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Neutron Diffraction Studies of Antiferromagnetism in Manganous Fluoride
and Some Isomorphous Compounds*
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Neutron diffraction studies of MnF~, FeF2, CoF2, and NiF2 are reported. At low temperatures each
compound showed the superlattice structure characteristic of antiferromagnetism. The data are accounted
for with a magnetic cell of the same dimension as the chemical unit cell; the moments of the magnetic ions
at the lattice corners being antiparallel to the moments of the body centered ions. The alignment of the
magnetic moments is along the tetragonal axis in all cases except NiF2 where the alignment direction makes
an angle of about 10' relative to the c axis. The intensity of the magnetic scattering as a function of sample
temperature follows a Brillouin curve of the form suggested by Van Vleck. Extrapolating the saturation
data to zero peak intensity gives the Neel temperatures for threshold antiferromagnetism. These are MnF2
—75'K; FeF~—90'K; CoF~ —50'K; NiF2 —83'K..

I. INTRODUCTION

HE work of Shull, Strauser, and Wollan' on a
number of iron group oxides has demonstrated

the fruitful application of neutron di8raction techniques
to studies of magnetism in paramagnetic and anti-
ferromagnetic compounds. In this work the diGraction
of neutrons is used to determine the magnetic behavior
of MnF2, FeF2, CoF2, and NiF2 over a wide range of
temperatures. These compounds are of particular
interest in that (a) they all have the tetragonal crystal
structure of Snos, (b) magnetic susceptibility measure-

ments show that MnF2 and FeF2 are antiferromagnetic,
and (c) considerations of crystal structure make it
likely that at least MnF2 has a magnetic structure much
like the two-sublattice model of antiferromagnetism
discussed by NeeP and Van Vleck. '

The powder magnetic susceptibilities of these com-

pounds have been reported by Bizette and Tsai,4'
Bizette, ' and de Haas, Schultz, and Koolhaas. ~ Accord-

ing to these results MnF2 and FeF2 are antiferro-
magnetic below 72' and 79'K, respectively, whereas

CoF2 and NiF2 appear to be paramagnetic to at least
20'K. GriGel and Stout' have measured the suscepti-
bilities of a single crystal of MnF2 and find the anti-
ferromagnetic moments aligned along the tetrogonal
axis.

*Presented in partial fulfillment of the requirements for the
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II. APPARATUS

The diffraction of neutrons by crystalline powders
has been treated by Wollan and Shull, ' " and their
diffraction apparatus, as well as the results of their
many investigations, have been used throughout this
experiment. The neutron wavelength in this work was
1.212A.

Since both MnF~ and FeF2 were known to have Neel
temperatures near 80'K, it was necessary to have an
apparatus capable of maintaining sample temperatures
well below that of liquid nitrogen. This was accom-
plished with an all metal cryostat employing a nitrogen
cooled jacket and several Boating radiation shields to
reduce the heat inRux to the sample and its coolant
reservoir. - The cryostat was evacuated to about 10 ' mm
Hg by continuous pumping with a small oil diffusion
pump. The capacity of the inner reservoir was about
one liter and at the lowest temperatures the heat leak
was approximately 75 calories per hour. Thus a filling of
hydrogen at 20'K lasted nearly ninety hours, and about
ten hours of operation was obtained from a filling with
liquid helium. The nitrogen reservoir had a capacity of
two liters and a filling lasted for about twenty-four
hours. The sample temperature was taken to be the
mean value read from copper-con stantan thermo-
couples located at the top and bottom of the thin wall
cylindrical sample tube. The thermo couples were
calibrated at several temperatures and referred to
Willihnganz's" calibration for accurate interpolation.

The samples were prepared by Mr. D. E. I.aValle of
this laboratory, following the method of Domonge. "
Because of the initially small apparent densities, all
of the compounds except FeF2 were compressed at
10 000 psi and then ground into a fine powder before
being loaded into the sample tube. Although the
samples were prepared completely dry, in every case a

E. O. Wollan and C. G. Shull, Phys. Rev. 73, 830 (1948).' E. O. Wollan and C. G. Shull, Nucleonics 3, 8 (1948)."C.G. Shull and E. O. Wollan, Phys. Rev. 81, 527 (1951).
's E. Willihnganz, thesis, Pennsylvania State College (1934),

unpublished.
"H. Domonge, Ann. Chem. Justus Liebigs 7, 225 (1937).
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NEUTRON D I F F RA CTI ON STU D I ES
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y that the moments of the Mn~ ions at the
cell positions be antiparallel to the moments at
This conclusion is confirmed in detail by the

The magnetic structure is thus determined completely
and is as shown in Fig. 4. According to this model the
local environment ot each Mn++ ion is as follows: (1)
two parallel neighbors at 3.31A (along the Co axis);
(2) eight antiparallel at 3.81A; (3) four parallel at
4.87A; (4) eight antiparallel at 6.03A. Although this
lattice can be uniquely divided into two sublattices with
opposing spins, it does not fulfill Van Vleck's' assump-
tion that nearest neighbors be oriented antiparallel.
If, however, the exchange potential is assumed to vary
exponentially with the distance between ions, then the
actual configuration is approximately equivalent to
having four antiparallel neighbors at 3.81A. Within the
limits of this modification it should be permissible to
apply Van Vleck's results to this material.

The direct exchange interaction between two elec-
trons is spherically symmetric and as such cannot
account for the anisotropy or preferred orientation of
the magnetic moments in the lattice. On the other hand,
the magnetic dipole interaction is strongly anisotropic.
Thus, for an aligned dipole interaction between a Mn++
ion and its ten. nearest neighbors, the proposed magnetic
structure is about 3 cm ' (per ion) more stable than the
structure in which the moments are normal to the
tetragonal axis. Kittel" has suggested that even such
relatively small forces, when accompanied by a large
isotropic exchange force, are capable of producing a
large anisotropy fieM. It seems likely that the field
dependence of the magnetic susceptibility below the
Weel temperature, as shown in the results of Sizette
and Tsai, 4 is closely related to the modification in the
directional local field as a result of the superposition of
the dipole and applied magnetic fields.

DiRraction patterns ot the first magnetic peak (100)
have been obtained at several temperatures below the
Keel temperature, as shown in Fig. 5. From these the
crystal structure factors of Fig. 6 are calculated. It
is seen that the peak intensity saturates over a relatively
greater temperature interval than was observed in
MnO by S-S-W.
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FIG. 3. Magnetic form factors for Mn~ and Co++. The solid
curves are obtained from paramagnetic scattering data and the
points are from the low temperature coherent magnetic scattering.
Curve (c) for Mn~ was reported by Shull, Strauser, and Wollan.
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crystal structure factors and peak intensities. These,
together with the complete absence of any intensity
in the (001) re6ection, lead uniquely to a spin align-
ment direction that is parallel to the tetragonal axis.

FxG. 4. Magnetic structure of MnF2 showing the order and
orientation of the Mn++ magnetic moments. The small circles
correspond to fluorine sites.

"C. Kittel, Phys. Rev. 82, 564 (1951).
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Fxo. 6. Temperature dependence of the (100) peak intensity, in terms of the crystal structure factor, for MnFs
and FeF2. The points are 6tted with an appropriate Brillouin saturation curve.

disuse magnetic scattering is shown in Figs. 2 and 3.
The uncertainty of correcting for a small water con-
tamination again makes these data somewhat un-

reliable, but the general features of the diffuse scattering
are the same as those noted in MnF~. The forward
scattering intercept corresponds to a paramagnetic
moment with g= 2.03.

The low temperature magnetic rejections in Fig.
8 have the same relative positions and intensities as in

MnF~ and FeF~. CoF~ is therefore assigned the same
antiferromagnetic structure as the previous Ruorides.

Since susceptibility measurements give no evidence
of antiferromagnetism in this compound, the saturation
of the (100) peak intensity is of special interest in

providing a measure of the Xeel temperature. These
results are given in Fig. 9, showing a best fit for a
Brillouin (S=3/2) saturation with Tsr 50'K. Meas-——
urements made at 47'K suggest the Xeel point is

probably closer to 45'K than 50'K, but coherent peak
data near the magnetic threshold are very diKcult to
analyze.

The T=O intercept of 1.90&(10 "cm' corresponds to
g=2.00, which is rather small compared with the value
from paramagnetic susceptibility measurements, but
consistent with the paramagnetic di6use scattering
result.
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FIG. 7. DiGraction patterns for FeF2 at room temperature and
23'K. The antiferromagnetic peaks occur at the same relative
positions as in MnF2.

Nip&

From the di6raction patterns shown in Fig. 10 it is
seen that NiF~ is antiferromagnetic at 25'K, but not so
at room temperature. The (100), (111),(210), and (201)
magnetic reRections are seen as in MnF& although they
are very much smaller here, and there is additionally a
small peak at the (001) position. It appears therefore
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1 d 1 in which antiferromagnetism
alresults from direct exchange forces; and the therma

d.ependence o e inf the intensity of magnetic scattering
~ ~

seems to be accoun e or w't d for with the Brillouin saturation
curve, obtained by Van Vleck.

The observed antiferromagnetism in CoF2 and NiF2
seemingly cons i u est t t a real contradiction between
neutron dirrraction an md rr t d magnetic susceptibility measure-

~ ~

u d m les. Since the diffraction workments on powuere samp es.
the absence of a magnetic 6eld, and t e e ecis done in e a

of a held on antiferromagnetism is not we, l un
it would be desirable to repeat the susceptibility

k ma etic 6elds to see ifmeasurements in very wea m gn
~ ~ ~

d. In this connection it isthis discrepancy is remove~. n th
interesting to no e at th t the recent measurements y

~ ~ ~

Stout and Matarrese" of the magnetic anisotropy in a
single crysta o o 2 o i1 f C F do indicate an antiferromagnetic
behavior in this compound at low temperatures.

M 0 "which is isomorphousPreliminary studies on Mn02, w ic is
'

'
h the Ruorides reported here, s..owhow that in t iswit e u

d the magnetic structure is mor pre coin lexcompoun
than that of the Auorides. A more detai e piled re ort of
this work will be given later.
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