Contributions from the manganese and tellurium
orbitals to the matrix element are negligible compared
to that from the s orbital of Cadmium #. Thus we have

A= (28)7 rB.guBn | Re(0) P(Eves’tive?), (17)

where | R,(0) | represents the value of the cadmium
5s orbital at its nucleus, and <., v are the mixing
coefficients introduced in Egs. (3)-(7).

The effect of spin polarization can be included in
the above expression by replacing | R,(0) |? by p.(0),
the unpaired spin density at the nucleus when the
cadmium 5s orbital is occupied by one electron. ps(0)
can be related to the isotropic hyperfine structure
constant of the cadmium ion Cd+

Aca+=7BegcaBnp.(0). (18)
Thus finally we have
= (28) 7 (§Vest+171s) Aca*. (19)
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ii. Dipole Interaction

The one-electron Hamiltonian for this interaction is
given by the first two terms in Eq. (9), ie.,

(lkn_ sk) * In \ 3 (rlm’ In) (rkn' sk)
3 K 5 ¥

kn Tkn

Hp(k)= ZzﬁegnﬁN[

(20)

This interaction gives the anisotropic component Ap™.
From

ZS'AD”'I,F‘- E (D; |Hp l D,;)
= (297128 (2 (D[ @ | D))+ L, (20)
where Q" is a tensor operator

Q" =2Begnfn{ (—1/7a%) + L[ (30n:12) /e ]}

we have

(22)

Ap"=(28)712_ (D:] Q" | D;). (23)
1 3

Of the atomic orbitals in D;, we need to consider
only those of manganese, tellurium which is closest to
Cadmium #, and 5p orbital of Cadmium #n. The con-
tributions from the first two orbitals can be treated
semiclassically. We consider the electron densities cen-
tered at manganese and tellurium ions as concentrated
at the nuclei and treat the interaction with cadmium
nuclear spin as point dipole-dipole interaction. The
contribution from 5p orbital of cadmium # can be
calculated by an operator equivalence technique. Thus
we have for the diagonal component of Ap?,

A= (28.8:8n/28) [Rarc(3 cos¥p— 1) (2a.*+3as?)
+Rrc™3(3 cos’¢e— 1) (3o’ +1Bu’+ 1Bu’+161%)

F307 )50 (0 [ 1041 =312 | p2)GreHive?) ] (24)
and for the off-diagonal component
A= (28:8:8n/28) { Rarc (3 cost; costy) (2a2+3a?)

+Rrc (3 cosg cosy) (3Bt 1817+ 16 +16u?)
+% (’_3 >5p (Pz l _%(lflv‘l"lulf) l b >(%'Yea2 i'Yt«r2)} (25)
(¢, m==x, ¥, 3), where Ryc and Ryc are the distances
from manganese and tellurium to Cadmium #», and
6, ¢; are the angles between Rye, Rre, and £ axis.

In applying these general formulas to cadmium ions
at different sites, we notice that if the components of
Ar are referred to the coordinates (X, Yo, Zo) of the
central ion, the expressions will be different for each
site. However, if the components are referred to the

coordinates (X,, ¥,, Z,) fixed at the ligand #», then
the expressions are identical for all of the twelve sites.
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Therefore we first derive the expressions of the compo-
nents with respect to ligand coordinates and then trans-
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Introducing the following abbreviations:

—2 —~3 2
form the results into the components with respect to A= 30.goBy Rug™ (2al+307), (26)
the coordinates of the central ion. The latter coordinates Ar=2B.g.0n Rrc 3 (3Bex®+ 3B+ 181213842, (27)
are the ones to which experimental observations are Ao= 588,85 (3 Yoo (vect+iv2s), (28)

referred. For simplicity of subscript let us use (m, u, o)

for (X,, Y, Z,),and reserve (X, ¥, Z) for (X,, Yo, Zy). we have the shf tensor A" with respect to (m, g, o),

Ag— Ay—Ag 0 V2Azp
A"(ﬂ', M, 0‘)= 0 As— Ay—Ac—Arp 0 (29)
V2ZArp 0 AA24Ay+24c+Ar

The tensor components with respect to coordinates (X, ¥, Z) can be obtained from Eq. (29) and the transfor-
mation matrices given in Eq. (2) and corresponding ones for other ligands. By introducing the abbreviations

Ay=3(Ay+A40), (30)
A_=3(Au+Ac)+Ar, (31)
the results are given in the following:
for a-type cadmium,
[ A4,—24, (+—=—H)@B4:—4) (+—+-)(344—4)7]
A=) (+——4)(344+—4) As+A4, (++-—-)(4) H (32)
L (+-+-) 4= 4 (++——)(4) Actd,
for b-type cadmium,
B A4y (+=+-)B44—4)  (+=+-)(4) 7]
Ab=| (+——+)(34,—4) A;—24, (F+—-)(B44+—4) |; (33)
[ (+—+-)(42) (++——)(34+—4.) A4 .
for ¢-type cadmium,
B AtA, (+=—+)(4-) (+—+-)@4—4)7]
Ac= (+——+)(4) A+A4 (++—--)(B4+—4-) (34)
| (+—+—)(344—4) (++——)(34—4) A,—244 _J

The four + signs preceding the off-diagonal elements
are for 1a, 2a, 3a, 4a, etc.

In total we have three independent parameters, 4,,
Ay, and A_. We discuss the relations between these
parameters and the experimental observables in the
following sections.

III. SHFS IN ESR SPECTRA

In natural cadmium only about 259, of nuclei have
nonzero spin I=4%. The magnetic moments of
mMCd(—0.5922 By) and BCA(—0.6195 By) are nearly
equal. We treat them as identical in the following
discussion.

The spin Hamiltonian describing the interaction of

cadmium nuclear spins I,, with the unpaired electrons
and external magnetic field Hy is

3= {S- AL, —g.8yL,-Ho}. (35)
By introducing an effective magnetic field Hes¢®
H.i»=Ho— (M,/g.8v) A"-h, (36)

where h is the unit vector in the direction of H,, and
M, is the projection of S along h, the Hamiltonian
Eq. (35) can be rewritten as

= '_z:gnBNIn'Heffn' (37)
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In ESR experiments we observe the transitions with
AM,=+1, AM;=0. Therefore the direction of H.g
changes after the transition. It is convenient to describe
the nuclear spin states of the ligands with the crystal
2 axis as quantization axis.

Consider the case Hy || Z axis, [001]: The effective
magnetic field has the components

— (M./guBx) Az
Her=| — (M./gaBy) Ay (38)
Hy— (M/gBx) A"
Thus the Hamiltonian Eq. (37) reads
3= (M Az LnatMoAy Ty
+(—gBvHo+M. A 1] (39)

The electronic states specified by a set of quantum
numbers (M,, Mz, M1, My, **+, My, my) are split by
this perturbation. The splitting can be calculated by
degenerate perturbation theory. However, for natural
cadmium, even for the most probable case of three
nonzero spin nuclei out of 12, the perturbation theory
leads to 8X 8 secular determinant. Moreover, the prob-
abilities of having four and five nonzero spin ligands
are 4 and %, respectively, of the most probable case
and hence cannot be ignored. It is quite complicated
to analyze such a spectrum. However, we can assume
that each ligand nuclear spin is independent, and treat
the splitting due to each ligand spin separately first,
and then sum up the total splittings.

For a- and b-type ligands, the 2XX2 secular equation
leads to the splitting

FAEp=3{{—gBnHo+ M (4,4 44)
FMA (34— A A2
% | —gBvHo+ M (A+A4) | (40)
For ¢-type cadmium the secular equation leads to
+AE=3{[—gBvHo+ M (A, ~24,) T
+MA234,—A4)7))
R3 | —gByHo+M(4,~24,) |. (41)

Let us introduce a set of new quantum numbers for
the ligand spin states, pia, ps, p1c, etc. p,=-+%1 for the
state whose energy is shifted by +AE of Eq. (40) or
(41) and p,= —3% for the state whose energy is shifted
by —AE. Then the energy of the state specified by
(M, M1, pag, * -+, ps, pac) is given by

12
E(Mh MI: Mgy ***, “40) =E0(M!) MI)+ZZPnAEn-

el

(42)
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Since the eight ¢- and b-type cadmiums are equivalent,
and the four c-type cadmiums are equivalent with
external field in this direction, Eq. (42) can be rewritten
in the form

E(Ma, MI, “a,b’ “c) = Eﬂ(Ms; MI) +2ﬂabAEab+2FcAEc,

(43)
where
ptb= Finy (44)
(n=g— ,b—type)
pe= 2, (45)

(n=c—type)
Thus the frequency of ESR transition AM,==+1,
AM =0, Ap,=0, is given by

hv (p.“b, ;.Lc) =+ 2u2(AE 3 — AE'aab) +2uc(AEc— AE’C)
v tu® (At Ay) tuc(4.~-244), (46)

where AE',, AE', are the values of AE,, AE, for
M ,=M,+1.

The above result shows that the hf line Ay is split
into 17X9=153 shf lines. However because of the high
abundance of spinless nuclei, the higher values of u®,
u° are less probable and these lines are not expected to
be observable.

The relative intensity of the line 7» (u®, u¢) can be
expressed as

I(u, ue) = 3 Win) P(n, k) Ii(n’ »)
n==2(|uab|+lue]) & 2
> k! (n—k)!
(Fh+u®) 1(5h—u) | [3(n—k) +ue] 1[5 (n— k) —pe ]V’
(47)
where
W) =f~(1—)=r[12/n1(12—n) 1] (48)

is the probability of having # nonzero spin ligands
out of twelve, f is the natural abundance of nonzero
spin cadmium, and

P(n, k)= @@ n!/k{(n—k) 1]

is the probability of having & nuclei of ab type and
n—k nuclei of ¢ type out of # nonzero spin nuclei in
total. The summation over k2 is to be taken from
E=2|p®| to the lesser of 8 and n—2|p°|, in steps
of 2. Some larger values of I(u®, u°) are given in
Table II. Equation (47) is a generalization of the
expression given by Lambe and Kikuchi? in which
anisotropy in A" tensor is not observed and hence
all 12 sites are equivalent.

(49)

IV. SHFS IN ENDOR SPECTRA

In ENDOR, we observe the transition AM,=0,
AM7==+1, where I may be either the impurity-ion
nuclear spin or ligand nuclear spin. For the latter case,
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Taste II. Relative intensities of shf lines in CdTe:Mn?*,

ﬂab
ue 0 +% +1 +3% +2 +5
0 0.202 0.150 0.068 0.02085 0.0045 0.0007
+3 0.097 0.070 0.030 0.00865 0.0017 0.0002
+1 0.0235 0.016 0.0066 0.00172 0.0003 0.00004
4 0.0035 0.0024 0.0009 0.0002 0.00003 3X10-0
+2 0.0004 0.0002 0.00008 0.00001 2X10°¢ 1.6X1077

the transitions between shf levels (Fig. 2) are observed.

Since M, does not change in such transitions, the
direction of effective magnetic field Hesr, Eq. (36),
unlike the case of ESR, does not change after transition.
Therefore, we can describe the ligand spin states by
taking the direction of effective magnetic field as the
direction of quantization axis Z’. Then the Hamiltonian
Eq. (37) reduces into the form

= E_gnBNInz’ l Hefin |= - ZgnBNmn | Heffn l. (50)

The frequency of transition between the levels (M,,
My, oo, My, <) and (M, Mg, «<«, m,=1, --+) i
given by

]’Wn=gn6N ] Hex'fn ’ (51)

Let us consider the case Hy || [110] as an example.
The effective magnetic field, Eq. (36), is given by

1 M, 2
|Heff l=\'/_j{|:H0_§n‘TN(Azz +A:cz/ ):I

M,
gnﬁN

M,
gnBn

214
aosat ]l
(52)

Using the expressions of A" given in Egs. (32), (33),
and (34) (and also from the symmetry of the complex)
we find four nonequivalent sets of ligands, and hence
four different frequencies.

For the transition of the set (1a, 15, 4a, 4b)

b= {g.*Bx*Ho?
FEIM (At Ae—A)H (4, +4A4— 4-)2494,%]
—gBvHM (24,454, —24) }}
(53)

+[Ho— (A + 437 ]2+[

~Y| gnBwHo~ M, (A +54,—A4) |.
For the set (2a, 25, 3a, 3b)
= { g, 28y H?+3M [ (A,—5A4,+A4_)?
+(4:—24,4+4-)+(344—24)7]
—gnBNHM, (24, ~TAL+24_) P
~| gaBnHo—M,(A—34,+42) . (54)

For the set (1c, 4¢),
= { g2 B He+M 2 (At A4+ A4)42(4,— A2)7]
—zgnBNHOMc(As+A++A_) }*

N’ gnBNHﬂ—Ms(AJ+A++A_) I. (55)
For the set (2¢, 3¢),
}W4= l gnBNHo‘—Mg(A,+A+——A_) l. (56)

The intensity ratio of the four lines is 2:2:1:1.
The transition frequencies for Hq in other directions
can be obtained in the same way.

V. DISCUSSION

Lambe and Kikuchi? and others'* have reported
the value A7(Cd)=2.6X10"* cm™ for the isotropic
shfs constant of cadmium in CdS:Mn?*, CdSe: Mn?t,
and CdTe:Mn?. Using Eq. (19) and the hfs constant
of cadmium ion Ay 4+=0.11 cm™, obtained by Jones

M=+ 172

———Mp=-1/2
A

Mos + /2

Mp=-1/2

Mg = -172

Mp = 4172

My = -1/2

My = 4172

F1g. 2. shf levels and ENDOR transitions. Line A: central ion
ENDOR; Line B: ligand ion ENDOR; Line C: microwave pump-
ing frequency.
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from optical spectra,? we have for the average proba-
bility that one d electron of manganese being found in
the cadmium 5s orbital

(vt 1ye?) = (2.6X1074/0.11) =0.249%,.  (57)

The fact that the Cd shfs constants are almost the
same in CdS, CdSe, and CdTe, and the fact that the
Zn shfs constant is smaller than the Cd shfs constant
by a factor equal to the ratio of the nuclear magnetic
moments of the two elements show that the amounts
of the d-electron delocalization into the next-nearest
ligand s orbitals are the same in all of these crystals
in spite of the increase in the lattice constants from
sulfide to telluride. In a paper on the mechanism of
shfs in® SnO,:V*# the authors derived the detailed
expression for the amount of delocalization from the
LCAO-MO theory. Two mechanisms are found to
contribute to this delocalization: the direct interaction
between the metal d orbital and the next-nearest ligand
orbital; and the indirect interaction through the near-
est ligand orbitals. In case of SnQy: V4, the direct inter-
action was found to be the dominant one. The indirect
interaction is proportional to the square of the overlap
integral between the two orbitals and hence will de-
crease as the lattice constant increases. The indirect
interaction depends on the species at the nearest-
neighbor sites. An important fact is that the atomic
orbital energies of the nearest ligands get closer to
that of Mn d orbital as we go from sulfur to tellurium.
This means that the indirect contribution increases in
the direction and just compensates for the decrease of
the direct interaction. This is equivalent to the increase
in the covalency from sulfide to telluride mentioned
by Schneider et al.* Thus we can conclude that in
AuBvi compounds, not only the direct interaction
but also the indirect interaction gives important con-
tributions.

In ENDOR experiment on CdTe:Crt, Ludwig and
Lorenz® observed, with M,=—3 H,||[110], four
transitions due to shf coupling with cadmium ligands.
The shf tensor is found to be anisotropic. From the
three principal values reported, the isotropic compo-
nent is computed as

A= (5.6940.05) X104 cm™.
9 E. G. Jones, Proc. Phys. Soc. (London) 45. 625 (1933).
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This gives 0.519 for the average probability that one
chromium d electron being found in the cadmium S5s.
Comparison with Eq. (57) shows that chromium d
electrons are more delocalized than manganese elec-
trons. This is in the correct direction as nuclear charges
are compared. However, the increase in the overlap
integral alone cannot account for this much increase.
This also shows that the indirect interaction is as
important as the direct interaction.

By identifying the observed four frequencies to the
expressions Eqs. (53)-(56), parameters Ay, A_ can
be determined. However the observed frequencies are
so close to each other that this calculation can give
only “of the order of magnitude” values. The impor-
tant results are (1) Ay=3(Ay+A¢) is very small.
(i) A_=34,+Ar~Ar is about 0.2 Mc/sec. This
value gives 25%, for the probability of a d electron
being found in tellurium orbitals.

The fact that Ay is the largest among the three
(A, Ae, Ar) dipole-interaction components has an
important meaning. It can be seen from Eq. (29) that
this component makes the ¢ axis (Mn-Cd direction)
not one of the principal axes of A, (as is observed
also in ENDOR experiment). It also makes the = axis
not equivalent to the p axis. The latter is one of the
principal axes. The other two principal axes are in the
(wo) plane. The angle 8 between the 7 axis and one
of the principal axes as defined by Ludwig and Lorenz?
can be obtained from Eq. (29) as

tan2B=2V2Ar/(24_—Ar). (58)
Since A_~~ A7y, we get tan23=2V2, This gives =236°,
which is remarkably close to the experimental results
of B=37°.

The smallness of 4, is the reason that the anisotropy
is not observed in ESR experiments with H, || [100].
In the transition energy, Eq. (46), only 4, but not
A_ appears in the first-order terms. Observations with
the external field in other directions (e.g., [1107])
should show the anisotropy more easily.

We have seen that the attempt to deduce the amount
of delocalization from shfs data as developed in this
work necessitates further information such as the value
of Ay, in crystals and refined measurement of transi-
tion frequencies.



