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The F"hyperfine structure has now been ob-
served in many iron series fluorides' by both
electron paramagnetic resonance' and nuclear
magnetic resonance. ' In a new theoretical in-
vestigation of the origin of this effect we have
found that all previous phenomenological inter-
pretations and theoretical analyses have neg-
lected terms which are important for under-
standing the magnetic interactions and for de-
termining the electron distributions in these
mater ials.

The large internal magnetic fields that have
been found to exist at the nucleus of normally
diamagnetic ions, like F, have been interpreted
as arising from unpaired electron spins in the
fluoride ion orbitals. Since the origin of the un-
pairing lies in the interaction of these electrons
with the Sd magnetic electrons of the iron series
atoms, the experiments have been shown to
yield valuable information about the distribu-
tion of the magnetic electrons and have greatly
increased our understanding of the behavior of
these materials. Very briefly, the theoretical
interpretations of the hfs observations have fol-
lowed several distinct models which describe
the unpairing as being the result of (1) an ad-
mixture of covalent bonding into the purely ionic
configuration'~' (i.e. , the metal ion 3d wave
functions have been augmented by small amounts
of fluorine functions of the proper symmetry),
or (2) the unpairing action of the Pauli principle
(on the wholly ionic configuration) which affects
those fluoride orbitals which have the same spin
as the cation 3d orbital differently from those
orbitals which have opposite spin. ' In either
method the unpaired fluorine s electrons pro-
duce an isotropic hfs (from the contact part of
the Fermi interaction) whereas the 2p electrons
are responsible for the anisotropic interaction.
For lack of space we shall only discuss the iso-
tropic shifts, but our findings are applicable to
a lesser degree to the anisotropic interaction as
well.

In the covalent bonding scheme [(1) above], the

degree of unpairing is measured by the fraction
fs of 2s ligand wave function admixed into the
3d wave function and is given by (S+I), where
S is the overlap integral between the 3d (metal
ion) and the 2s (ligand) wave functions and A, is
the covalent mixing parameter. (In the ionic
model [(2) above], the mixing is determined by
S' (plus several other small terms) and by defin-
ition the degree of covalency A, is zero. ) If the
measurements are interpreted on this basis,
then the degree of covalency ~ is determined
and this important information about the elec-
tron densities has already been put to use in a
variety of ways. '

Let us consider these theories in some detail
now. For simplicity we follow the usual pro-
cedure and reduce the problem to a considera-
tion of the diatomic system, say Mn++-F . The
antibonding molecular orbitals (i.e. , the aug-
mented Mn++ 3d wave functions) may be written
as

C =N[(3 (Mn++) -(S +A.)Q (F )],

where S2s is the overlap integral

*(Mn++)Q (F )dv,
4 29

and the normalization factor is

~=(1+g2 S 2)-»
2s

if $3d and $2s are normalized. (The ionic model
gives a similar result, but with X =0, if one-
electron functions in the Slater determinant are
transformed to an orthogonal set. )

The unpaired, augmented 3d orbital interacts
with the magnetic moment of the nucleus, via
the Fermi contact term, to give an isotropic hfs
which depends on the electron's spin density at
the fluorine nucleus. In general this spin density
is written as being due solely to the fractional
2s admixed into the wave function. It produces
an effective field at the fluorine nucleus which
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is 4z times this spin density, or

H =4wN'(S + X)' i Q (0) I', (3)

H =&"((S2 +X)'lqb2 (0) )'+S 'fQ (0) I'

+2(S + X)S y (0)y (0)}. (5)

(The same terms also occur in the ionic model,
but with A. =O.)

KMnF, will be used to indicate the magnitude
of the effect of using Eq. (5) instead of the usual
Eq. (3). Values for 4n I $&(0) I and Sf (appropri-
ate for an F —Mn++ distance of 3.95 a.u. ) appear
in Table I. These were calculated using re-
cently obtained Hartree-Fock functions for' Mn++

and for' F which we believe to be more exact
Hartree-Fock functions than the ones used in
previous investigations. ' ' The 2s parameters
used here are rather different from the values
[S2s = 0 05 and 4m I $2s(0) I =145 2 a, u 1 used
previously —an indication that such, parametri-
zations will be sensitive to the wave functions
us ed.

Shulman and Knox' have observed an He of
+0.753 a.u. for KMnFS. Setting A. =O and using

Table I. 4x( Qg(0) )
2 for P and overlap integrals,

Sg, appropriate for an F -Mn++ distance of 3.95 a.u.

S = 0. 004531s

8 = 0.06166
28

4~[ y, (0&l'=2672. 6

(0) (
'=1M. 5S

in atomic units (i.e. , 1 a.u. =4.2x10 gauss). No

other terms are included as these are thought to
be of little importance. In particular the unpair-
ing action of the 1s electrons is disregarded on
the grounds that S1~ is much smaller than S2~
(and this is certainly true). On the other hand,
I /is(0) I' is appreciably larger than [$2s(0) )'
and this physical fact has important consequences
which have been overlooked.

Consider the augmented 3d function of Eq. (1)
only augmented by /Is(F ) and limit the cova-
lency to the 2s electrons.

C =(1+~'-S '-S ') ~'
2s 1s

x[g (Mn++) -(S +X)g (F ) -S p (F )],

(4)

and the spin density at the F nucleus due to the
2s and 1s electrons gives an effective field

the parameters of Table I, Eq. (3) predicts an
He of 0.509 a.u. in fair agreement with experi-
ment. The three terms of Eq. (5), however,
are 0.509, 0.055, and -0.334 a.u. , respectively,
yielding an He of 0.230 a.u. in rather poor agree-
ment with experiment. This difference is due
to the large negative cross term —a term which
is always of opposite sign to the other terms
because $2+ has a node and /is does not. We
could instead take the observed He of 0.753 and
solve the equations for ~. Doing this, one ob-
tains A. 's of 0.013 from Eq. (3) and 0.033 from
Eq. (5). Inclusion of the unpairing of the 1s
electrons has altered the estimate of covalency
by a factor of three, while it has increased the
value of (S+X) by 27'fq.

Further, it is clear from Eq. (4) that there
are three other terms which contribute to the
spin density and hence an He at the F nucleus
(these terms also appear in the ionic model via
a different mechanism). While two of these have
been discussed, ' they have, in general, not been
included into covalent analys. es of experiments.
These terms are ) $3d(xp) 1', -2(S2s+A)$3d(xp)
xp28(0) and -2SIs~3d('rp)~Is(0) where ~3d(+F)
is the magnitude of the Mn++ free atom 3d func-
tion evaluated at the F- nucleus. The first of
these is 0.0005 a.u. , the second +0.104 a.u. (with
A. =O), and the last -0.035 a.u. Their sum, 0.069
a.u. , is indeed not negligible since it is 14% of
the result using Eq. (3) and 30% of the result
using Eq. (5).

Thus, a proper treatment of the problem,
either phenomenologically or theoretically, re-
quires the simultaneous inclusion of all the
terms discussed in this Letter. These matters,
the role of exchange polarization, and the ex-
pansion of the cation (and the contraction of the
anion) wave functions will be reported on in a
future paper.
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It has recently been reported'~' that the effective
magnetic field acting at the nuclei of Fe atoms in
ferromagnetic iron has a direction opposite to
that expected for the uncompensated spins of the
electrons in the 3d shell. It has been suggested'
that this fact may be explained by taking into ac-
count the exchange interaction between the d and
inner core s electrons. This. interaction leads
to a difference in the wave functions of the s elec-
trons which have their spins parallel or antipar-
allel to the direction of the uncompensated d-elec-
tron spins. In Fe this results in a contribution
to the magnetic field at the nucleus opposite to
that expected without this effect and presumably
larger than all other contributions to the internal
field.

It is the purpose of this note to report on the
signs of magnetic fields acting at the nuclei of
rare earth ions in rare earth iron garnets. 4 We
have used the technique previously described, '
of measuring the rotation of the angular correla-
tion pattern obtained in 1+ 2+ 0 transitions
in rare earth nuclei in magnetic materials. This
rotation is measured relative to the direction of
a weak magnetizing field applied to the garnet
samples perpendicular to the plane of the two
gamma-ray detectors used to measure the angu-
lar correlation pattern. Because the g factors of
2+ rotational states are known to be positive, the
sign of the internal field is given uniquely by the
sense of rotation. We have measured the sense
of rotation for 2+ 0+ transitions in Sm', Gd'
and Dy"0 following the decay of Eu'~, Eu'~, and
Tb'", respectively, in polycrystalline samples of
rare earth iron garnets. We find positive rota-
tions for Sm'~ and Gd" and a negative rotation
for Dy'", where a positive rotation is defined to

be one which would be obtained if the nucleus
were precessing in the applied magnetizing field
alone. These measurements were carried out at
room temperature.

To interpret these results we make use of the
following: (1) The direction of magnetization of
the sample is given by that of the uncompensated
spine, Rye, of the iron sublattices. (This is true
for Eu and Sm iron garnet over the whole temper-
ature range and for Tb and Gd iron garnets above
their compensation temperatures, e.g. , at room
temperature. ' (2) The orbital angular momentum
L of the rare earth ions is not quenched' in the
garnets at room temperature and the relative ori-
entation of L and S is given by Hund's rule. (3)
The spins, S, of the rare earth ions are anti-
ferromagnetically oriented with respect to the
uncompensated spins, SF, of the iron sublat-
tices.

Dy"0: In both the parent Tb('F, ) and the daugh-
ter Dy('Z»), Hund's rule requires that L and
hence 2 are parallel to 5. Thus, S is oriented op-
posite to SFe and hence opposite to the direction
it alone would possess in the applied magnetizing
field. Hence, we expect a negative rotation if
the internal magnetic field is produced mainly
by the f-shell electrons in the rare earth ion.
This prediction agrees with experiment. [To
check our picture we have also measured the
sign of rotation of the Dy'" below the compensa-
tion temperature of the host Tb crystal. In this
case we predict and find a positive rotation. ]

Sm'~: Because Sm('H, ~) has less than a half-
filled shell, Hund's rule requires that L be anti-
parallel to S and hence parallel to SFe. Since

) L l & I S I, J is oriented in the direction of SFe,
and we expect a positive rotation. This predic-


