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buildup in the 4ES&3 level, it is the inversion rela-
tive to a I»I3 terminal level versus the Yb '
I', &,

- I', &~ inversionwhichgovernsthe laser thresh-
old. Since the former provides a four-level laser
scheme at ambient temperatures whereas the latter
provides only a quasi-four-level laser scheme even
at VV 'K, stimulated emission from Nd ' will nor-
mally have the lower threshold. Some frequency
selective element would therefore be required in

the optical resonator to introduce higher losses at
the Nd

' laser wavelengths and effectively discrim-
inate against Nds' oscillation.
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The dependence of hyperfine fields at 0 'K at Fes nuclei in octahedral (8) and tetrahedral
(A) sites in ferrites bn the kind of nearest neighbors is discussed in terms of supertransferred
hyperfine fields BsTH~. An expression for 08T~ involving the various covalency parameters
is derived using the linear combination-of-atomic-orbitals (LCAO) method. From experimen-
tal results and the derived expression for Hs TH+, the various covalency parameters are
determined for Fe ' ions in both A and 8 sites. It is found that the Fea'{A)-O bond is con-
siderably more covalent than the Fe '(9)-O bond and that the transfer of 0 2p electrons into
Fe3' 4s orbitals is proportional to the transfer into Fe+ 3d orbitals. We have also found that
the hyperfine fields in the various ferrimagnetic spinels can be explained to a large extent by
considering only the changes in Hs THF.

The interesting magnetic properties of ferrimag-
netic spinels and garnets originate mainly from the
magnetic interactions between cations with magnetic
moments which are situated in tetrahedral (4) and

octahedral (8) sites. The hyperfine fields at Fe'7
nuclei in A. and 8 sites differ sufficiently for a de-
tailed study with the Mossbauer-effect technique.
As we have shown recently, ' 8-site nuclei with dif-
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ferent distributions of two kinds of cations in the
neighboring A sites experience different hyperfine
fields. For example, Mossbauer spectra of not
completely inverse spinels show asymmetric broad-
ening of the 8-site lines. Such an asymmetric line
consists of several satellite peaks which we have
attx ibuted to B-site iron ions surrounded by differ-
ent distributions of two kinds of eations in the A

sites. The temperature dependenees of the hyper-
fine magnetic fields at the Pe nuclei in the various
8 sites and the A sites in CoFe+4 and MnFe+4 have
been discussed in our previous paper. Vfe also
found that at 0 'K the absolute value of the hyperfine
magnetic field iH», (B)i at a 8-site Fe' nucleus
decreased by 10+ 2 and 6+2 kOe for every Fe A-site
neRx'est nelghbol that 18 replaced by R Co 01 Mn 1on,
respectively. A similar behavior is also found with
NMR at Fe nuclei in Zn„FeaNi& „04 and with NMR
and the Mossbauer-effect technique (ME)' at Fe'~
nuclei in diamagnetieally substituted garnets.

For a discussion of H», (0'K), it is convenient to
write the hyperfine field in the following general
form:

Hbyf Hg +Hggy+Hg8 +Heap g (l)

where H, is defined as the contact field at the Fe'~
nucleus for a free ion with S,=-,'. So H, will be R

constant throughout the discussion. H „is the dipo-
lax' field produced by the surrounding magnetic ions.
This field will change if one of these ions is re-
placed by an ion with a different magnetic moment.
In MnFe204, however, H«, does not change if an
iron A-site or 8-site ion is replaced by manganese
because these ions have approximately the same
magnetic moments. In other ferites as in

CoFe204, H«, will depend on the distribution of the
cations in A and 8 sites. Since the A-site ions are
symmetrically located around R central B-site iron,
the average change in H«, will be zero. This effect
can cause broadening and may partially explain the
relatively broad components of the 8-site line. H„
is the change in the hyperfine fieM in an antiferro-
magnet due to zero-point spin-wave deviations. The
replacement of an antiferromagnetieally coupled
neighbor by a diamagnetic ion mill decrease the spin
reduction and consequently also H„.' This means
that this effect, which is very small, will produce
changes of just the opposite sign from those ob-
served. The neighboring anions and cations distort
the electronic wave functions and thus the spin dis-
tributions of a central cation. H', gives the change
in the hyperfine magnetic field caused by these co-
valency effects. It is now convenient to write

whexe H»H& is the supertransferred hyperfine field
at a central cation produced by the magnetic mo-
ments of nearest-neighboring eations. H „depends

on overlap and transfer from the neighboring an-
ions. Recently, Owen and Taylor and Huang,
Qrbach, and Simanekv have shown that the spin
transfer from one metal ion via the ligand to another
metal ion can produce contributions to H»f of the
order of lo kOe. The direction of H»„r(B) is par-
allel to M jA) and thus parallel to H, (B) if the mag-
netic moments of the ions A and 8 are antiferro-
magnetieally coupled. For Fe ions in LaFeQ3,
Simanek et al. calculated a large value of H»»
= —55 kQe. A direct observation of HsTHz = 210 kQe
at Sn'" nuclei in the material Ca„Y, „(Fe,)Fes,„Sn„O„
has been xeported by Belov et al. and Goldanskii
et al. ~o More recently, Evans et al. "have found

HST». = 300 kQe at Sb' ' nuclei in Sb-substituted fer-
rites. Streever and Uriano have found H~H~ —-20
kQe at Ga nuclei in gallium-substituted garnets.
Goldanskii et a/. have shown that the direction of
the hyperfine field at Sn" nuclei in B sites is par-
allel to the magnetic moment of the A-site ions. '
Since H»» is also dependent on the kind of near-
est-neighbor eations, it probably can explain the
experimental results in CoFe~O, and MnFeg, at
0 K.

The supertransferred hyyerfine field is caused by
the overlap distortions of the central (B) cation s
orbitals by the ligand orbitals which have been un-
paired by transfer into unoccupied 3d orbitals of the
neighboring (A) catlons. The expressions to be de-
rived for H»» here are different from those ob-
tained by Simanek et al. 8 in that the Fe(B)-0-Fe(A)
bond angle is 126', and the transfer into the iron
4s orbitals has been taken into account. The inclu-
sion of the 4s orbitals results in normalization con-
stants for the molecular orbitals which are much
smaller than 1, so that the approximations made in
Ref. 8 are no longer valid.

To obtain H»„v(B) we consider a central B-site
ion surrounded by six oxygen ions each of which has
an A-site nearest neighbor as shown in Fig. 1. In
order to obtain the correct normalization constants
1t 1s 1mportant to treat the problem 1n this way
rather than considering only the Fe(B)-0-Fe(A)
bond Rnd multiplying this result by the number of
such bonds. The prob'lem then is to orthogonalize
the 8-site ygs orbitals to the ligand orbitals mhich
will hRve sonle unpRlxed spin density beeRuse of
transfer to unoccupied A-site iron 3& orbitals.
Taking the z axis to lie along the Fe(B)-0 direction,
the linear combination of ligand p orbitals which can
combine with the Fe(B) ns orbitals is

An electx'on in such an orbital can transfer into an
orbital made up of the sum of the six surrounding
A-site Sd orbitals. Taking now the Fe(A)-0 direc-
tion as the g direction Rnd considering only o-tyye
binding, the proper combination of Fe(A) 3 dorbitals
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overlap and transfer involving 0~ 1s and 2s elec-
trons have been neglected.

The supertransferred hyperfine field is mainly a
result of different values for the normalization
constants N' and N'. If we take S„',=8„',=8„', and
a4', =a4,'=a4, and similarly for the ns orbitals Q„,
= P„',= P„„we find that the net change in spin den-
sity at the Fe(8) nucleus is given by

(
X'(0) [

'-
)
X'(0) [

' = 6 [N" N"-]

x -& S'..4.,(0)+ '.0,(0)

Using the expressions for N' and N', we get

0 oxpgen lons
~ A-site iron ion

B-site iron ion

FIG. 1. Central B-site iron ion in a spinel structure
surrounded by the six nearest oxygen ions and the six
nearest A-site iron ions.

is
6

t,t ~ 1 6 I/2 Q dt 1
Y'2 34~ -l

1=1

The molecular orbitals orthogonalized to the Fe(8)
ns orbitals are

3
t t t t
ns~ ns + 's 4 s 4' 43 +

AD ( 2

HsTar(8) = —525 x
g A+(A)N

3 2
—Q S„',$„,(0)+a,g,(0), (3)

where A,'(A) = [8,(A) +S,(A)]~. From here on we
will use the notation (A) and (8) as referring to pa-
rameters corresponding to ions in A. and B sites,
respectively. If we now take N' =N'=N, that is,
neglecting 8, and S, in N in expression (3), we get

3

1 —6 Q S„,+6a4, +12a'I, S4, . (4)

For the H»»(A), the central ion is an A-site-
iron ion surrounded by four oxygen ions. The z
axis now lies along the Fe(A)-0 direction. The
linear combination of ligand p orbitals that can
combine with the Fe(A) ns orbitals is

3

X =N 4 —Z S„',y„', +s4, y4, Sq', -

where

3

a=i

N' = 1 —g S„',+a', + 2a', S' -S
n=i

p„, and $4, are the 8-site s orbitals, and

S„',"= ~6 S„',"= v 6 (p',"
~

(f&'„,"),
a4,"= &6a4,' "= &6x (transfer integral p,- p4,),

S-(p, ~d~, » „2)=(p, .~d„.a,a) cos8=S, cos8 .

y is the transfer integral p, -d3, .2 „2or with y
=B,cos8, and B, is the p, .-d„.2 „2 transfer inte-
gral. We have taken the B-site spin up and the A-
site spin down; g bonding with the A.-site ions and

An electron in such an orbital can transfer into an
orbital constructed from the 12 surrounding B-site
orbitals; each oxygen ion is surrounded by three
8-site iron ions. With the Fe(8)-0 direction as the
z direction, the combination of Fe(8) 3d orbitalsis

12
12 I/8 g ds, i

2 3cg ~t'
5~1

The molecular orbitals orthogonalized to the Fe(A)
ns orbitals are

3

X N gl +S Q +s4 (j)4 S+2
n=i

3

II'I —~ Snslns+&4s 0'4 +yea
n=l

Note that the B-site ion has spin up and the A-site
ion spin down. Here

S,=~4S' =~4(p. le..&,

a4, =v 4 a4, ,



F. VAN DER WOUDE AND G. A. SAWATZKY

HSTHF(B) = 525 x g N —Q S„',g„,(0) +a'„$4,(0)

S,'=cos&S, =8 'i S, = 2 'i~(p, . id„, a 2) .
So, S= S, and also y = B,. The normalization con-
stants are

3 1
(N') = 1 —Z S'„~+aq, +2a 4S 4+2B~S, +B,

With the same approximation as for Hs»r(B), we
find that

H»»(A) = —525 x 4A,'(B)N4

3

x —Z S„',Q„,(0) ta', Q,(0), (5)

where

3 1

N = 1 —4 Z S„~2+4a4~+ 8a ~S4,
tt=a

The general expression for H»sr(B) when more
than one kind of A-site ion is involved, assuming
that the contributions of the A-site ions to Ha»r(B)
are additive, is

Hs»p(B). = 525

x ,'N —Z —S' y„,(0)+a',y, (0)

x Q C,A, (A,), (6)

where g is the number of A-site nearest neighbors
and C& is a, constant which depends on the number
of electrons in the 3d shells. For example, C = —1
for Mn ', Fe", and Co" and C = 0 for diamagnetic
ions. The supertransferred hyperfine field from
the nearest-neighbor B cations has been neglected,
because the B-B superchange interaction is usually
considerably smaller than the A -B interaction. For
example, the Neel temperature of ZnFe+4 was found
to be only 10 'K. Superexchange is usually thought
of as a transfer from the d orbital of one ion to the
d orbital of another ion, taking into account the en-
ergies involved in such a transfer, while the d or-
bital of one ion and the various s orbitals of the
other ion are involved in producing HSTHF effects.
So both effects depend on the spin transfer from
one metal ion to another via the liganls, and we
expect that HST» and the superexchange will be-
have, at least qualitively, in the same way.

For the ferrites discussed in this paper there
are only two kinds of A-site ions, so that

x[IC&A,(A&)+(Z -f)C2A2(A2)], (V)

where the subscripts 1 and 2 refer to the two dif-
ferent kinds of A-site ions and I is the number of
A-site nearest neighbors of type 1. An additional
assumption made in Eqs. (4) and (5) is that (Pl/„, )
is independent of the kind of A-site nearest neigh-
bor. This is not obvious, because an increase in
(pl Q„,) is expected with decreasing lattice param-
eter and, consequently, an increase in 11sT„~.
Litster and Benedek have measured the pressure
dependence of the hyperfine fields at Fe'7 nuclei in
A and 8 sites in yttrium iron garnet (YIG)." They
found that the hyperfine fields at A- and B-site
nuclei are nearly independent of the lattice param-
eters. However, it is possible that other covalency
effects cancel at least in part the expected change
in H»aF. However, in our studies of CoFe+4 and
MnFe204, we measure the influence of the kind of
A-site surroundings on the 8-site hyperfine field
in the same material. For these cases, we expect
that (p l P„,(0)) is nearly constant.

Equation (V) shows directly how the hyperfine
field at a B-site nucleus depends on the kind of A-
site nearest neighbors. If the A-site nearest neigh-
bors of type 1 are diamagnetic, then C1=0, and the
decrease in tBSTHpj and IHb qI is

3 -2
N —Z S„,p„,(0)+a4,$4,(0) CEA, (A~) (8)

n=1

for each ion of type 2 replaced by a diamagnetic
ion. In a material with a concentration x of dia-
magnetic ions in A sites, the Mossbauer spectra
will, even at 0 'K, be composed of 6(Z+1) lines,
with relative intensities of the (Z+1) spectra given
by

P(n) =c (1-x)"x6",6
n

where n is the number of diamagnetic nearest
neighbors. In NMR studies of ZnP1i, „Fe204 the
average B-site hyperfine field was found to decrease
by 30 kOe at 77'Kin going from x=0 to x=0.3.
Extrapolating this result to 0 'K, we obtain a de-
crease in H», (B) of 12 kOe for every Fe A-site ion
replaced by a Zn ion. This yields a field of 483
k0e for x =1 in good agreement with a field of 485
kOe measured in ZnFe+4. The total contribution
to H8»F(B), if all the A-site ions are Fe" ions as
in NiFe+4, is then V2 kOe. A decrease in the aver-
age hyperfine field at low temperature with in-
creasing diamagnetic substitution has also been ob-
served in Ga2Fes.„M„O&, where M refers to Ga" or
Sc ' ions, and also in Ga-substituted garnets. '

For CoFe&04 and MnFe204 the situation is slightly
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TABLE I. Hyperfine magnetic fields in k0e at an A-

site iron nucleus, a B-site iron nucleus with six nearest-
neighbor A-site iron ions, and the average field at the
B-site iron nuclei in various ferrimagnetic spinels.

H&~(A) Bh~(B, 6nn Fe) (&~g(&))

MgFe204(sc)
MgFe&04(q)
MnFe204
NiFe204
Co Fe&04(sc)
Co Fe204(q)
Lio, 5Fe2, 504
ZnFe204

—500
—509
—512
—515
—511
—511
—518

—537
—540
—550
—665
—545
—550
—545
—557

—530
—525
—520
—655
—541
—536

545
—485

'Obtained by adding Ha TH~ to Hhpf (B).

more complicated, because, in addition to the

Fe(A) ions, also the Co and Mn A-site ions will
contribute to H»»(B). In these materials we ob-
serve at O'K a decrease in H„&(B) of 6+2 and 10+2
kOe for every iron A.-site nearest neighbor replaced
by a manganese or a cobalt i.on, respectively. The
results for MnFe204 are the most suitable for a dis-
cussion in terms of HSTHT;, because here H«p is in-
dependent of the distribution in the A sites. The
average 8-site hyperfine field of 520 kOe in
MnFe204 is consistent with a decrease of 6 kOe for
every A.-site iron nearest neighbor replaced by a
manganese ion. This can be seen by comparing the
measured hyperfine fields in NiFe304 (555 kOe) with
six iron nearest neighbors in the A. sites and

MnFe~04 (520 kOe) with on the average 1.2-iron' and

4. 8-manganese nearest neighbors in the A. sites.
From the results we get A, (M„(A))/A, (Fe(A)) =~&(6 +2)
= 0. 5, meaning that the spin transfer Mn(A)- L is
half of the spin transfer Fe(A)- L This va.lue is
in qualitative agreement with the expected relations
between supertransfer and superexchange. The val-
ue for the ratio of the Mn(A)-Fe(B) to Fe(A)-Fe(B)
superexchange interaction was found to be 0. 66.

From the foregoing discussions it will be clear
that the difference in the average hyperfine fields
{H»,(B)) at a B-site iron nucleus can mainly be at-
tributed to the various neighboring A.-site distribu-
tions of two kinds of ions producing different super-
transferred hyperfine fields. The hyperfine fields
in various ferrites are shown in Table I. The
spread in (H„„(B))is rather large, viz. , VQ kOe.

It is also interesting to compare the hyperfine fields
B(Fe nn) at Fe in B sites with only iron A-site
nearest neighbors. For Li0 5Fe2 504, CoFe204, and

NiFe204 these are directly obtained from measure-
ments, and for MnFe204, MgFe204, and ZnFe204
by extrapolating experimental results. The spread
in Hh„(B, Fe nn) is about 20 kOe, which may be due
to differences in dipolar fields and to differences in
lattice parameters which will affect II„,.

A similar detailed study as for 8-site nuclei has
not been possible for Fe nuclei in A. sites. The
A-site lines certainly show a broadening for example
in CoFe~04, MnFe204, and NiFe~04 of 0. 2 mm/sec
and in MgFe304 of 0. 4 mm/sec corresponding to a
distribution in the hyperfine field of 10 and 20 kOe,
respectively. The broadening in MgFe204 is also
temperature dependent. However, the spectra
showed no structure in the A-site lines and there-
fore could not be analyzed inorder toobtain at0 K
the distribution of hyperfine fields caused by differ-
ent 8-site surroundings.

In Table I are also listed the average A-site hy-
perfine fields (H„„(A)) in various ferrites. It seems
that these fields are not very sensitive to the kind
of 8-site nearest neighbors. However, we can ob-
tain an estimate for HeT„r(A) from these results.
The A-site iron in Lio,Fez,04, MgFe204(cl), and

MgFe204 (sc) have on the average 9, V. 5, and 6. V

nearest-neighbor iron 8-site ions, respectively,
where q indicates quenched and sc slowly cooled.
If H»„~ is the supertransferred hyperfine field
due to one iron 8-site nearest neighbor, then
for n neighbors the total transferred field HST„r (A)
=nHeT»(A). The result is that HeT„~(A) = 8+ 8 kOe;
this can be compared with H8T»(B) = 12 kOe per
iron A.-site nearest neighbor in NiFe204, which has
approximately the same lattice parameter as
Li0 5Fe2 5O4 and MKFe204.

Differences in hyperfine fields in ferrites cannot
be explained in detail, because the relative
strengths of some of the contributing interactions
are not known. We have only considered the Fe(B)-
Fe(A) interaction, which is not always justified.
This can be shown by a result obtained by Morel
in NiFe204. From the temperature dependences of
the magnetization curves, he found that the Ni(B)-
Fe(A) superexchange interaction was also antiferro-
magnetic and with approximately the same strength

TABLE Il. Overlap integrals for the two Fe-0 distances in a ferrimagnetic spinel. The symbols used are defined in
the text.

Distance

Fe(A)-0
1.89k
Fe(B)-0
z.os'

0.015 59

0.010 195

0.015 70

0.010 267

0.071 91

0.062 36

0.302 84

0.292 76

0.708.48-

. 0.575 55

ZSfLg

. 0.70$ 2.5

0.571 67
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TABLE III. The spin admixture (A~2) and the spin
transfer (B~2) parameters for iron ions in A and B sites
for various values of the 4s transfer integrals a42(B) and
a42(A), respectively.

a42 0.00 0.02 0.03 0.04

&yQL) 0 ~ 195 0 ~ 218 0 ~ 228

B~Q) 0.137 0.156 0.164

A (B) 0.088 0.086 0.088

B (B) 0.055 0.053 0.055

0.100.06 0.08

0. 239 0.260 0.279 0.298

0. 174 0.192 0.208 0.225

0.090 0.095 0.100 0.105

0.056 0.060 0.064 0.068

as the Fe(B)-Fe(A) superexchange. So not only B-
site iron ions but also B-site nickel ions and prob-
ably also B-site manganese or copper ions will con-
tribute to the hyperfine magnetic field at an A.-site
iron ion nucleus.

From the experimentally determined supertrans-
ferred hyperfine fields I~sr(B) = 72 kOe for sixiron
A-site nearest neighbors and H»„r(A) =96 for 12
iron 8-site nearest neighbors, we can obtain the
"covalency parameters" A, (A) and A, (B) from Eqs.
(3) and (5). The various overlap integrals S„,and

S, and related parameters have been calculated for
oxygen-iron distances of 2. 03 and 1.89 A using
Watson's spin-polarized Fe" ns '7 and oxygen 2P
wave functions. ' The $4, values were obtained
using Clementi's iron wave functions' for the
configurations M 4s . The results are given in
Table II. Because the transfer integrals a4, are not
known, we have listedin Table IIIA~ and A~(B) as
determined from Eqs. (3) and (5) for several values
of a4, . The occupation of the 4s orbitals is given
by (N" + N")a24„so that a4, (A) = 0. 08 and a'„'(B)= 0. 03
correspond to 4s occupations of 0. 33 and 0. 21 for
the A. and B sites, respectively. These are the val-
ues suggested by Simanek and Sroubek and result
in A, (B)= 0. 100 and A~(A) = 0. 228. In Fig. 2 is
shown the dependence of H»» on a4, for two differ-
ent values of $4,(0), namely, that determined from
Clementi's wave functions and that used by Walker
et aE. ' We notice that H~„F for both the A and B
sites does not depend strongly on the 4s occupation
because of the strong dependence of the normaliza-
tion constants on a'4, . This means that the determin-
ation of A, (A) and A, (B) is not very sensitive. to what
we take for the 4s occupation. So also other pro-
cesses like the direct Sd to 4s transfer, which we
have neglected, should have a minor influence on
the supertransferred hyperfine fields. It should be
noted that treating the problem as a cluster of an
iron ion plus surrounding oxygen ions results in
covalency parameters which are a factor of 2 to 3
larger than from an independent-bond treatment.
The reason for this is that the transfer into the un-
occupied iron 4s orbitals reduces the overlap con-
tribution of 1s, 2s, and 3s orbitals because of the

-80

-70
tb
O

c -60
~~
Nl

t„-50
X:

-40-

-110-

~ -100

90

~ -80
I-

-70

0.0 0.1 0.2

4s -occupation

0.3 0.4 0.5

FIG. 2. Hs&HF (A) by 12 nearest B-site Fe ' ions and
Hs&HF (B) by six nearest 4-site Fe ' ions as a function of
the 4s occupation. 1 and 2 have been calculated using
@4 (0) from Hefs. 21 and 19, respectively.

removal of oxygen 2P electrons of the corresponding
symmetry. In the cluster calculation, such as we
have done here, there are only two electrons in the
correct linear combination of oxygen 2P orbitals
with nonzero overlap with the central iron s wave
functions. On the other hand, in the independent-
bond model one considers that there are essentially
12 electrons in the oxygen 2p orbitals which can
combine with the s orbitals of iron ions in octahe-
dral sites. These two approaches, therefore, lead
to diff erent normalization constants. In expressions
(3) and (5) the constant N = 0. 3, while in the inde-
pendent-bond model N is usually taken to be 1.

From Table III we see that the iron ions in the A
sites are considerably more covalent than those in
the 8 sites. In fact, the transfer of oxygen 2P elec-
trons into the empty 3d orbitals of Fe(A) is three
times larger than the transfer of 2P electrons into
the 3d orbitals of Fe(B).

In this paper we have shown that the spread in hy-
perfine fields in A and B sites in the various fer-
rites is largely due to different supertransferred
hyperfine fields. From the experimentally deter-
mined supertransferred hyperfine fields, we have
found the parameters A, (A) and A, (B) which are a
measure of the degree of admixture of the 2p ligand
and 3d iron wave functions. The supertransferred
hyperfine fields are found to be quite insensitive to
the degree of 4s occupation. Further, it is inter-
esting to note that the occupations of the 4s orbitals
for Fe in ~ and B sites, as suggested by Simanek
and Sroubek, yield a ratio a4, (A)/a4, (B)= 2. 7 which
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is rather close to the ratio of the transfer into M
orbitals, namely, &,(A)/&, (8)= 2. 6. This is what
one would expect qualitatively considering only the
Fe-0 distances.

In a subsequent publication we will discuss the
difference in the A.- and 8-site hyperfine fields in
ferrites and garnets as mell as Fe ' hyperfine fields
measured in other compounds.
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Parquet diagrams are used to self-consistently include vertex corrections to the paxamag-
non propagator in the Suhl model of local-moment formation. The equations are solved nu-
merically in an approximation valid at high temperatures. Cuxie-law behavior for the self-
consistent, susceptibility is not found; instead the susceptibility varies xoughly as T 2~3. A
conserving approximation to the susceptibility based on the parquet-diagram approximation
for the mass operator is also investigated. This gives a susceptibility which diverges at
finite T. Possible consequences of abandoning the high-temperature approximation are dis-
cussed.

I. INTRODUCTION

Suhl' has developed a model of local-moment
formation based on the Anderson or %'olff' models
in which the strong intra-atomic Coulomb repulsion
between localized d electrons of opposite spin,
broadened by conduction-electron scattering, forms
long-lived spin fluctuations in the localized state.
The lifetime of tPe spin fluctuations, or localized
paramagnons, is much longer than that of the d

electrons themselves. At high temperatures this
leads to a Curie-law susceptibility for the localized
state, and at lower temperatures lnT behavior of
the resistivity, reminiscent of the Kondo effect, ~'~5

is found, though the Kondo temperature and the
Curie constant predicted by this model are much
smaller than is expected. The model requires a
self-consistent calculation of the d-electron prop-
agator, renormalized by paramagnon exchange,
and the paramagnon propagator, which is essential-


