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Neutron diffraction studies of MnF,, FeF;, CoF,, and NiF; 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 NiF; where the alignment direction makes
an angle of about 10° relative to the ¢ 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 Néel temperatures for threshold antiferromagnetism. These are MnF,

—75°K; FeF;—90°K; CoF,—50°K; NiF,—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 diffraction techniques
to studies of magnetism in paramagnetic and anti-
ferromagnetic compounds. In this work the diffraction
of neutrons is used to determine the magnetic. behavior
of MnF,, FeF,, CoF,, and NiF, over a wide range of
temperatures. These compounds are of particular
interest in that (a) they all have the tetragonal crystal

structure of SnO., (b) magnetic susceptibility measure- .

ments show that MnF; and FeF; are antiferromagnetic,
and (c) considerations of crystal structure make it
likely that at least MnF; has a magnetic structure much
like the two-sublattice model of antiferromagnetism
discussed by Néel? and Van Vleck.?

The powder magnetic susceptibilities of these com-
pounds have been reported by Bizette and Tsai*®
Bizette,® and de Haas, Schultz, and Koolhaas.” Accord-
ing to these results MnF, and FeF. are antiferro-
magnetic below 72° and 79°K, respectively, whereas
CoF; and NiF; appear to be paramagnetic to at least
20°K. Griffel and Stout® have measured the suscepti-
bilities of a single crystal of MnF, and find the anti-
ferromagnetic moments aligned along the tetrogonal
axis.
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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 FeF; were known to have Néel
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 floating radiation shields to
reduce the heat influx 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-constantan thermo-
couples located at the top and bottom of the thin wall
cylindrical sample tube. The thermocouples were
calibrated at several temperatures and referred to
Willihnganz’s®? calibration for accurate interpolation.

The samples were prepared by Mr. D. E. LaValle of
this laboratory, following the method of Domonge."
Because of the initially small apparent densities, all
of the compounds except FeF; 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
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F1c. 1. Neutron diffraction patterns for MnF; in the para-
magnetic state (295°K) and in the antiferromagnetic state (23°K).
The unit cells for antiferromagnetic and nuclear scattering are
of the same size.

small water content was subsequently inferred from
neutron transmission measurements. The presence of
water does not complicate an analysis of the coherent
scattering, but the angular dependence of the diffuse
scattering from hydrogen makes the analysis of mag-
netic diffuse scattering uncertain.

III. EXPERIMENTAL RESULTS
Man

The powder diffraction patterns from MnF, at room
temperature and 23°K are shown in Fig. 1. The pattern
at 295°K shows the expected nuclear peaks as well as
some angularly dependent magnetic diffuse scattering.
At 23°K the diffuse scattering is considerably reduced,
and several large magnetic reflections are in evidence.

An analysis of the diffuse magnetic scattering in these
patterns, as shown in Fig. 2, indicates that even at
room temperature the magnetic scattering is not entirely
paramagnetic. Similar liquid-like patterns were ob-
served by Shull, Strauser, and Wollan! (S-S-W) and
attributed to a short-range ordering of the ionic mag-
netic moments. An estimate of the forward scattering
from a true paramagnetic lattice is made according to
the dashed line in Fig. 2. The intercept agrees favorably
with the value 1.69 barns/steradian calculated from
the Halpern and Johnson'* (H-J) expression for the
Mntt ion (§=5/2).

As the temperature is reduced and the antiferro-
magnetic order is perfected, the coherent magnetic
scattering should increase with a consequent reduction
in the diffuse magnetic scattering. According to H-J,
however, some diffuse magnetic scattering may persist
even at the lowest temperatures if inelastic collisions
which alter the ionic spin orientation are permitted.
This result is confirmed by Tamor'® who finds that, in

% (. Halpern and M. H. Johnson, Phys. Rev. 55, 898 (1939).
16 S. Tamor, private communication.
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the limiting case where the neutron energy is large
compared with the magnetic energy of an ion in its
local field, the residual diffuse magnetic scattering in
the forward direction should be 1/(S+1) of the para-
magnetic forward scattering. The diffuse magnetic
scattering at 23°K thus seems to be a real effect, and
though its angular dependence is rather unlike the para-
magnetic scattering, the forward intercept agrees nicely
with the value predicted by Tamor.

The magnetic form factor of Mn*+, as obtained from
the extrapolated scattering cross section at 295°K, is
shown in (a), Fig. 3. Also shown (c) is the form factor
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Fic. 2. Diffuse magnetic scattering from MnF; and CoF; at
room temperature and at 23°K. The bump in the high temperature
curves is attributed to a short-range ordering of the magnetic
moments.

obtained by S-S-W. Form factor values consistent with
the observed magnetic peaks in MnO (S-S-W) and
MnF, are shown and curve (b) is drawn as the best
fit to all the magnetic peak data. Because of the un-
certainties in correcting the MnF, for a small amount
of water, it is felt that (a) is too large and that the true
form factor is better described by (b) or (c).

In the low temperature diffraction pattern from
MnF, it is observed that the superlattice magnetic
peaks can be indexed as (100), (111), (210), and (201).
It follows that the magnetic unit cell has the same
dimensions as the chemical unit cell. Furthermore, since
the chemical unit cell contains two Mnt+ ions, it is
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necessary that the moments of the Mntt ions at the
(0, 0, 0) cell positions be antiparallel to the moments at
(3, %, %). This conclusion is confirmed in detail by the
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Fic. 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.

crystal structure factors and peak intensities. These,
together with the complete absence of any intensity
in the (001) reflection, lead uniquely to a spin align-
ment direction that is parallel to the tetragonal axis.

781

The magnetic structure is thus determined completely
and is as shown in Fig. 4. According to this model the
local environment of 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 Mnt++
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 field. It seems likely that the field
dependence of the magnetic susceptibility below the
Néel temperature, as shown in the results of Bizette
and Tsai,* is closely related to the modification in the
directional local field as a result of the superposition of
the dipole and applied magnetic fields.

Diffraction patterns of the first magnetic peak (100)
have been obtained at several temperatures below the
Néel temperature, as shown in Fig. 5. From these the
crystal structure factors of Fig. 6 are calculated. It
isseen that the peak intensity saturates over a relatively
greater temperature interval than was observed in
MnO by S-S-W.

Fic. 4. Magnetic structure of MnF, showing the order and
orientation of the Mn*™* magnetic moments. The small circles
correspond to fluorine sites.

16 C, Kittel, Phys. Rev. 82, 564 (1951).
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Fic. 5. Diffraction patterns for the (100) magnetic reflection in MnF, at several temperatures.

If the antiferromagnetism in MnF, follows that of
Van Vleck’s model, then the thermal dependence of
the magnetic structure factor will be as the square of the
Brillouin function. That is,

Fri?(mag)=0.289X 1072
X[gS{fae W} 2B s*(y) cm?, (1)

Bj(y) is where the Brillouin function for the ionic spin
S, y=3Bs()STn/(S+1)T, f the magnetic form
factor, ¢ the magnitude of the sine of the angle between
the neutron scattering vector and the ionic magnetic
moment, W the Debye-Waller temperature factor, and
¢ an anomalous factor such that the effective magnetic
moment of the ion (for neutron scattering) is gS Bohr
magnetons. Thus, the departure from g=2 is a measure
of the contribution from the unquenched orbital
momentum to the total magnetic moment. In writing
Eq. (1) it is assumed that the results of both H-J and
Van Vleck are yet valid when a small part of the ionic
moment is due to orbital angular momentum, that is
when g is nearly 2. v

A comparison of Eq. (1) with the curve fitted to the
data in Fig. 6, F1o®=5.35Bg(y), gives Txy=75°K and
g=1.99. Both of these values are in good agreement
with susceptibility measurements.

Fng

Neutron diffraction patterns from FeF, at room
temperature and at 23°K are shown,in Fig. 7. Here the

nuclear peaks have quite different relative intensities
as compared with the MnF, pattern. This results from
the iron coherent nuclear scattering amplitude being
large and positive whereas the manganese amplitude is
small and negative.

The analysis of the magnetic diffuse scattering from
FeF, is made unreliable by uncertainties in the water
contamination; the Mn*+ (b) form factor is therefore
used in analyzing the FeF, data.

The magnetic peaks in FeF,are seen to arise from the
same lattice planes as in MnF, and again the (001)
reflection seems to have zero intensity. It is concluded
therefore that the magnetic structure in these two
fluorides is identical.

The crystal structure factors shown in Fig. 6 are
obtained from observations of the (100) peak intensity
at several temperatures below T'y. Since the spin of the
Fet* ion is"2, these data are compared with a Bo2(y)
and a reasonable fit results with Fi0?=4.55B2*(y) and
Tnv=90°K. Comparison with (1) gives g=2.32.

The indicated Néel temperature is about 11° higher
than the temperature of maximum susceptibility. A
departure from the Brillouin behavior would: not be
unexpected in this case since the Fett ion seems to
retain a fair amount of unquenched orbital momentum.

COFz

The room temperature and 23°K diffraction patterns
from CoF; are given in Fig. 8, and the analysis of the
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F1G. 6. Temperature dependence of the (100) peak intensity, in terms of the crystal structure factor, for MnF,
and FeF,. The points are fitted with an appropriate Brillouin saturation curve.

diffuse 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 reflections 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 fluorides.

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 Néel temperature. These
results are given in Fig. 9, showing a best fit for a
Brillouin (S=3/2) saturation with 7'y=350°K. Meas-
urements made at 47°K suggest the Néel point is
probably closer to 45°K than 50°K, but coherent peak
data near the magnetic threshold are very difficult to
analyze.

The T'=0 intercept of 1.90XX 102 cm? corresponds to
£=2.00, which is rather small compared with the value
from paramagnetic susceptibility measurements, but
consistent with the paramagnetic diffuse scattering
result.

NiF,

From the diffraction 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 reflections 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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Fic. 7. Diffraction patterns for FeF; at room temperature and
23°K. The antiferromagnetic peaks occur at the same relative
positions as in MnF,.
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F1c. 8. Diffraction patterns showing the antiferro-
magnetism in CoF; at low temperatures.

that the magnetic cell in NiF, is again identical with
the chemical cell, but the moments are not directed
along the tetragonal axis as in the other fluorides.
Because the magnetic scattering from the Nit* ion
(S=1) is so small as compared to the coherent nuclear
scattering, it is difficult to obtain good measurements
of the peak intensities in this compound. The situation
is further complicated because the orientation as well as
the magnitude of the magnetic moments must be de-
termined in this case.

The saturation of the (100) structure factor, as shown
in Fig. 9, seems to follow the curve Fig?=0.70B:(y)
with Txy=83°K. Now if the moment orientation were
as in MnF,, then from Eq. (1) g=1.78. This value is
certainly too small, confirming the conclusion that the
orientation is different from that in the other fluorides.

The best accounting for these saturation data and
the measured intensities of the other peaks-is obtained
with the Ni** moments aligned at an angle of 10°
relative to the tetragonal axis. Although the powder
diffraction data cannot be interpreted to give more
information than the inclination of the moment
orientation with respect to the ¢ axis, it is to be noted
that this angle corresponds closely to the angle between
the ¢ axis and either of the equivalent F-Ni-F directions.
It therefore seems logical to assume the moments to be
aligned along one of these lines. For this model then,
the (100) structure factor at T=0 gives g=2.04.

An analysis of the paramagnetic diffuse scattering
yields the value g=1.98, and no residual diffuse mag-
netic scattering is detected at low temperatures. Since
the latter effect should amount to only 0.2 barn/
steradian in the forward direction, its absence is not
too surprising.

IV. CONCLUSION

The magnetic structure of the fluorides of Mn, Fe,
Co, and Ni are found to be very similar to that in Van
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Vleck’s simple model in which antiferromagnetism
results from direct exchange forces; and the thermal
dependence of the intensity of magnetic scattering
seems to be accounted for with the Brillouin saturation
curve obtained by Van Vleck.

The observed antiferromagnetism in CoF; and NiF,
seemingly constitutes a real contradiction between
neutron diffraction and magnetic susceptibility measure-
ments on powdered samples. Since the diffraction work
is done in the absence of a magnetic field, and the effect
of a field on antiferromagnetism is not well understood,
it would be desirable to repeat the susceptibility
measurements in very weak magnetic fields to see if
this discrepancy is removed. In this connection it is
interesting to note that the recent measurements by
Stout and Matarrese'” of the magnetic anisotropy in a
single crystal of CoF; do indicate an antiferromagnetic
behavior in this compound at low temperatures.

Preliminary studies on MnO,,'8 which is isomorphous
with the fluorides reported here, show that in this
compound the magnetic structure is more complex
than that of the fluorides. A more detailed report of
this work will be given later.
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ture and at 25°K. The presence of an (001) reflection at 25°K
indicates that the Ni** moments are not aligned along the
tetragonal axis.
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