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The anisotropy of the magnetic properties of CoF, and NiF, single crystals is investigated with an
oscillating-sample magnetometer. The magnetic moment can be measured along three mutually
perpendicular directions at T =4.2 K and at field strengths between 0 and 140 kOe. It has previously been
shown [A.S. Borovik-Romanov, 1962; V. I. Ozhogin, 1965] for CoF, that in the absence of a magnetic field
the antiferromagnetic vector L is parallel to the tetragonal axis [001]. If the magnetic field H || [100], the
antiferromagnetic vector L rotates in the plane (001) with increasing H and a state with transverse weak
ferromagnetism o, arises. The rotation of L occurs in a plane perpendicular to H. It is demonstrated in
the present paper that if H || [110], the rotation of L in weak fields occurs in the (110) plane and in this

case a state arises which possesses weak ferromagnetism op along the antiferromagnetic vector L and
transverse weak ferromagnetism o, 1 L. With increase of the magnetic field strength H, the vector L turns
in a direction perpendicular to H, i.e., to the [010] axis. The NiF, measurements are a continuation of our
previous work [with A. S. Borovik-Romanov and N. M. Kreines, 1973] in the high field range. They
confirm that if H || [110], then on increase of magnetic field strength the antiferromagnetic vector turns
away from the [100] axis to [110]. In this case a state with longitudinal weak ferromagnetism op arises. In
fields of the order of 140 kOe the rotation angle is of the order of 30°. The values of op, and ap for

CoF, and NiF, are determined.

PACS numbers: 75.50.Dd

The theory developed by Dzyaloshinskii [*] for weak
ferromagnetism in antiferromagnets deals with two
models of the onset of the weak ferromagnetism. In the
first model the weak ferromagnetism results from the
shear of the magnetization vectors of the sublattices of
the antiferromagnets—transverse weak ferromagnetism
oDL, and in the second model the weak ferromagnetism
is the consequence of the inequality of the magnetiza-
tions of the sublattices when they are strictly anti-
parallel—‘‘longitudinal’’ weak ferromagnetism op,. In
all the antiferromagnets studied to date (rhombohedral)
structures, orthoferrites, and others), the transverse
weak ferromagnetism op; was observed. From among
the known antiferromagnets, longitudinal weak ferro-
magnetism is possible in the nickel and cobalt fluorides
NiF,; and CoF,.

These fluorides have tetragonal symmetryl') Dy} . In

the antiferromagnetic state of CoF; (TN = 37.7°K)[?*) in
the absence of a magnetic field, the antiferromagnetic
vector L is directed along the tetragonal axis [001], and
there is no weak ferromagnetism. In investigations of
the piezomagnetic effect, Borovik-Romanov!®! was the
first to show that in CoF: there is produced, besides the
piezomagnetic moment perpendicular to the magnetiza-
tion direction of the sublattice and equivalent to the
transverse weak ferromagnetism ¢gp,, also a magnetic
moment parallel to the sublattice magnetization and
equivalent to the longitudinal weak ferromagnetism

oD

In NiF? (TN = 73.2°K)[%®] the antiferromagnetic vec-
tor L lies in a plane perpendicular to the tetragonal
axis, along the twofold axis [100] or [010]; NiF: is then
a weak ferromagnet. Investigation of the weak ferro-
magnetism of NiF, has shown that in weak magnetic
fields and in strong fields H i [010] the antiferromag-
netic vector L |1 [100] and the spontaneous magnetic
moment 0p, is the result of the shear of the magnetic
moments of the sublattices.[®®] Borovik-Romanov,
Kreines, and the author!™®! have established that if
H y [110], then the antiferromagnetic vector L rotates
with increasing H from the [100] axis towards the [110]

898 Sov. Phys.-JETP, Vol. 42, No. 5

axis, which is perpendicular to H; the transverse weak
ferromagnetism op, then vanishes and a longitudinal
weak ferromagnetism op, appears and is parallel to the
antiferromagnetic vector L. The values of the trans-
verse weak ferromagnetism ¢D,, of the transverse
magnetic susceptibility y,, of the longitudinal weak
ferromagnetism oD and of the longitudinal magnetic
susceptibility y, for NiF., which were obtained
earlier!™) are listed in the table. The author has
previously!'®! proposed a theoretical model for the cal-
culations of the antiferromagnetic resonance (AFMR)
frequencies at H 11[010] for NiF: with ¢p; and x taken
into account.

In the case of cobalt fluoride CoF,, Ozhogin('!] has
shown that if a magnetic field H is applied to the tetra-
gonal axis [ 001}, then the antiferromagnetic vector L
is rotated from a state L 11 [001] to a state L L [001].
Further, if H i [100], a state is produced with weak
transverse ferromagnetism op, and with a magnetic
susceptibility y; (the values of op, and y; are given in
the table). On the other hand if H i [110], then a state
with weak ferromagnetism ¢p is also produced, but the
values of the ferromagnetic moment op and of the mag-
netic susceptibility differ from the values op; and y;
at H || [100]. Ozhogin'''! and Foner('?] have determined,
from experiments made at H i [001] (H i L), the value
of the longitudinal magnetic susceptibility y; = (1.1
+ 0.2)x 107° cgs emu/mole, while Gufan et al.l'*]; by
investigating AFMR in CoF; at H | [010] and by means
of a theoretical analysis, have demonstrated the possi-
bility of taking into account the effective field responsi-
ble for ¢p, in the expression for the AFMR frequencies.

The purpose of this work was a continuation of the
investigation of the magnetic properties of NiF: in
strong magnetic fields H up to 140 kOe (a magnetic
field H up to 65 kOe was used in the previous work»*°?),
to study the anisotropy of the magnetic properties of
CoF;, and to assess the possibility of the existence of
longitudinal weak ferromagnetism ¢p; in CoFa.

The experiments were performed with the vibrating-
sample magnetometer! ! of our Institute which made it
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possible to measure the magnetic moment of the sample
along three mutually perpendicular directions at H < 65
kOe, and with the vibrating-sample magnetometer of the
International Laboratory of Low Temperatures and
Magnetic Fields (Wroclaw, Poland) at H < 140 kOe, in
which (Fig. 1) we also used a procedure of measuring
the magnetic moments both parallel to the applied mag-
netic field (M (H) (coils L., Fig. 1), and perpendicular
to it, M| (H) (coils Lg, Fig. 1). The measurements were
made on CoF; single crystals (m ~ 20 mg) and of NiF,
(m ~ 5 mg), grown by S. V. Petrov at our Institute.?
The accuracy with which the magnetic field H was
oriented relative to the crystal axes in the experiments
was 2—3°,

MEASUREMENT RESULTS

Figure 2a shows plots of the magnetic moment M
along the magnetic field for CoF, against the applied
magnetic field H in cases when the field is parallel to
the tetragonal axis [001], H 1| {001], and to the binary
axes [010] and [110]. The figure shows also Ozhogin’s
experimental data.

If the magnetic field H is directed along the tetra-
gonal axis [001] (H < 65 kOe, curve 1 of Fig. 2a), then
the plot of the magnetic moment M, (H) takes the form
M (H) = y,H, where y (see the table) agrees within 5%
with the value obtained by QOzhogin!*!! and Foner!*?!,

If the magnetic field is applied along the binary axis
[010] (curve 2), then at low values of the magnetic fields
H < 40 kOe, a linear relation M;(H) = y}H is observed;
with increasing magnetic field, 40 < H < 126 kOe, the
M, (H) plot becomes nonlinear, and at H > 126 kOe, ac-
cording to Ozhogin,!'! it is described by the expression
M, (H) = ¢D + y1H. The values of yf, op,, and y; ob-
tained in the present study and by Ozhoginl '] and
Foner!**! are listed in the table.

b

If the magnetic field is applied along the binary axis
[110] (curve 3), then in weak fields H < 40 kOe the mag-
net’}& moment is*likewise linear in the field, M, (H)
= x, H, where x1 = (6.2 £ 0,2) x 10 cgs emu/mole coin-
cides within experimental accuracy with the value XI in

:

!
b
H f
; FIG. 1. Arrangement of the meas-
Mk 4 uring coils L, (to measure M| (H) and
mA I L, (to measure M) (H)) relative to the
@ applicd magnetic field H.
Ly
y
Material xl-mﬂ %y 108 °p) X100 Sy Source
6.4=0.2 23202 5300200 1.0£0.2 - [
CoF, { 6.2£0.1 - - 1.1£0.1 - 4]
? 6.3£0.2 26+0.3 5200+200 14£0.2 3700400 Present
‘WOr!
6.55+0.3 172+5 - _ ]
NiF 6.02+£0.05 | 161.5:0.3 B 69+4 o]
2 6.2=0.1 169+0.2 1.2+£0.2 73+4 [719]
6.220.1 169=2 1.2+0.2 7110 Present
work

*The values of x and o are in cgs emu/mole.
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the case of magnetic field applied along the binary axis
[010].

When the orientation of the applied magnetic field is
varied in a plane perpendicular to the tetragonal axis
[001], the dependence of the magnetic moment along the
magnetic field, M; (H) = y}jH, in weak fields H < 40 kOe
remains practically unchanged. When the magnetic field
changes from 40 to 120 kOe, as seen from Fig. 2, a non-
linear M, (H) dependence is observed, and at H > 120
kOe this dependence is described, at the accuracy of our
experiment and when Ozhogin’s datal'!] are used, by the
expression Mj(H) = o} + y*H, where o}y = 3000 + 200
cgs emu/mole and y* = (2.3 £ 0.2) X 107® cgs emu/mole.

Figure 2b shows plots of M| (H) in the (001) plane at
H [010) and at H i[110] (to remagnetize the sample
into a one-domain state, the magnetic field H was in-
clined 5° to the [110] axis). As seen from Fig. 2b, at
H 1 [010] the magnetic moment is M) =0 for all values
of the magnetic field. At H [110] and H > 80 kOe, a
moment M| (H) appears with increasing magnetic field
and varies linearly with the applied magnetic field.

Figure 3 shows plots of the magnetic moment M (H)
in the (001) plane, perpendicular to the applied magnetic
field!*™!, at H < 65 kOe and at different orientations of
the applied magnetic field in this plane. It is seen from
Fig. 3 that with increasing H there appears a magnetic
moment M, (H) that depends nonlinearly on H. At
% =0 (H i [100]) this moment is small. M, (H) increases
with increasing angle  and reaches a maximum at
) =22—23°, With further increase of , the value of
M, (H) decreases, and at y =45 (H 1 [110]), it again be-
comes small, At y > 45° the sign of M| (H)is reversed
and on the whole all the curves for the corresponding
angles 90° — y are duplicates, with the sign reversed, of
the curves for the angles .

cgs emu
mole

M, ,10°

FIG. 2. a) Plot of M| (H) for
CoF,at H || [001] —curve 1,
H | [010] —curve 2, and H || [110]—
curve 3. Solid curves—present re-
sults, O—results of [!']. b) Plots of

Mj (H) atH || [010]—curve | and ”/‘o—r"" ! I . Zl/J
_ 40 10 120 160 0
H I [110]—curve 2. P e’ #5606
jl mole /
2+ 2
7 ! —-/J ! !
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FIG. 3. Dependence of the magnetic moment M| (H) for CoF, with

changing orientation of the applied magnetic field in the (001) plane.
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Figure 4 shows plots of M (H), the magnetic moment
perpendicular to the applied magnetic field, measured
along the tetragonal axis [001] for different orientations
of H in the (001) plane. It is seen from Fig. 4 that if
H || [110] (p = 45°), then M? depends nonlinearly on the
applied magnetic field H, but if H | [010], then the ob-
served value of M? is small.

Figure 5 shows plots of Mf(w) with changing orienta-
tion of H in the (001) plane. It is seen from Fig, 5a that
at H = 10 kOe we have MJZ_(¢) = A sin y; this appears to
be the consequence of the onset of a small magnetic
moment M%(H) due to the inexact orientation of the ap-
plied magnetic field relative to the crystal axes. At
H =50 kOe, a more complicated MZ(y) dependence is
observed. It is seen from Fig. 5b that at H i [110]
maxima of M¥() appear. This form of M%(y) is de-
scribed by the expression

M * () =B sin 2¢ sgn sin P+C sin .

The dashed line in Fig. 5b denotes the function Mf(H)
= B sin 2y sign sin y. It is seen from Fig. 5b that at

Z cgsemu
My mole o
300 /6”: 4
269 |- 60

I T~
100 | g

Sl ..

q 1 20 au

FIG. 4. Dependence of the magnetic moment M % (H) for CoF, with
changing orientation of the applied magnetic field in the (001) plane.
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FIG. 5. Dependence of the magnetic moment MJ_Z of CoF, on the

orientation of H in the (001) plane: a—plot of M| % () at H = 10 kQe,
b--at H = 50 kOQe.
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FIG. 6. Dependence of the magnetic moment M|| (H) of NiF, at
H || [010] (curve 1) and H || [110] (curve 2); plots of M| (H) =
27V2%p + 1/2xH (curve 3) and M}; (H) = x, (H) (curve 4); plot of the
magnetic moment M| (H) at H || [110] (curve 5). Solid curve—present
results, O—data of [?]. The vertical bar on curve 5 indicates the experi-
mental error with allowance for the produced parasitic signals induced
in the measuring coils L, and L, (Fig. 1) when the magnetic field H
is increased.
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H = 50 kOe and H 1 [110] we have M?0 =B = 360 = 30
cgs emu/mole.

Figure 6 shows plots of M (H) for NiF: at H 11[010]
and H 11[110]. The same figure shows the data from
from!"!?), It is seen from the figure that, just as be-
fore!™'°) a nonlinear M (H) dependence is observed at
H [110].

With increasing magnetic field, the experimental
M, (H) dependence (Fig. 6, curve 2), deviates from the
dependence described by the expression M, (H)
=2Y2gDL+ /2y H (curve 3) obtained at H i| [110] under
the assumption that the antiferromagnetic vector L is
directed exactly along the [110] axis, and approaches
asymptotically the linear relation described by the ex-
pression M (H) = y H (curve 4) obtained at H || [110]
under the assumption that the antiferromagnetic vector
L L H. The values of op, and y; are listed in the
table.

Curve 5 of Fig. 6 shows a plot of M, (H) in the (001)
plane at H i [110] (in the experiment, the magnetic
field H was directed at an angle ~5’ to the [110]
axisl”). It is seen from the figure that M, (H) at
H i [110] depends nonlinearly on the applied magnetic
field. With increasing H, the M, (H) dependence devi-
ates from that described by the expressionl”) M, (H)
=2"25p, + /2y H in weak fields (Fig. 6, curve 3). In
strong magnetic fields, M, (H) depends weakly on the
applied magnetic field.

DISCUSSION OF RESULTS

To discuss the experimental results and to compare
them with the theory it is necessary to consider, as was
done int»"*°) the form of the thermodynamic potential
of the tetragonal crystal, with account taken of the ap-
pearance, in the cobalt and nickel fluorides, of invari-
ants that are responsible for the transverse magnetic
susceptibility y,, the transverse weak ferromagnetism
oDL, the longitudinal magnetic susceptibility y;, and the
longitudinal weak ferromagnetism op;. As shown by
Dzyaloshinskii,' ] Such a thermodynamic potential is of
the form

O="/.ay.*+'/.Bm*—e (Y.m,+y,m.) +'/.D (ym)*

(1)
—2d(ym) 1y, +/gyy, —mH.
Here
¢ 1 et+d 1
G,u:?-, X¢:”E, Gn\\:_B_*_Dq X“=m‘ (2)

Under the condition that y, = 0, a longitudinal weak
ferromagnetism op; can appear in CoF,.[»"'%) The
antiferromagnetic vector y = L/|L| then becomes non-
orthogonal to the magnetization vector m:

e+d
Ym=2—— .1, + (3)

Hy

B+D B+D

Let us examine the experimental results obtained
for CoF.. In accord with the earlier studies,!*** it
follows from the experimental results of Figs. 2 and 3
that if the magnetic field H is applied along the [010]
axis, then L is rotated in a plane perpendicular to the
tetragonal axis, and a state with a transverse ferromag-
netism is produced. L rotates is in a plane perpendicu-
lar to H, i.e., in the (010) plane. Minimization of the
thermodynamic potential (1) with respect to m and the
angle 6 between the direction of the antiferromagnetic
vector L and the tetragonal axis [001] leads at H ={010]
to the expressions! '’
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M,(H)=0p, sin 0+y, H, M, (H)=0, M,*(H)=0 (4)

and to an equation for the angle of rotation of the anti-

ferromagnetic vector as a function of the applied mag-
netic field H < He = 125 kOe:

[ (Has®—Hp,*)sin 6—Hp,, H]cos 0=0. (5)

Since L il [001] at H = 0, the constant a in the ex-
pression (1) for the thermodynamic potential is negative,
and Hig = -aB, HD| =e. We then obtain from (4) and
(5) that at 0 < 6 < 7/2

. Hp H 4
0= My(H) =05, -+l (6)
andat § =7/2
sin9=1, M, (H) =0p,ty. I,

where HE = (HAg - HY,)/Hp, is the magnetic field at
which the antiferromagnetic vector L should lie in the
(001) plane with allowance for the nonlinearity of M (H)
at H ~ Hc.

From a comparison of (6) with the experimental plot
of M (H) (curve 2 of Fig. 2) we see that the function
M, (H) = XIH is linear in the applied magnetic field up to
40 kOe, and y1 exceeds y; because of the rotation of
the antiferromagnetic vector and because of ensuing
transverse weak ferromagnetism gp, .[*}*%]

From the value of % and from the op, obtained
from strong-field data we calculated the value Hg
=150 kOe. The onset of a nonlinear M) (H) dependence
with increasing magnetic field above 40 kOe is at-
tributed!*®! to the presence in the thermodynamic poten-
tial (1) of CoF: of a term (74)fy3, which increases the
rotation of the antiferromagnetic vector L when H
comes closer to H¢, and causes the vector L to fall in
the (001) plane at a field He = 125 kOe which is smaller
than HE. At H > He = 125 kOe, the moment is M (H)
=0opL + x1H (see formula (6)). The obtained values of
op; and y, correspond on the effective Dzyaloshinskil
field Hp| =200+ 20 kOe and to an effective exchange
field Hg = 800 + 50 kOe.

At H (1[110] there is also a rotation of the antiferro-
magnetic vector L in a plane perpendicular to the tetra-
gonal axis [001], and this also gives rise to a state with
weak ferromagnetism. This is evidenced by the fact that
X1* > x1. To determine the plane in which the rotation
of the antiferromagnetic vector L begins in weak fields,
it is necessary to compare the obtained experimental
values of M;(H) and M, (H) (Figs. 2 and 3) at H; [010]
and H), [110] with the results of the theoretical cal-
culation of these relations obtained by minimization
of the thermodynamic potential (1).

Minimization of the thermodynamic potential (1) with
respect to m and the angles 6 between the direction of
L and the [001] axis and ¢ between the direction of L
and the [100] axis in the (001) plane for the case
H 1 [110] leads to equations for the rotation angles
¢ (H) and 6 (H) of the antiferromagnetic vector L
which are difficult to solve at all values of the magnetic
field H, and to complicated relations for the magnetic
moments M, (H), M| (H), and Mf(H). It is possible, how-
ever, to carry out the analysis for the case of weak
fields H? «« H.Hp at small values of the rotation angle
6 of the antiferromagnetic vector from the tetragonal
axis [001] and to compare the results with the experi-
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mental data for M, (H) at H 1 [010) and H j [110]—Fig.
2--and for M, (H) when the orientation of the magnetic
field H is varied in the (001) plane—Fig. 3. It will be
shown below that the conclusions of such an analysis are
valid up to fields of the order of 40—50 kOQe.

Neglecting the sin ¢ terms of order higher than the
first in the expressions obtained by minimizing (1) for
¢(H) and 6 (H), we can obtain these equations in the
form

(T ag*~Hp,?) sin 6—2""%H ,, H (sin ¢+cos ¢)

+1/,(1—yy/%.) H (sin p+cos @) sin 00, (")
(cos p—sin @)sin B[ —2-"H,, H

+1/5 (1—yy/x.) H* sin 0 (sin ¢+cos ¢) ] =0.

In these expressions and below, we use the notation
Hpy,=06p,/x,=e, Hp=0n/yy=e+d,
His*=aB, H.z"*=gB,

Hy\'=06,/%,=(e+d)B/(B+D).

Obtaining from the first equation of (7) an expression
for sin 6 and substituting it in the second, we obtain an
equation for the angle ¢ (H) in the form

(sin g—cos @)sin 0] — (Hax"—Hp,*) 1 (Has’—Hp,")
+'/,(1—xy/%.) H* (sin @+cos @) *] ' =0.

From this equation it is seen that the rotation of L
should occur in the (110) plane:

cos p—sin =0, @=mn/4.
The expression for M (H) then takes the form

M, (H)=05_sin 08— (61, —an,) sin’H
~xe (1—xy/%.) H sin® @+y H.

@)

In (8) and in (7) we can neglect in our case the terms
of order higher than the first in H and in sin 6, and it
turns out then that the relation

M, (H) =05, sin 0+, H

and the equation for the rotation of L at H it [110]
(Hag*—Hp,*) sin8—H, H=0

coincide with the M, (H) dependence and with the rota-
tion equation for the case H i [010] (see expressions
(4) and (5)), in agreement with the experimental data for
M, (H) on Fig. 2. It can thus be assumed that in weak
magnetic fields at H i [110] the antiferromagnetic vec-
tor L begins to rotate in the plane (110).

Another confirmation of the conclusion drawn con-
cerning the motion of the vector L is the plot of M ()
shown in Fig, 7 for H = 50 kOe with change of orienta-
tion of the magnetic field in the (001) plane, obtained by
reducing the curves of Fig. 3 (y is the angle between the
field and the [010] axis). It is seen from Fig. 7 that the
M, (i) dependence is well described by the expression
M, () + A sin 4y. The quantity M, () has a maximum
at y =22-23.

The existence of M, (H) at various angles in weak
magnetic field is due to the onset of the magnetic mo-
ment gp; when the antiferromagnetic vector is rotated

My

FIG. 7. Dependence of M) (H) 0
of CoF, at H = 50 kOe on the 200
orientation of H in the (001) 100 ys° 135°
lane. 7 : ¥50°
plan - (7 ;ZM
=200
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in the (001) plane. Minimizing the thermodynamic poten-
tial (1) at arbitrary orientation of H in the (001) plane,
and taking into account in (1), for the sake of simplicity,
besides the invariants of the exchange interaction and
the Dzyaloshinskii interaction, only the anisotropy

fields HAg = aB and Hjp = gB, we can obtain expres-
sions for M| (H) and for the field dependences of the
rotation angles ¢ (H) and 6(H) of the antiferromagnetic
vector L. In this case

M, (H)=(e/B) (y,cos bp—y.sin })
=0p, sin 0 (sin @ cos p—cos @ sin ) ; 9)
00/30=(H ss*—Hp,*) sin0—Hp, (H.sin ¢+H,cos @),

0®/d¢=[— (H.cos p—H, sin ¢) Hp, +H s"* sin® 0 sin 4¢] sin 6=0. (10)

It is seen from these equations that if no account is
taken in (1) of the anisotropy field in the (001) or at
very small rotation angles of L, then the angle y be-
tween the direction of H and the [010] axis is equal to
the angle ¢ between the projection of the vector L on
the (001) plane and the [100] axis: Hx/Hy = yy /vx,

@ =3; in this case M, (H) = 0. (This case was con-
sidered inl*") for CoF: in weak fields H, and in!"! for
NiF; near the transition point TN.)

If the anisotropy field in the (001) plane is taken into
account in (1) in simplified form, then a projection
M, (H) perpendicular to the field H is obtained, and the
expression for it is

H\* Hu
M, (H)=0p, (—) ————(cos @ cos Y+sin @ sin P) sin 4¢. (11)

H'/ Hp H

In the considered region of magnetic fields, H « Hg,
the value of the angle ¢ is close to the value of the
angle y, and expression (11) is confirmed by the ex-
perimental data of Fig. 7, where M, (p) is represented
in the form M, () = A sin 4y. It must be noted, how-
ever, that vanishing of M, (H) at H [110] is possible
also because of the presence of two equivalent (relative
to the magnetic field) domains with transverse weak
ferromagnetism op,!”); however, the fact that the rela-
tion My (H) ~ sin 4y is satisfied confirms qualitatively
the assumption that at H | [110] the rotation of the anti-
ferromagnetic vector L is in the (110) plane. The re-
sults showing that in weak fields at H | [110] the anti-
ferromagnetic vector L rotates in the (110) plane were
obtained in a number of studies.l'?’*8!

By minimizing the thermodynamic potential (1) at
H 1 [110] we can find that when L is rotated in the (110)
plane there is produced along the tetragonal axis [001]
a magnetic moment
M,*(H)=—[0p,—0p,] sin*0 cos B
(12)
—%. (4=x/%.) H sin 6 cos 6.

It is seen from (8) and (12) that when the antiferromag-
netic vector L is rotated in the (110) plane towards the
direction of the applied magnetic field H || [110], there
is produced along this field an additional moment

0p=0p, sin 80— (65, —0p)) sin®6.

Perpendicular to the applied magnetic field, along the
tetragonal axis [001], there is produced a magnetic
moment

Op= — (GDJ__UD\I)sinz 6 cos 6.

The appearance of these magnetic moments corresponds
to the fact that when the antiferromagnetic vector L is
rotated in the (110) plane there is produced perpendicu-
lar to the vector L a transverse weak ferromagnetism
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Op,"=0p, sin 0 cos 0,

and in this case there is produced, parallel to the anti-
ferromagnetic vector L, a longitudinal weak ferromag-
netism

Opy =0py sin® 6.

Let us compare these conclusions with the experi-
mental results shown in Figs. 4 and 5. It is seen from
Fig. 4 that in a magnetic field H i [010] the moment
MZ%(H) is small at all values of H. The deviation of this
quantity from zero is due to the inaccurate orientation
of the magnetic field relative to the (001) plane. The
contribution made to Mf (H) by the inaccurate orienta-
tion of the magnetic field H relative to the (001) plane
can be taken into account in the same manner as inl'°),
by representing M¥(H) at H || [010] in the form M%(H)
= kM|(H), where M (H) is the magnetic moment in the
(001) plane and depends linearly on H (see formula (6)).
Ina field H = 10 kOe, the M7 (H) contribution corre-
sponding to formula (12) can be neglected, since it de-
pends quadratically on the field. The obtained experi-
mental relation M%(p) = A sin  at H = 10 kOe (see Fig.
5a) confirms the assumption made. From the value of
A we can determine k =tan @, where @ is the angle be-
tween the direction of the field and the (001) plane; ex-
periments yield a on the order of 3°. It is seen from
Fig. 5 that this angle lies in the (100) plane.”

The obtained value of k was used to introduce a
correction to the experimental Mf(zp) curve at H =50
kOe. The obtained curve is shown dashed in Fig. 5b. It
is seen from Fig. 5 that M (H) = 0 when H is directed
along [100] or [010], and reaches a maximum Mfo =B
=360 + 30 cgs emu/mole at H i [110].

At H =50 kOe (see Fig. 2) only a small difference
is observed between the values of M at H i1[010] and
H i1 [110], showing that in this field the antiferromag-
netic vector still does not go out of the (110) plane (it
will be shown below that such a rotation begins in fields
H ~ 80 kOe).

With the aid of the obtained value of MZO(H = 50 kOe),
taking into account expression (12) for M%(H), we can
determine the value of the longitudinal weak ferromag-
netism op,. The angle § of rotation of the antiferro-
magnetic vector away from the tetragonal axis [001]
can be determined from the formula sin § = H/HF. The
angle 6 determined in this manner for 50 kOe is equal
to 19° £ 3°. When the values of y; and y listed in the
table are used, the second term in (12) is equal to

s (1—yy/%.0) H sin 0 cos 6=22020 cgs emu/mole.

The value of the first term is then
(0p1—0py) sin® 6 cos 6=140+20 cgs emu/ mole.

Using the value of op, from the table we can determine
the longitudinal weak ferromagnetism: op = 3700 =
400 cgs emu/mole.

The fact that the function MZ%(p) in Fig. 5 takes at
H =50 kOe the form MZ(y) = B sin 29 sgn sin y is ex-
plained by the reversal of the magnetization of the
single crystal when the latter is rotated. If in the
course of the variation of the orientation of the mag-
netic field H in the (001) plane the field were to be
applied strictly in this plane, then the single crystal
would break up at H || [110] into domains that are equiv-
alent relative to the applied magnetic field, with mag-
netic moments
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M, *=(0p,—0py) sin® 0 cos 0—y (1—x,/x.) H sin 6 cos 0,

oppositely directed along the tetragonal axis, with Mf(H)
=0 on the average, However, the presence of an angle

a ~ 3°between the direction of the applied magnetic

field and the (001) plane results in a component of the
magnetic field H along the tetragonal axis h, which
varies like h = ho sin ) when the single crystal is ro-
tated from p = 0to = 360°, and which remagnetizes
the single crystal 1nto a one-domain state. We then

have on Fig. 5b MJ_ =B sin 2y(+1) at 0 <y < 180° and
Ml = B sin 2y(—1) at 180 < y < 360°.

We proceed now to a discussion of the experimental
data in magnetic fields stronger than 50 kOe, at
H | [110] (Fig. 2b). In strong magnetic fields, more
differences are observed between the plots of M;(H) at
H 1 [010] and H i [110]. It is seen from Fig. 2b that
when the magnetic field is increased, H > 70 kOe, a
magnetic moment M, (H) perpendicular to the applied
magnetic field appears and has a nonlinear dependence
on H. From the expressions for the M (H) and M, (H)
dependences we can see that the appearance of M, (H)
at this orientation of the magnetic field is possible only
if with increasing magnetic field H the antiferromag-
netic vector L, rotating away from the [001] axis, goes
out of the (100) plane and begins to rotate towards the
(100) or (010) plane. This gives rise to a state with a
transverse weak ferromagnetism oD| and a magnetic
moment M, (H), equal to the projection of op, on the
[110] direction, appears. As seen from Fig. 2b, such a
rotation of L becomes noticeable at H > 80 kUe From
the expressions for M, (H) and M| (H) and from the
equations of motion of the antiferromagnetic vector L
at arbitrary H it is seen that with further increase of
the magnetic field H the antiferromagnetic vector
should rotate perpendicular to the applied magnetic
field.

Using the obtained y, and opj, y, and op, (see the
table) we can determine for CoF; the values of the ef-
fective fields Hp, =200 + 20 kOe responsible for the
transverse weak ferromagnetism and Hp, = 340 + 40
kOe causing the longitudinal weak ferromagnetlsm and
also the auxiliary effective field!”] HDI =140 £ 20 kOe.

We consider now the results of the experiments on
NiF, (Fig. 6). According to the preceding studies!®" %l
at H =0 and in weak magnetic fields at H | [010], a
state is realized with an antiferromagnetic vector L
lying in the (001) plane along the axis [100] or [010].
This gives rise to a transverse weak ferromagnetism
opy Il [010] or [100]. When a magnetic field H is ap-
plied parallel to [110] (Fig. 6, curve 2), the antiferro-
magnetic vector L is rotated away from the [010] axis
in such a way that the vector L becomes perpendicular
to H;then M, (H) approaches asymptotically the func-
tion M (H) = y; H (Fig. 6, curve 4) corresponding to a
state when the antiferromagnetic vector L is perpen-
dicular to H. When the antiferromagnetic vector is
rotated towards the [110] axis, the transverse weak
ferromagnetism op, vanishes and a spontaneous mag-
netic moment perpendicular to the applied magnetic
field and parallel to the antiferromagnetic vector L
appears—the longitudinal weak ferromagnetism op.
For NiF. the antiferromagnetic vector L lies in the
(Of‘l) plane, and therefore in express1on (1) and in the
expressions for M (H), M, (H), and M? '\ (H) and in the
equations for ¢ (H) and #(H) we must put 6 =90 and
sin § =1, cos § = 1. We consider here only the equation
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for the angle ¢ (H) of rotation of the antiferromagnetic
vector L in the (001) plane.["»*"

Substituting the known datal”**) for y,, op, xy, and
op, in the equation for ¢ (H) and in the expressions for
M, (H) and M, (H), and solving numerically the equation
for ¢ (H) with a computer, we can obtain the dependence
of the angle ¢ (H) of rotation of the antiferromagnetic
vector L on the applied magnetic field. Substituting
these values of the angle ¢ (H) in the expressions for
M, (H) and M, (H), we can compare the results of such
a calculation with experiment (Fig. 6).

The qualitative interpretation of the experimental

data shown in Fig. 6, the solution of the equation for

¢ (H), and the comparison with experiment are carried
out in analogy with the earlier procedures!™'°1* A
numerical solution of the equation for the angle ¢ (H) of
rotation of the antiferromagnetic vector L shows that
in magnetic fields H ~ 140 kOe the angle of rotation of
L is ~30°. The contribution made to the magnetic mo-
ment M, (H) by the longitudinal weak ferromagnetism
amounts to 30% of the obtained value of M, (H). The
point A on Fig. 6 at H = 140 kOe shows the value of
M, (H) that would be obtained if the antiferromagnetic
vector were rotated through ~30° in the absence of
longitudinal weak ferromagnetism.

Knowing the values of y,, oDy, x,, and op; we can
determine for NiF; the values of the effective fields
responsible for the appearance of the transverse weak
ferromagnetism (Hp, = 27.2 + 1 kOe) and the longitudi-
nal weak ferromagnetism (Hp, =52 + 2 kUe), as well

as the values of the auxiliary magnetic field H}
=11.2 £ 0.2 kOe and the exchange field Hg = 1100
+ 100 kOe.

Thus, our results show that in CoF2, upon application
of a magnet1c field H il [110] in magnetic fields up to
40—50 kOe the vector L is rotated in the (110) plane
from the tetragonal axis towards the magnetic field H.
The rotation of L is accompanied by the appearance of
transverse weak ferromagnetism op sin g cos § per-
pendicular to the rotating antiferromagnetic vector L,
and a longitudinal ferromagnetic moment op, sin®6
along the rotating antiferromagnetic vector L. With in-
creasing magnetic field H i [110], the antiferromagnetic
vector L, rotating away from the [001] axis, goes out of
the (110) plane. The numerical values of y,, oDy, x|
and op, for CoF. are given in the table.

In NiF», in accord with the earlier work,' "I when a
magnetic field H i [110] is applied, the antiferromag-
netic vector rotates in the (001) plane towards a direc-
tion perpendicular to the applied magnetic field H, i.e.,
towards the | 110] axis; the state with transverse ferro-
magnetism ¢p, vanishes, and a state with a longitudinal
weak ferromagnetism op, appears. The numerical
values of y|, oDy, x|, and op, for NiF. are given in the
table.
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This angle was chosen after repeated experiments.

9There is a misprint in [%7]: the value of the g-factor in the calculation
of the fields of the anisotropy energy in the (001) plane of the crystal
from the antiferromagnetic-resonance data was g = 2.3.
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