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MnF, has been much investigated as an example
of a substance exhibiting simple antiferromagnetic
behavior. ' At low temperatures the properties of
an antiferromagnet are described in terms of spin-
wave theory. ' ' Measurements of the antiferro-
magnetic resonance"&" of MnF, give evidence for
the existence of an energy gap in the spin-wave
spectrum, and measurements of the fluorine nu-
clear resonance"'" show the temperature varia-
tion of the sublattice magnetization. None of the
reported measurements of the magnetic suscepti-
bility" "of MnF, at low temperatures are suffi-
cient to demonstrate the behavior of the suscepti-
bilities parallel (g ~~) and perpendicular (y~) to
the axis of spin alignment which is predicted by
spin-wave theory. Indeed, it has been suggested"
that interaction with the lattice vibrations may
significantly alter the temperature dependence of

X)) and g
We have made precise measurements of &

J~

and

Z~ of MnF, between 1 and 300'K. The method used
is an adaptation of that used by Arrott and Gold-
man' and is described fully elsewhere. " The
single-crystal specimens were in the form of right
circular cylinders, 0. 76 cm in diameter and about
0. 7 cm long, with the cylinder axis parallel or
perpendicular to the tetragonal axis of the crystal.
A current in a null coil of No. 40 copper wire
wound on the surface of the cylinder serves to
cancel at all exterior points the field produced by
the magnetization of the sample which is in the
uniform magnetic field of a solenoid. The current
through the null coil is varied until no signal is
observed when the sample and null coil are moved
together between two detection coils connected to
a photoelectric galvanometer. The method per-
mits exact correction for demagnetization effects.
A calculated correction of 0. 1f~ is made for the
noncoincidence of the null coil and the surface of
the sample arising from the thickness of the copper
wire. From the mass of the sample, the magnetic
field of the solenoid, the experimentally measured
turn area of the null coil, and the current required
for the null, the magnetic susceptibility may be
calculated. The sensitivity of the method is such
that in the temperature range below 73'K the pre-
cision of the measurements is 0. 05% or 5x10 '
cm mole ', whichever is larger. Considerations
of the accuracy of calibrations of the solenoid field
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FIG. 1. Temperature variation of the perpendicular
magnetic susceptibility (plotted as circles) and the sub-
lattice magnetization (plotted as squares) of MnF&. The
dashed curves are theoretical calculations discussed in
the text.

and turn areas of null coils lead to an estimate
of 0.2$& or 10 ' cm' mole ' for the absolute prob-
able error.

At 1'K, g~ is 0.02524+ 0. 00005 cm' mole '.
The change between 1 and 4. 2'K is less than 0. 1'Po,'

but above 4. 2'K, Xz decreases more rapidly,
dropping by 1.9 /q to a minimum near 45'K.
then increases, reaching a broad maximum near
69'K, where the susceptibility is 0. 3% larger
than its value at 1 K, and then decreases mono-
tonically as the temperature rises. The drop in

yz, which has not been observed previously, was
predicted by Kubo' in his "second approximation"
spin-wave calculation. Ziman, on the other hand,
predicted that g~ should be strictly independent
of temperature. In Fig. 1 are shown our meas-
ured values of g& in the temperature range 1-
20. 4'K. Also shown are curves calculated from
Kubo's formula and from a semiempirical method
used by Kanamori and Tachiki. " These authors
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used experimental values of the magnetic heat
capacity" and sublattice magnetization" of MnF„
together with relations between these quantities
and X given by spin-wave theory, to calculate
the temperature variation of X&. The agreement
of our measurements with this semiempirical
calculation is good. Also shown in Fig. 1 is the
temperature variation of the sublattice magneti-
zation as determined experimentally by Jaccarino
and Walker. " The sublattice magnetization drops
much more rapidly with increasing temperature
than does Xz.

The Hamiltonian for the exchange interactions
is H=-2gZ S'S . Let J2 be the interaction be-
tween a Mn++ atom on one sublattice and its
eight neighbors (z, =8) on the opposite sublattice,
and J, be the interaction between an atom and its
two neighbors (z, =2) on the same sublattice.
The perpendicular susceptibility at very low

temperatures is given by spin-wave theory (first
part of reference 3) as

X =1''P'(1- 0. 112S '}(4z,lZ, ! +2K} '

and the antiferromagnetic resonance frequency,
v, by (hv)'=2Ng'P'KS'(X~) '. Here Kis the anisot-
ropy constant; S = '-, and g = 2. 00 for Mn++; and
the other symbols have their usual meaning. By
use of our value for X& at 1'K and the low-temper-
ature antiferromagnetic resonance frequency, v

=2. 146 x10 sec, measured by Johnson and
Nethercot, "one calculates for MnF„J, =-1.76k
and K = 0. 212k. Eisele and Keffer' have written
Kubo's' expression for the parallel susceptibility
in the convenient form

=';xg2p2(ar)'(z isis)-'x(r/r ).

The factor X(r/r& ), which goes exponentially to
zero at low temperatures, arises because the ani-
sotropy introduces an energy gap, kT&&, in the
spin-wave spectrum. X l

then drops below the T'
dependence which it would have in the absence of
anisotropy. At 1.16'K the measured parallel sus-
ceptibility of MnF, is diamagnetic, X

~~

= —(1.5 ~ 1.0)
x 10 ' cm' mole '. The estimated diamagnetic con-
tribution to the susceptibility is -3.8x10 5 cm-
mole, and there is a negligible contribution,
0.2x10 ' T ' cm mole ', from the nuclear para-
magnetism. The remaining contributio~ to X II

3
1.1'K, about 2x10 ' cm' mole ', is ascribed to
the Van Vleck temperature-independent paramag-
netism. In order to correct for the diamagnetism
and temperature-independent paramagnetism we
have subtracted from the observed parallel sus-
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FIG. 2. Comparison of the parallel magnetic suscepti-
bility of MnF2 with spin-wave calculations (see text).

ceptibilities the value at 1.16'K. In Fig. 2 are
plotted the measured values of X IIx10'+16 divided
by T'. The half-height of the vertical lines drawn
through the points in the helium temperature range
corresponds to the estimated precision of 0. 5
x10 ' cm' mole '. The solid line in Fig. 2 is
X IT

' calculated from the Eisele and Keffer for-
II

mula' with 8J,=-14.1k, determined from X, and

T&F = 12.54 K. From the Noel temperature of
67'K one calculates, in the molecular field approxi-
mation, ' zJ= 8J,- 2J, = -11.5 k. The dashed curve
in Fig. 2 is SHIIT

' calculated from the Eisele and
Keffer formula with z I Jl =11.5k and T~E =12.54 K.
The antiferromagnetic resonance measurements" ~"
show that Tgg decreases with rising temperature.
If one uses the observed temperature-dependent
values of T~F in the Eisele and Keffer formula,
the curves in Fig. 2 are raised by one percent at
20'K and 0. 5O/0 at 14'K.

The observed behavior of X IIT
' corresponds to

that predicted by spin-wave theory and is evidence
for the existence of an energy gap in the spin-wave
spectrum. In order to obtain quantitative agree-
ment, the value of z I JI determined from Xz must
be decreased by about 20'fq. Kanamori and Tachi-
ki'0 have found a similar reduction of z I J I is
necessary in order to fit the sublattice magnetiza-
tion measurements" to a spin-wave calculation.
The necessary reduction in z I J I would be obtained
with an antiferromagnetic interaction between neigh-
bors on the same sublattice, J, = -1.3 k. From our
susceptibility data extending to room temperature,
we estimate that the limiting high-temperature val-
ue of the Weiss constant for MnF, is 8 =82'K. The
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value calculated from molecular field theory with

J, = 0 and J,= -1.76 k is 82'K, whereas with J,
=-1.3k and J,=-l. 76k a 8 value of 97'K is ob-
tained. From paramagnetic resonance measure-
ments on dilute solid solutions of MnF, in ZnF„
Owen, Brown, Coles, and Stevenson" have con-
cluded that J, is ferromagnetic and equal to (0. 2

+ 0. 1)k which within experimental error is con-
sistent with our limiting Weiss 6 but not with the
value of J, =-1.3k inferred from the low-tempera-
ture values of y~~. The reason for this discrepancy
is not clear.
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The purpose of this Letter is to present a new

approach to the problem of ferromagnetism in a
metal. A correlated wave function for the elec-
trons in the 3d band is proposed as approxima-
tion to the ground state. The expectation value
of the energy is evaluated by diagram techniques.
The simplest example of a face-centered cubic
structure (whose density-of-states curve is
parabolic at the bottom and has a, peak at the
top) is discussed. Under these assumptions
the arguments show that the ferromagnetic state
is lower if the band is nearly full, whereas the
nonmagnetic state has the lower energy if the
band is nearly empty.

The main attempt so far to explain ferromag-
netism in metals is based on the collective elec-

tron theory of ferromagnetism, ' in which both
the magnetic and the nonmagnetic ground states
are assumed to be antisymmetrized products of
Bloch functions. The expectation value of the
energy in the nonmagnetic state contains a large
term which is due to the repulsion of two elec-
trons of opposite spin at the same lattice site.
Slater, in particular, pointed out that this term
should be reduced by considering correlated
wave functions before the effects of exchange
are discussed. The collective electron theory
fails especially in the limit of large spacing be-
tween the lattice sites, a situation comparable
to that of the relatively tight 3d levels in the
transition metals.

The present model is an attempt to deal with


