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The ground-state splitting observed here is
the first observation of a multihole effect for
valence-electron acceptor impurities in semi-
conductors. This same explanation would also
predict a splitting of the excited states of neu-
tral group-I acceptors in silicon and germani-
um. A weak line should appear on the high-
energy side of each "normal" transition. Such
satellites would be very difficult to observe
against the background of stronger "normal"
transitions.
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Two mechanisms are reported for the change in hyperfine field at the site of a magnet-
ic ion brought about by the presence of neighboring magnetic ions: transfer of a 3d elec-
tron from the neighboring ion to the 4s level of ion in question, and orthogonalization of
the antibqnding orbitals of the surrounding cations to the inner s cores of the magnetic
ion. The total s-state admixture from both mechanisms results in an increase in the hy-
perfine field in a simple cubic antiferromagnet over that found in the dilute salt.

Heeger and Houston' first noted an apparent
dependence of the hyperfine field at a given
magnetic cation on the proximity of neighbor-
ing magnetic cations in the manganese spinels.
Such a change can alter the conclusions usual-
ly reached in the determination of the zero-point
reduction of (S) in an antiferromagnet. ' We
report here two mechanisms mhich are respon-
sible for an increase in the hyperfine constant

A in a, simple cubic antiferromagnet upon go-
ing from the dilute magnetic salt to the concen-
trated material. The increase will be shown
to amount to approximately 4% in going from
Nn'+.'KMgF, to KMnF, . Thus, the measurements
of Heeger, Portis, and Witt, ' Witt and Portis,
and Montgomery, Teaney, and Walsh' which
indica, te that AS in Mn'+:KMgF3 is essentially
equal to A(S) in KMnF„ in fact demonstrate



VOLUME 17, NUMBER $ PHYSICAL REVIEW LETTERS 18 JUr.v 1966

a roughly 4% zero-point decrease in (S) in an-
tiferromagnetic KMnF, . A similar result should
obtain for other antiferromagnetic materials.

Mechanism 1.—We adopt the four-electron
model displayed in Fig. 1. An electron is trans-
ferred from the 3dz2 orbital of one Mn'+ ion
to the empty 4s orbital of its neighbor. In the
antiferromagnetic state, the spin of the first
Mn'+ ion is opposite to the second. The trans-
fer Hamiltonian is spin independent, so that
the spin of the electron transferred to the 4s
state is oppositely directed from the 3d spins
of the second atom. This results in an enhance-
ment of the hyperf inc interaction because the
3d electrons give rise to a negative-spin den-
sity at the nucleus due to core polarization,
whereas the 4s electron contributes positively.

Quantitatively, we denote the ground config-
uration by A, the excited configuration by B,
as in Fig. 1. The perturbed ground-state wave
function is written as

A B+a(
where

a = ((A IKIB) (A-IB)(A IK IA))/(E -8 ).

Vfe use the Dirac-Van Vleck-Serber spin-oper-
ator-'expansion technique to evaluate the numer-
ator of (2). We find

(A I K IA) =K -Kl -Kl
AA AA AA

AA AA AA

34 134 13, 24

(A IKIB) =K -K -X +KAB AB AB AB

configuration
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configuration B

M n
F M n

b,(d,.I}

= bp~pz} bg(4s t }

We use Watson's' wave functions for Mn'+ and

F, and Rimmer's~ wave function for Mn+(4s)
to evaluate (4). We find a =3x10, which leads
to a net increase of the hyperfine field (after
summing over the contribution from the six 'an-

tiparallel nearest Mn'+ neighbors) of

=+12.7 kG.
hyp

Mechanism 2.—The second important contri-
bution to lhtIhyp arises from the orthogonaliza-
tion of the antibonding orbitals of the surround-
ing cations to the inner 1s, 2s, and 3s core
orbitals. We construct the 0 antibonding mo-
lecular orbital

g, =N(d, -A. P —Pg y ),z' z' o z ns ns'

Fj:G. 1. Orbitals considered in the four-electron mod-
el. Configuration 4 is the ionic configuration. Config-
uration 8 is the excited configuration corresponding to
a transfer of a dz2 orbital of a Mn ion to the 4s orbi-
tal of the nearest neighboring Mn ion.

where

AB AB AB
134 143 13, 24

AA
K =(Pa a a a IKla a a a ),

where y„s are the 1s, 2s, and 3s core orbitals
of the Mn'+ ion for which ~h is to be calcu-yp
lated. The orthogonality requirement between

gz2 and yn~ gives

= d, ly )-z (P ly ).I"ns z yns 0 z ~'ns (7)

K =(Pa a a a IKlblb2b b ).AB
P

Denoting the overlap integrals by

S =(a, la4) = —(a, las), T =(a~ ia~),

S' =(b, ib3), T'=(a, lb,),

we find, to a good degree of approximation,

(K —T'X -K -SS'K )
AB, AA

I I 13 I
(~ -E) (4)

Direct computation shows that the first term
in (7) is small compared with the second. De-
fining Sp, ns =(pz lpns), we find

=-A. S
gs O' P~ gs

The cation-cation transfer (mechanism 1) can
be incorporated into the molecular orbital (6)
so that the resulting molecular orbital of one
of the surrounding cations becomes

iI, =&'(d .-~ p -Zu V' +as'
z z' o z ns ns 4s

n
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Table I. Changes in the hyperfine field (in kG) at
Mn2+ site upon going from Mn +:KMgF3 to KMnF3. Di-
agonal terms are given by &Hns, ns = (&s~3)gPsSpns
x (Ipns(0)~, and AH4s 4s =(8w/3)gpsSa

~ q4s(0)~ . Cross
terms are given by»ns, ms =(1«~3)gP.» s( ms& .(o)
x %ms(0) and +Hns, 4s = (&6&~3)gPeSpns&9 ns(0)9 4s(0)
Here n ~m=1, 2, and 3.

gomery, Teaney, and Walshs extrapolate a
value of A = 91.64 ~ 10 cm ' for KMnF, . Thus
the fractional change in the hyperfine field is
about

KMnF,

Term

~&1s, 1s
AH2, ', 2s
AHBs,'3s
++4s, 4s
+&ls, 2s
»1s, 3s
~&2, 3s
~&1s, 4s
~&2, 4s
~&3,4s
&&hyp

Change in
field
(kG)

0.7
3,7

13.3
12.7

3o2
6.1

-14.0
3.4

—7.9
15.0
29.8

This value implies that a four-percent zero-
point spin deviation exists in KMnF„rather
than the nearly zero value which would be ob-
tained by neglecting the effects of the neighbor-
ing magnetic ions as discussed in this Letter.

Note added in proof. —After completing the
manuscript we found that J. Owen and D. R.
Taylor worked on the same problem. They con-
sidered only the diagonal contribution to the
change in hyperfine field arising from the un-
paired spin density in 3s core orbital only.

The main contribution to the contact hyperfine
field comes from the last two terms in Eq. (9).
We use Watson's' free-ion wave functions for
evaluating p„s(0), cp4s(0), and S~ ns. The val-
ue of Xo is related to the 3d-2P covalence where-
as the experimental value fr= 1.2% contains
both 3d-2$ and 4s-2P contributions. By using
the a priori calculations of Hubbard, Rimmer,
and Hopgood, ' we estimate ~~= 0.219.

Summing the contributions from the six inde-
pendent cations, we obtain the final result that
the hyperfine field at a Mn'+ site in KMnF3 ex-
ceeds that in Mn'+:KMgF3 by

or, equivalently,

=+29.8 kG,
hyp

(10)

~ = 4.0 x10 cm

In Table I the diagonal contributions and the
cross terms of different shells are listed. Mont-
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