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The magnetic properties of the antiferromagnetic crystal NiF, are investigated
with a magnetometer with a vibrating sample at temperatures between 4.2 and 80°K
for various magnetic field directions (Hy,,x = 65 kOe). The magnetization compo-
nents perpendicular and parallel to the applied magnetic field are measured. For
T = 4.2°K and H | [100] the usual linear dependence of the magnetic moment is
observed (formula (4)). However, nonlinear growth of M is observed if H is in-
clined at an angle (0 <3 < 45°) to the [100] axis in the (001) plane. At § = 45°
the M(H) curve asymptotically approaches the straight line M = xLlH. This shows
that on increase of H the antiferromagnetic vector L tends to become perpendic-
ular to the field direction. The ‘‘transverse’’ weak ferromagnetism oDl disappears
in this case and a magnetic moment perpendicular to the magnetic field arises, the
‘‘longitudinal’’ weak ferromagnetism op). The magnitudes of the ‘transverse’’ weak
ferromagnetism op) = 169 + 2 cgs cmu/mole and ‘‘longitudinal’’ weak ferromagnetism
opy =57 + 4 cgs cmu/mole are determined. The temperature dependences of op, and
x L are studied. The data near TN indicate that when y, ~ y, a consequence of the
existence of ‘‘longitudinal’’ weak ferromagnetism is that the antiferromagnetic vector
in a field applied along the [110] axis becomes parallel to the magnetic field.

1. INTRODUCTION

The theory of weak ferromagnetism in antiferromag-
nets, developed by Dzyaloshinskii [*»?] considers two
models of the appearance of weak ferromagnetism. In
the first model, the weak ferromagnetism is the result
of the tilting of the magnetization vectors of the sub-
lattices of the antiferromagnets (‘4ransverse’’ weak
ferromagnetism - op J.) and in the second the weak
ferromagnetism is a consequence of the inequality of
the sublattice magnetizations when they are exactly
antiparallel (‘‘longitudinal’’ weak ferromagnetism —
op, ). In all of the hitherto investigated weak ferromag-
nets (rhombohedral structures, orthoferrites, etc.),
transverse weak ferromagnetism is observed. Among
the known antiferromagnets, longitudinal weak ferro-
magnetism is possible in NiF,. This is a tetragonal
crystal (space group Df;h, which goes over below TN
= 73.2°K into an antiferromagnetic state with weak
ferromagnetismt®l,

According to Dzyaloshinskii [?}, expansion of the
thermodynamic potential in terms of the components of
the magnetization vector M and the unit antiferromag-
netism vector A = L/|L| for a crystal with NiF, sym-
metry is given by

@ = 20} + [.BM? + [:bM.E — e(AM, + AM.) +:D(AM)?
—2d(AM)AA, + /gAA,* — MH.

(1)

Neutron-diffraction datal®! show that the vector L in
NiF: is perpendicular to the fourfold axis. In this case,
as shown by Dzyaloshinskii, two magnetic structures
can exist in the absence of a magnetic field. In the

first (Fig. 1a), the antiferromagnetic vector L is
directed along one of the binary axes [100] or [010], and
the magnetization vector M is directed respectively
along the axis [010] or [100], i.e., it is perpendicular

to L, and

M=o0p, =y, Hp,=¢/B. (2)

In the second structure (Fig. 1b), the vectors L and
M are parallel to each other and are directed along one
of the bisector axes [110] or [110]. Here
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M = ooy = xHpy = (e+d) /| (B+D). (3)

The static and resonant properties of NiF, were
investigated experimentally and theoretically(?®], The
results of these investigations indicate that if the mag-
netic field is applied along the [010] axis, then the first
magnetic structure is realized starting already with
relatively weak fields; this structure seems to be in
equilibrium also in the absence of a magnetic field.
Then

M=c6,, +y.H x.=1/B (4)

It is obvious that if a sufficiently strong external
magnetic field is applied in the [110] direction, then the
antiferromagnetic vector L will tend to become per-
pendicular to the field and turn through an angle
¢ =-7/4 (or ¢ = 3n/4) from the [100] axis (see Fig. 1c).
Minimization of the potential (1) leads to the following
equation, which connects the angle ¢ with the magnetic
field applied along [110]:

(cos @ — sin @) {4[x. Haz® + */sx Hp.* — oy,Hp,*] sin 2 (cos ¢ + sin @)
+ 2-"[6p, — 205y + 3(0p, — Opy) sin 2¢]H -
+ (1 =y / 1) B (cos @ + sin @)} =0; ()
Has*=Bg, xy=1/(B+D), Hpy—=e+d.

The magnetization of the crystal along the field is then
expressed by

® Ni**

a b ¢

FIG. 1. Crystal lattice and possible magnetic states of NiF,.
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M, =2"[6p, — (ob, — Gp)) sin 2¢](cos ¢ + sin @)
+ ey HI (A + 5y /%) — (4 — /%) sin 2¢].
As ¢ — 71/4 (or ¢ — 371/4) we get M, = y H.

(6)

From the minimum of (1) we can also determine the
crystal-magnetization component in a direction perpen-
dicular to the field applied along [110]:

M, =2"[0p, + (60, — Ooy) sin 2¢] (cos ¢ — sin @)
+ Y H(1 — %,/ %) cos 2¢.

Thus, if a ‘‘longitudinal’’ weak ferromagnetism op
exists in the substance, it should contribute to the mag-
netization in the direction perpendicular to the applied
field. As ¢ — m/4(or ¢ — 37/4), as seen from (7), we
have M; = oD

(7)

At the given constants that enter in the thermody-
namic potential, and at the given value of the magnetic
field H i [110], that state of the crystal which corre-
sponds to the minimum of the thermodynamic potential
(1) is realized. In terms of the new notation, formula
(1) becomes

o= —I/Z)C_J_H:u2 + [X¢Hmsz + ‘IZXJ_HDJ.Z - ‘/zX"HDuz]Sinz 2(P
—2-"%g, H(cos ¢ + sin ¢) + 2" [6p, — 0p,]H (cos ¢ + sin ¢) sin 2¢ (1a)
—Yex (4 + 3 [ %) + x HP (1 — [ x.) sin 2¢.

The purpose of the present study was to investigate
the rotation of the vectors of the antiferromagnetic sub-
lattices in NiF, under the influence of the field and to
observe the ‘‘longitudinal’’ weak ferromagnetism.

2. APPARATUS AND SAMPLES

The magnetic properties of single-crystal NiF,
were investigated with a modified Foner magnetometer
with a vibrating sample in magnetic fields up to 65 kOe
and in the temperature interval from 4.2 to 80°K. To
measure the magnetization of the sample, both in the
direction of the magnetic field and perpendicular to it,
we used two pairs of measuring coils, L1 and L2, the
axes of which were parallel to the direction of motion
of the sample (see Fig. 2). Sample 1 vibrated on holder
2, which was coupled to an electrodynamic vibrating
system. The vibration frequency was v = 73 Hz, and the
vibration amplitude was ~1 mm. The sample, together
with the holder and the vibrating system, could be
rotated about the vertical axis relative to the system of
the superconducting coils producing the magnetic field
and relative to the measuring coils. To produce tem-
peratures intermediate between 4.2 and 80°K, a rod 3 of
single-crystal quartz having good thermal conductivity
was glued between the sample and the holder. A heater
was wound around the rod, and a thermocouple of iron-
doped gold and chromel was glued to the rod. The sam-
ple was placed in vacuum jacket 4 together with the
holder and the vibrating system.

[10]

Lz FIG. 2. Schematic diagram
of the arrangement of the
measuring coils L, and L, in the
instrument: 1—sample, 2—holder,

T 3—quartz rod, 4—vacuum jacket.
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The signal from the measuring coil L1, or L2, which
was proportional respectively to the projection of the
magnetization of the sample on the direction parallel to
the magnetic field (M) and perpendicular to it (M),
was fed to a tuned amplifier and then through a synchro-
nous detector to the Y coordinate of a two-coordinate
potentiometer. The signal applied to the X coordinate
of this potentiometer was proportional to the current
through the superconducting solenoid.

In fields exceeding 6 kOe, the dependence of the
magnetic field on the current in the superconducting
coils was linear with accuracy better than 1%. The
solenoid was calibrated with the aid of a Hall pickup
adapted to operate at helium temperatures Y. In fields
weaker than 6 kOe it is necessary to take into account
the hysteresis of the superconducting coils due to the
‘“frozen-in’’ annular currents. To this end, calibration
curves of the magnetization of single-crystal MnF,
(H L [001]) were plotted as functions of the current in
the superconducting coils (M = x;H). The residual
field at zero current in our solenoid was 200 Oe. The
magnetometer was also calibrated with the aid of an
MnF, single crystal by measuring its magnetization in
strong fields.

NiF, samples in the form of nearly-cubic parallele-
pipeds with dimension ~1 mm were cut from single
crystals grown by S. V. Petrov. The samples were
oriented with an x-ray goniometer. The accuracy of
sample orientation was ~2—3°.

3. MEASUREMENT RESULTS

A. Temperature T = 4,2 K

Figure 3 shows the dependence of the magnetic mo-
ment of NiF, on the field at H i1 [001] and H i [010]. In
the former case this dependence is given by

M=y,H, y.'=(59+01)-10- cgs emu/mole

In the latter case, in fields exceeding 4—5 kOe, we have

M=0,, +y.H, o5, —169+2 cgs emu/mole
x. = (6.2 %0.1) -10-* cgs emu/mole

In all the succeeding measurements, the sample was
mounted in such a way that the [001] axis was parallel
to the suspension, and the magnetic field was always in
the basal plane and could be directed at an arbitrary
angle ¢ relative to the [010] axis.

To study the mechanism of magnetization reversal
in relatively weak fields, we investigated the field de-
pendences of the magnetic moments M and M, parallel
and perpendicular to the field, respectively, for differ-

cgs emu/mole
4p Z

Joo
200
100

FIG. 3. Plots of M(H) at H [001] (line 1) and H I [010] (curve 2);
T=4.2°K.
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FIG. 4. Plots of M (H) and M) (H) in the course of reversal of the
crystal magnetization (the arrows indicate the direction of the mag-
netization reversal): a, b—y = 0, c—y = 20°.

ent field directions. Figure 4a shows a plot of M, (H)
for y = 0°, We see that within the accuracy of our
measurements (~20-40 Oe), approximately half of the
ferromagnetic moment is reversed jumpwise when the
sign of the field is reversed. Complete saturation sets
in at field strength 5—6 kOe. Figure 4b shows the be-
havior of M; .

It should be noted that the sign of the moment M, in
these measurements depended on the sign of y relative
to the [010] axis. A change of a fraction of a degree in
¥, in either direction relative to y =0, always yielded
a hysteresis cycle of the same time that differed only
in the sign of M|, or, equivalently, in the circuiting
direction of the cycle. We did not succeed in establish-
ing intermediate angles y at which a smooth transition
could be observed from one picture to another. When
the field decreased from a value exceeding 10 kOe, the
direction of M} always coincided with the direction of
the projection of the magnetic field on the [100] axis.
This was confirmed in experiment with an angle -y
=20°. Inthis case (see Fig. 4c), in not too strong a
field H > 0, the magnetization is directed along the
[010] axis and its projection on the direction of the
perpendicular coils is directed downward (Fig. 4c).
This direction was taken by us to be the positive direc-
tion of M. When the field decreased to zero, as seen
from Fig. 4c, M) becomes negative, i.e., as stated
above, it is directed to the same side as the projection
of the field on the [100] axis. We note that at  ~ 0 the
value of M) is also close to half the total magnetic
moment of the sample.

We proceed now to describe the results obtained in
strong magnetic fields. Figure 5a shows plots of M;(H)
for different angles y between the direction of the mag-
netic field and the [010] axis. It is seen from the figure
that when the angle y is varied the character of the
magnetization curves in strong fields is altered. With
increasing angle y, the relation M, = o' + x'H ceases
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FIG. S. Plots of M| (H) and M (H) against the angle Y between the
magnetic field H and the [010] axis.

to hold, and the rhagnetization begins to increase in
nonlinear fashion. There is also a significant change in
the initial section of the magnetization curve, namely,
the region of sharp increase of the magnetization in
weak fields disappears.

It should be indicated that the value of the magnetic
moment ¢’ measured at different angles i becomes
equal, as H — 0, to the projection of the spontaneous
magnetic moment, fixed on the [010] axis, on the direc-
tion of the field and of the measuring coils. At -y
= 45° we have ¢’ = 27Y%0p,, where op, is the total
magnetic moment at y = 0. Figure 5b shows plots of
M, (H) for different angles y. At y =0 in strong fields
we have M) = 0. With increasing angle 3, the values
of M, increase. The spontaneous magnetic moment ¢’
then increases like the projection of the total spontane-
ous magnetic moment on the axis perpendicular to H.
Starting with angles —j = 40°, the values of M) in the
strong field practically coincide, but the initial sections
of the magnetization curves are strongly stretched out
along the field, so that at —y = 44° the merging with the
curve for - = 40° is reached in a field ~65 kOe. At
-y = 45°, M) is close to zero in the entire range of
strong fields. At i > 45°, the sign of M) is reversed,
and on the whole-all the curves for the corresponding
angles 90° —y are symmetrical images of the curves
for the angles i, with the sign reversed.

B. The Temperature Range 4,2—80 K

In the wide range of temperatures from 4.2 to 80°K,
we investigated the functions M, (H) and M, (H) for
different angles . Figure 6 shows plots of M (H) for
a number of temperatures. The character of the M, (H)
dependence for ¥ = 0 (H il [010]) remains the same at
all temperatures, and by reducing curves of this type,
plotted at different temperatures, we obtained the tem-
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FIG. 6. Plots of M| (H) and M| (H) against the temperature for two
directions of the field, H Il [010] and H |l [110] (the corresponding
axes are marked on the curves).
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FIG. 7. Temperature dependences of op (T) and x| (T) at H I [010]
and o'(T) and x'(T) at H I [110]. The dashed curve shows the dependence
of op 1 (D vV/2/2, corresponding to a model wherein the spontaneous mag-
netic moment aDJ_(T) is fixed on the [010] axis.

80 T°K

perature dependences op,(T) and x;(T) shown in
Fig. 7. The magnetic susceptibility changes little in the
entire range of temperatures, with the exception of the
vicinity of the temperature TN = 73.3°K, at which a
sharp maximum of the susceptibility is observed. The
spontaneous moment gp N vanishes at the same tem-
perature.

The M (H) curves for y = 45° (H 1| [110]) experi-
ence a significant change in form in the temperature
region near 50°K, In weak fields, there appear on the
curves sections in which the magnetization increases
rapidly, similar to the effect observed on the M, (H)
curves at y = 0. This is followed by a rather large sec-
tion where the magnetization increases linearly with the
field. The region of nonlinear growth of the magnetiza-
tion with increasing temperature shifts towards
stronger mangetic fields. The values of the spontaneous
magnetic moment ¢', measured at angles ; different
from zero (the method of determining ¢’ is given below)
become larger than the corresponding value of the pro-
jection of the spontaneous magnetic moment fixed along
the [010] axis (see Fig. 7). Starting with a temperature
~72°K the magnetization curves plotted at different
angles y practically coincide.
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Figure 7 also shows the values of ¢'(T)and y'(T)
obtained by reducing the linear sections of the M (T)
curves for y = 45° at temperatures higher than 50°K.
The values of ¢ for temperatures below 50°K, shown
in this plot, are directly the values of M(H) for
¥ =45 at H = 0. No anisotropy of the magnetic suscep-
tibility was observed in the (001) plane at temperatures
above Ty.

Figure 6 also shows plots of M, (H) at y = 40°
(““Hu [110)’) at different temperatures. It is seen
from the figure that at temperatures above 50°K the
character of these curves also changes. In weak fields,
an appreciable decrease takes place in the spontaneous
magnetic moment ¢j. Its magnitude becomes smaller
than the projection of the magnetic moment on this
direction (if the magnetic moment is fixed on the [010]
axis), corresponding to the given temperature, and the
contribution to M; is determined in the main by the
magnetic susceptibility. At T > 71°K, the M, (H) signal
drops to zero. At T =~ 72°K, the moment M, (H)is
close to zero at all angles  and at all values of the
magnetic field H.

4. DISCUSSION OF RESULTS

1. In agreement with the earlier studies, we have
found that if the magnetic field is applied along the
axes [010] and [001], then NiF: exhibits the character-._
istic properties of an antiferromagnet with weak ferro-
magnetism. The values obtained by us for XI’ XL, and
oD, coincide within the limits of error with the values

obtained int®"! (see the table below). From these values
we can obtain the effective exchange field Hg = 1170

+ 20 kOe and the Dzyaloshinskil field HD; = 27.2

+ 0.2 kOe.

2. From an examination of the results shown in
Figs. 4 and 5 we can draw the following conclusions
concerning the picture of magnetization reversal in
NiF,. In the absence of a magnetic field, the sample is
broken up into domains of four types, with spontaneous
magnetizations directed along the perpendicular binary
axes [100], [010] and [100], [010].

If the magnetic field H is applied along the [010]
axis (in practice the accuracy of orientation of H rela-
tive to the crystallographic axes is ~1°), then the
crystal goes over in relatively weak fields (~20 Oe)
into a two-domain state, with mutually perpendicular
spontaneous magnetizations directed along the axes
[100] and [010] or [100] and [010] (the direction of the
magnetization perpendicular to the magnetic field, [100]
or [iOO], depends on the sign of the angle between H
and the [010] axis). The summary volumes of the do-
main regions of each sort are equal in magnitude. With
further increase of the magnetic field, the crystal goes
over into a single-domain state with spontaneous mag-
netization along the magnetic field in fields ~7 kOe.

On the other hand, if the magnetic field is applied
along the [110] axis, then the crystal, going over in
weak fields (~100 Oe) into a two-domain state with
equal magnetizations directed along the axes [100] and
[010], remains in this state at all values of the magnetic
field, inasmuch as in this case the two domains have
equal energies in the magnetic field. If the magnetic
field is directed at a certain angle y (for example,
¥ = 20° - Fig. 4c), then magnetization gives rise to a
change in the sign of M}, thus confirming the fact that
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FIG. 8. Plot of M|(H) at H | [010] (curve 1) and at H (1101
(curve 2) and dependence of My(H) at H I [110] (angle ¢ = 40°)
(curve 3). The dashed lines are plots of M ||(H) in the following
limiting states: curve 1—according to (8), when the antiferromagnetic
vector L is fixed on the [100] axis, curve 5—M = x| H, when L L H.

in weak fields the crystal is broken up into two mutually
perpendicular domains, the magnetization projections of
which on the axis of the perpendicular coils are oppo-
sitely directed. At angles -3 close to 45°, i.e., when
the direction of the magnetic field is close to the [110]
axis, the magnetization reversal to the one-domain
state takes place in stronger fields, for example, at

-3 = 40° (Fig. 5b) the crystal is in a single-domain
state only in fields exceeding ~10 kOe.

For the theoretical estimates, we shall henceforth
discuss the results for M at —y = 45° and for M, at
-3 = 40 and 42°,

3. Figure 8 shows plots of M (H)at H 11[010] and
H || [110]. The figure also shows a plot of

Mn = 2_‘/101); + l/2XJ;I'I (8)

which describes the course of the magnetization for the
model wherein the spontaneous magnetic moment at

H 1 [110] is fixed on the [010] axis. It is seen from the
figure that the straight line plotted in accordance with
this formula does not agree with the experimental
curve. With increasing magnetic field, the differential
magnetic susceptibility y’ increases in comparison
with y1/2, and in a field of 65 kOe we have y'/y) = 0.9
+ 0.04; on the other hand, the projection of the quasi-
spontaneous magnetic moment o', intercepted by the
tangent to the M) (H) curve on the ordinate axis, de-
creases with increasing magnetic field, and at H = 65
kOe we have the ratio ¢'/oD; =0.30 + 0.02. Figure 8
also shows the line M;; = y, H along which the magneti-
zation should vary if L 1 H. We see that thé experi-
mental magnetization curve comes close to this line.

On the basis of these data and the data given in Sec.
3, we can conclude that at H i [010], and at arbitrary H
directions in weak fields, the spontaneous magnetic
moment is directed along the [010] axis, while the anti-
ferromagnetic vector L is directed along the [100]
axis. With increasing magnetic field at H I [110], the
antiferromagnetic vector L tends to rotate perpendicu-
lar to the direction of the magnetic field, and then the
spontaneous magnetic moment due to the transverse
weak ferromagnetism vanishes. The same Fig. 8 shows
the experimental plot of M} (H) at y = 40°. It is seen
from the figure that in strong magnetic fields the ex-
perimental curve deviates from the line (8). However,
the deviation of the experimental curve is much
smaller than the one expected as a result of the devia-
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tion of L in the absence of a parallel weak ferromag-
netism.

From a comparison of the experimental M, (H) and
M, (H) curves we can draw the qualitative conclusion
that a ““longitudinal’’ weak ferromagnetism exists in
NiF.. Indeed, taking (6) and (7) into account and
neglecting the value of y; (relative to y,), we can esti-
mate from the ratio y'/y, (Fig. 8) the angle ¢ between
L and the [100] axis (¢ ~ 22°) and the contribution of
the paramagnetic moment y, H to M, (H) correspond-
ing to this angle. Further if it is assumed that there is
no longitudinal weak ferromagnetism, then the spon-
taneous magnetic moment is always perpendicular to the
antiferromagnetic vector. From the ratio ¢'/oD, we
can then estimate the contribution made to my(H) by
the projection Obj.’ The point A in Fig. 8 marks the
value of M; at H = 65 kOe that could be expected on the
basis of estimates made in this manner. We see that
the assumption that there is no ‘‘longitudinal’’ weak
ferromagnetism does not agree with the values obtained
by us for M; and M, in strong fields. We see also that
the contribution of the ‘‘longitudinal’’ weak ferromag-
netism amounts to ~20% of the observed total magnetic
moment.

4, For a quantitative comparison of the obtained ex-
perimental curves with theory it is necessary to obtain
the theoretical dependence of M;(H) and M, (H) for the
case when the magnetic field is directed along the [110]
axis. To this end it is necessary to solve Eq. (5), to
find the ¢(H) dependence, and to substitute it in formu-
las (6) and (7). By varying the parameters HAE, y,
and Hp we must find their optimal values, those which
give the best agreement with the experimental M (H)
and M, (H) curves. However, the performance of such a
program is exceedingly complicated and does not make
it possible to determine the indicated parameters
uniquely. We have therefore used additional data on
antiferromagnetic resonance (AFMR) in NiF,, as ob-
tained by Richards!®],

In the case of NiF,, the AFMR frequencies cannot be
calculated by the usual method in which the Landau-
Lifshitz equation is used for the magnetic sublattices,
since the condition A M = const, which is needed to be
able to write down the Landau-Lifshitz equations, is not
satisfied in the case of oscillations of the vectors A
and M. This is seen from the expression obtained by
minimizing (1)

——— AA A ——. 9)

Turov!® has proposed a phenomological model in
which this difficulty is circumvented in the following
manner. The Dzyaloshinskil thermodynamic potential
is written not for the magnetic but for the spin mechani-
cal moments 1 and m:

N=0—L)/L, m=1+L)/I,

where Ij is the vector of the mechanical moments of
the sublattices, and I, is its absolute magnitude. It was
proposed that the vectors | and m satisfy the condi-
tions 1*m =0 and /% + m® = 1, and that their connection
with the magnetic moments be described by g(‘xl” ten-

sors that take into account the local symmetry of the
magnetic Ni** ions in each of the two sublattices

(i =1, 2). For the components of the magnetization
vector M, this connection takes the following form:
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M. = Mngl(mx+ Tl,,), M,= Mg, (m,+ i), M, = Mngumb (10)

Here 7 =gxy/g, and M, = uBlo (1B is the Bohr mag-
neton).

Taking the foregoing into account, the thermody-
namic potential takes the form

O =1/l + o Am® + /30" m? — q(Lm,+ Im,) + Yo flEL?

x H, H
- (m.+ 1) — —L_(m,+ tl,) — ——m,.
8xMo v gan( vt k) g.M, "

Introducing in place of Jx and [, the angle ¢ of the
rotation of the vector 1 away from the [100] axis and
minimizing the potential for the case H 1 [010], Turov
obtained for the magnetization a formula that coincides
with (4), where

0o, =Mog,(g/ A+ 1), 3. =g, M/ A4, (12)

and an expression for the longitudinal weak ferromag-
netism, which is connected with the anisotropy of the
tensors ga 8 of the magnetic ions of different sublattices:
(13)
For the frequency of the lower AFMR branch in NiF,,
Turov!®! obtained the following expression:

(@ /1) =8[Has* + Vo (Ho, — H:)?] + H* + H(5H,, — 4H.);

H.=<A, Hp, =q+ 14, H.’=Af.

M = op; = Mg, .

(14)

We have minimized the potential (11) for the case
H | [110] and obtained the following expression connect-
ing the angle ¢ with the applied field:

(cos ¢ —sin @) {4[x, Has* + /2y, (Hp, — H:)*]sin 2¢(cos @ + sin ¢)
+2-"[0p, — 205 + 3(6p, — Opy)sin 21 H + Y/ox, H*(cos ¢ +sin @)} =0

(15)
and expressions for the magnetization components

M, =2"[6p, — (00, — 0p)sin 2¢] (cos @ + sin @) + Yoy H — Yox H sin 2¢,

(16)
M, =2"[op, + (00, — Opy) sin 2¢] (cos ¢ — sin @) + */;x. H cos 2¢.
’ (17)
The thermodynamic potential (11) as a function of the
angle of the rotation of the antiferromagnetic vector 1
away from the [100] axis takes in this case the form

=Yy Hp,* + [x Ha* + /oxo (Hp, — H.)*]sin® 2¢
—2-"g,, H (cos @ + sin @) +2-"[05, — 05| H (cos ¢ + sin @)sin 2¢ (11a)
—1ax H*(1 — sin 2¢).

We note that formulas (16) and (17) coincide with formu-
las (6) and (7) if we put in the latter y, =0 (out if we
assume at the same time that y ,HD, = op, ). However,
the expressions for the anisotropy energy in the thermo--
dynamic potentials (1a) and (11a), and also in (5) and
(15), are different. :

Comparing formulas (15) and (14), we see that the
expression in the brackets in the first term of Eq. (15)
is equal to half the square of the gap in the AFMR
spectrum. In the subsequent calculations we used the
gap value obtained by Richards!®!, namely 3.3 + 0.05
cm™ at T = 4.2°K; when recalculated in terms of a g-
factor equal to 2, this corresponds to a squared mag-
netic field 160 kOe®,

For different values of Q = (op, - oD )/op, we used
a computer to determine the plots of go(HS from (15),
and the theoretical plots of M)/op, and M /GDJ_ from
(16) and (17), respectively. Figure 9 shows a compari-
son of the experimental plots of M;/op, and M|/op
against the relative field H/Hp L with the theoreticaIL
plots calculated for different values of Q.
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(1) 1.

s
TN, °K xy e °D [, s He.kOe| HD 1, | H.. kOe

cgs emu/mole | C8s emu/mole :’fnu/molc E kOe N Source
73,2+0,1 — 175 £ 10* — — — — [3]
= — h — — o272 ] 981 (5]
73,3+0,1 6,55 + 0,3 172+ 5 — 1210 26,3 — [6]
— 6,02 + 0,05 |161,5 + 0,3 69 + 4 1130 26,6 | 11,3+0,4 [71

733401 | 62%01 | 169x2 |[57£4 [ 1170 | 27.2 | 9,3+06 Present
work

*Matarrese and Stout[?] cite in their discussion a value op | = 350 cgs emu/mole,
but the experiment results of their paper correspond to op; = 175 + 10 cgs
emu/mole. -

**The value of H; was obtained by reducing the experimental data of Richards[*]"
with the aid of expression (14) for the antiferromagnetic-resonance frequency and
the value Hp| = 27.2 kOe.
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FIG. 9. Comparison of theoretical plots of M||/op and M}/op|
(points) at different parameters Q with the experimental curves.

It is seen from the data obtained that the theoretical
curves agree well with the experimental ones at
Q =0.66 + 0.02. In accordance with the statements
made above, we have therefore assumed that in strong
fields it is possible to compare the experimental M, (H)
curves for y =40 and 42° with the theoretical curve
calculated for i = 45°. The value obtained for Q cor-
responds to the following value of the longitudinal weak
ferromagnetism:

op =57+4 cgs emu/mole

The values of the effective field that cause the trans-
verse and longitudinal weak ferromagnetism are in this
case

Hp, =272+02 kOe, H.=9.3+06 kOe.

A plot of the dependence of the angle of rotation of
the antiferromagnetic vector 1away from the [100]
axis, for values of oD, and oD, obtained by us, is
shown in Fig. 10.

In conclusion, we present a summary of the experi-
mental values of TN, yi, oD, and oD, obtained by dif-
ferent authors (see the table)L.

The somewhat smaller value of oDy, obtained in our
experiments may be due.to the fact that no account was
taken of y; in the comparison of the experimental and
theoretical curves.

In our experiments at H I [110] and H < 12 kOe, we
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H, kOe

FIG. 10. Dependence of
the angle of rotation of the
-1 antiferromagnetic vector L
away from the [100] axis on
the magnetic field H || [110].

-20
[4

observe the linear relation M, (H) = ¢’ + x'H, where

o’ =(0.72 £ 0.01)oD; andx’'=(0.64 + 0.02)y,. Inthe
presented discussion of the results, based on the aniso-
tropy of the g-factor, it was assumed that y; = 0; how-
ever, if we assume that y; = 0, then at H < 12 kOe and
H i [110] we get x' = (xL + x11)/2 (see (6)). Then the
value of y, estimated from the experimental data is

xil = 24% y1; the calculated value of oD is accordingly
increased (oD; =170 + 4 cgs emu/mole, Hp, = 11.4

+ 0.6 kOe) (see (5) and (6)), and the angle of rotation of
the antiferromagnetic vector L away from the [100]
axis decreases with increasing H.

5. We turn now to the results obtained by us at
T > 4.2°K. As seen from Fig. 6, when T approaches
TN, the value of M| measured at i = 40° decreases
continuously and becomes less than 20% of M, even at
T = 65°. This means that at high temperatures the mag-
netization vector assumes a direction almost parallel
to the applied magnetic field. This can easily be under-
stood if it is recognized that at high temperatures, when
L decreases, it is possible to neglect in the thermody-
namic potential (1) all the terms of order higher than
the first in Ly. Then

@ = oBM?* — e(M, cos ¢ + M. sin ¢) — MH. (18)
If the magnetic field is applied at an angle y to the
[010] direction, then we obtain from the minimum of
‘(18)

sin(p — ) =0, M./M,=L,/L.=H.|H, (19)

i.e., M || H, and the antiferromagnetic vector L is
directed at an angle ¢ = 3y to the [100] axis; in this
case

My=e¢/B+H|B, M, =0.

At high temperatures, therefore the magnetic prop-
erties of the crystal should become isotropic in the
basal plane. The magnetization follows the magnetic
field at all times. However, the vector L rotates away
from the direction perpendicular to H at H i [010],
toward the direction parallel to H when H | [110].
Comparing these theoretical conclusions with our re-
sults, we see that a state that is practically fully iso-
tropic with respect to the spontaneous moment is
realized at temperatures 2—2.5° below TN (Tn = 73.3
£ 0.1°K). By applying the field H parallel to [010], we
observe a ‘transverse’’ weak ferromagnetism oD,
and at H |l [110] we observe a ‘‘longitudinal’’ weak
ferromagnetism oDy As seen from Fig. 7,at TN - T
< 2°K we have for the spontaneous moment op, =~ oD

We note that the value of ¢ at T = 72°K is still of
the order of 30% of its value at helium temperatures.
With decreasing temperature, the picture of the rota-
tion of the vector L gradually changes, assuming the
form described in detail above (for T = 4.2°K).

6. In the immediate vicinity of Ty, in accordance
with the existing theory of inducing antiferromagnetic
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ordering by a magnetic field!®), y, passes through a
sharp maximum. The obtained experimental values of
xL in the temperature interval from 69 to 71.5°K are
adequately described by the formula ’

4
= 6.4~10-’(1 -
e T

— ) A =(0.029 + 0.002)° K.

In the temperature interval from 74 to 72°K, the ex-
perimental values are described by the formula

o = 6410~ (1 + ) . B=00610002K.

Tx—T
The numerical values of the constants agree well with
the data of[*®) and confirm, within the limits of the ac-
curacy of our experiment, the conclusions of the
thermodynamic theory (B = 2A).

Thus, we have demonstrated experimentally in this
study that if a magnetic field parallel to the [110] axis
is applied to an NiF: crystal, then the antiferromag-
netism vector L is deflected away from [100] (or [010])
axis, and tends to become perpendicular to the applied
field. In a field H = 65 kOe, the vector L rotates
through an angle ¢ = 20°. A comparison of the obtained
experimental plots of the magnetizations M, (H) paral-
lel to the magnetic field and M (H) perpendicular to
the magnetic field against the magnetic field shows that -
a ‘‘longitudinal’’ weak ferromagnetism exists in NiF,

The calculation of M;(H).and M (H) in the Morija-
Turov model, in which account is taken of the onset of
of weak ferromagnetism as a result of the g-factor
anisotropy, and a comparison of the computer-calcu-
lated curves with the experimental curves made it pos-
sible to determine the values of the transverse (oD N
=169 + 2 cgs emu/mole) and longitudinal (oDII =57
+ 4 cgs emu/mole) weak ferromagnetism.

We have shown that a parallel magnetic susceptibil-
ity (H i L) can exist in NiF,, with a value y; = (1.6
+0.2) x 107 cgs emu/mole. When |, is taken into ac-
count, the longitudinal weak ferromagnetism takes on
the value op = 70 + 4 cgs emu/ mole.

At high temperatures (close to Ty) and at any direc-
tion of the magnetic field, the magnetization vector is
directed along the field and its value is independent of
the angle y between the field and the [100] axis. In this
case, the longitudinal weak ferromagnetism is observed
in the weak fields and is equal in magnitude to the
transverse weak ferromagnetism, in agreement with
Dzyaloshinskii’s theory.

In conclusion, the authors thank P. L. Kapitza for
interest in the work and I. E, Dzyaloshinskii for fruitful
discussions. The authors also thank S. V. Petrov for
growing and providing the NiF, crystals.

f)We used a Ha!l pickup constructed at the Electrotechnical Institute
of the Slovak Academy of Sciences. The authors are grateful to Dr.
Hlasnik for supplying this pickup.
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