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Magnetic anomalies in a sublattice-flipping transition in antiferromagnetic NiWO, sublattices are
considered. Investigation methods previously developed for uniaxial antiferromagnets [Sov. Phys. JETP
34, 362 (1972)] are extended to include the more general and more complicated case of an
antiferromagnet with low symmetry. A method is proposed for exactly determining the direction of the
spontaneous-ordering axis in a monoclinic crystal. It is shown that in an external magnetic field inclined
along a definite plane the sublattice-flipping transition is described by the thermodynamic potential
characteristic of the uniaxial antiferromagnet. Its constants are determined. It is shown that the phase
transition is of first order. The phase diagram in an oblique magnetic field is reconstructed. Critical
points that are magnetic analogs of the liquid-vapor critical points are observed. The existence, in a
critical field; of an equilibrium domain structure analogous to the structure previously investigated in

uniaxial crystals, is proved.

PACS numbers: 61.50.Jr, 75.50.Ee, 75.60.Ch

1. INTRODUCTION

Orientational transitions in antiferromagnets can be
induced by an external magnetic field applied along the
magnetic-ordering axis. At a certain critical value of
this field, a relatively abrupt change of the orientation
of the antiferromagnet is observed and is accompanied
by an increase of the magnetization. The present paper
is devoted to an investigation of the magnetic anomalies
accompanying such a transition in antiferromagnetic
Niwo,.

The nickel tungstate lattice has monoclinic symmetry.

-It is customary to separate in it the twofold-axis direc-
tion 5, and also the directions a and ¢, which lie in a
symmetry plane perpendicular to the 5 axis. Neutron-
diffraction measurements have shown that NiWOQ, is at
low temperatures a two-sublattice antiferromagnet.

The Néel temperature is 67 K.2 From the results of
the measurements of the magnetic susceptibility® it be-
came possible to determine the effective exchange field
Hgz =600 kOe, and also the direction of the magnetic-
ordering axis z, which lies in the ac symmetry plane
and makes an angle of approximately 15° with the c axis.
Observations of antiferromagnetic resonance! in the far
infrared have made it possible to calculate the aniso-
tropy energy of this antiferromagnet, H,,= 30 kOe, and
to estimate the critical field of sublattice flipping tran-
sition H_ =~ 180 kOe. An optical manifestation of this
transition was soon observed in the light absorption
spectrum.® Measurements of the anomalies of the mag-
netic properties of the flipping transition in NiWO, were
first briefly reported in Ref, 6. Interest in their de-
tailed investigation, which has led to the writing of this
paper, is due to the following circumstances.

Orientational transitions in monoclinic antiferromag-
nets have been little investigated. These transitions
are simplest to describe in the case when the external
magnetic field is directed strictly along the spontaneous
magnetization axis of the antiferromagnet.” In a field
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oriented at an angle to this axis, the picture of the
transition becomes more complicated. For uniaxial
antiferromagnets, however, when the result does not
depend on the azimuthal angle of inclination of the ex-
ternal field to the axis, the orientational transition
problem has been solved.®*®

In biaxial antiferromagnets, the character of the ori-
entational transition depends substantially on the direc-
tion in which the external magnetic field is inclined to
the antiferromagnetism axis. In the case of an arbi-
trary azimuthal inclination angle, the picture of the or-
ientational transition is confused, and the interpreta-
tion of the experimental data is difficult. Only at two
values of the azimuthal angle is a description by rela-
tively simple mathematical means still possible.®
These are the so called easy and difficult directions. It
is precisely experiments in these two cases that can
hopefully permit an interpretation of the measurement
results,

The experimental problem of studying orientational
transitions in monoclinic antiferromagnets, such as the
investigated crystal, is even more complicated. The
point is that the antiferromagnetism axis in these crys-
tals is not connected with any particular crystallograph-
ic direction. Worse even, the direction of this axis can
be altered by external conditions, for example with
changing temperature. Therefore the required control
of the angle between the external field and the magnetic-
order axis becomes possible only after first determin-
ing the direction of this axis, and the accuracy of this
determination will be shown to be quite high.

The first step in the study of orientational transitions
in monoclinic antiferromagnets should be to produce
conditions under which their behavior is relatively sim-
ple to interpret. Such conditions are the determination
of the direction of the antiferromagnetism axis and the
turning on of the magnetic field in the “light” plane. In
this case, according to general considerations and in
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agreement with the exact theory,' the trajectory of the
motion of the magnetization vector in an external field
should be planar and should not differ in any way from
the trajectory of the motion in a uniaxial antiferromag-
net.

Orientational transitions can have different degrees of
smearing with respect to the magnetic field, i.e., the
principal changes in the angle of the orientation of the
antiferromagnetism vector occur in different intervals
of external magnetic fields. In the general case of an
arbitrary inclination angle y of the external field H to
the spontaneous-ordering axis, this interval is most
frequently not rigorously defined, i.e., the orientation
transition takes place smoothly, without any singulari-
ties. Only in the case of fully defined angles i can one
expect the appearance of phase transitions of first or
second order. The results of the existing experimental
studies of NiWO, are not peculiar to any of these cases
and admit of either interpretation. The detection of the
phase transitions and the identification of their type is
likewise a task undertaken in this paper.

In all cases when the orientational transitions occur
jumpwise, i.e., a first-order phase transition takes
place, it is accompanied by an interesting phenomenon.
A sample of finite dimensions breaks up in the vicinity
of the phase transition into domains—alternating re-
gions of coexisting phases. The sample is then in a
thermodynamically stable state, which has been called
the intermediate state. This state was observed, in
particular, in the uniaxial antiferromagnet MnF,."
However, few such samples have so far been observed,
and it would be of interest to increase their number by
investigating a less symmetrical monoclinic antiferro-
magnet, revealing both the features and the differences
of the intermediate state in antiferromagnets with dif-
ferent symmetries. The solution of these problems be-
comes possible because of the use of the following ex-
perimental procedure.

2. MEASUREMENT METHOD

The magnetic properties of NiWO, were investigated
by an induction procedure.'! The pulsed magnetic field
was produced by discharging a bank of high-voltage cap-
acitors through a multiturn solenoid, of length 100 mm
and inside diameter 20 mm, cooled with liquid nitrogen.
This ratio of dimensions ensures a sufficiently homo-
geneous field at the sample. The field pulse duration is
15X107% sec. The measurements were made in fields
up to 300 kOe.

The intensity of the magnetic field was measured with
an induction coil located in the working part of the sol-
enoid at a certain distance from the sample. The volt-
age induced in the coil was applied to an electronic in-
tegrating circuit. The integrated signal, proportional
to the magnetic field intensity H, is applied to the hor-
izontal deflecting plate of a two-beam oscilloscope.
Since the investigated phase transitions occur in a field
interval AH which is very narrow compared with the
absolute value of the critical field H, (AH/H,~107%), a
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delay circuit is provided for the oscilloscope sweep.

Its action is such that the deflection of the beams, which
is proportional to H —H,, begins at a certain field val-
ue H, somewhat lower than the orientational-transition
field H,. This makes it possible to stretch out the
scale of the magnetic field in the section of interest to
us by a factor of 100 and more. All the oscillograms
presented here were obtained with such a stretched-out
scale,

The NiWO, single crystal was grown by the Czochral-
ski method and was a cube with 2.2 mm edge, cut in
such a way that one of its faces was perpendicular to
the proposed direction of the antiferromagnetism axis,?
while the other was parallel to the crystallographic
symmetry plane, The difference between the form of
the sample from ellipsoidal introduces certain distor-
tions into the measurement results, but offers conven-
iences in the experiment. The sample was cooled with
helium or hydrogen in a finger-like stub that extended
from the cryostat into the interior of the solenoid.

The measurements of the three components of the
magnetization vector of the sample were made with the
aid of mutually perpendicular induction coils wound
directly on the sample. The coils had 30 turns each of
copper wire of 30 pm diameter. Their axes, inac-
cordance with the faceting of the sample, were parallel
to the a, b, and c directions. The voltage induced in
the coils by the external magnetic field was offset by
the voltage induced in the coil intended for the mea-
surement of the field and located far from the sample.
Voltages proportional to dM, /dt, also induced in the
measuring coils, were applied directly or after inte-
gration to the vertical deflection plates of the oscil-
loscope. The values of the three components of the
magnetic moment M;, plotted as functions of the mag-
netic field intensity, yield the complete information on
the behavior of the magnetic moment in the course of
the orientational transition. In addition, while applying
to the horizontal and vertical deflection plates of one of
the beams integrated signals from two measuring coils
respectively it is possible to obtain a clear picture of
the change of the magnetization in the course of the
transition in any particular plane.

It was necessary in the experiment to vary the angle
¥ between the magnetic field and the antiferromagnet-
ism axis in a wide range, with relatively low accuracy
at large angles ¥, and also with high accuracy at small
¥. The angle was therefore set by two methods. The
inclinations of the field in one plane coinciding with the
symmetry plane of the sample were effected by a rotary
device, which located the sample in the cryostat in an
angle range +45°. The relative error in the setting of
the angle was 1°. In addition, an accurate change of the
orientation in an angle range +3° in two mutually per-
pendicular planes was effected by inclining the solenoid
with the aid of the micrometric screws on which the
solenoid was secured. The relative error in setting the
angle by this method did not exceed 5’.
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3. MAGNETIC ANOMALIES AND CONTROL OF THE
DIRECTION OF THE ANTIFERROMAGNETISM AXIS

Measurements of the magnetization and of the mag-
netic susceptibility in a field parallel to the antifer-
romagnetism axis at a temperature 4.2 K yielded the
following results. In fields H lower than the critical
value H, =175 kOe the magnetization of NiWO, was
negligibly small. In the narrow field interval AH near
the critical field, the longitudinal component of the
magnetization M, increases sharply reaching a definite
value AM, . The section of the magnetization curve,
with the scale stretched out near the critical field, is
shown on the oscillogram of Fig. 1a. The transverse
components of the magnetization M, in the critical
region of the fields remained practically unchanged
(Figs. 1b and 1c).

Figure 2 shows an oscillogram of the voltage induced
in the coil whose axis was parallel to the external mag-
netic field. It is known that this voltage is produced by
changes of the linkage of the coil with the magnetic flux

O~H+ (4n—p)M.

This expression consists of two terms. The first de-
pends on the external field and is not connected with the
properties of the sample. The second depends on the
sample magnetization M and on its demagnetizing factor
B. Accordingly, the voltage induced in the coil also
contains two terms:

3~d0/dt, 8‘=80+81;

&o~dH/dt, &~ (4n—B)dM/dt=(4n—B)xdH/dt.

The two terms are clearly seen in the oscillogram. The
sections of the curve above and below the abscissa axis
pertain respectively to the increasing (dH/dt >0) and
decreasing (dH/dt <0) fronts of the field pulse.

The quantity %, marked on the oscillogram is prac-
tically independent of the magnetic field intensity in that
narrow field interval which is shown on the oscillogram.
This makes it possible to separate it from the other

term, %, which occurs only following the orientational
transition, and again practically vanishes after going
through a maximum, The value of #%,, apart from a
factor, is proportional to the magnetic susceptibility

of the sample. The sharp increase of the magnetiza-
tion and the burst of magnetic susceptibility indicate
that an orientational transition takes place in the anti-
ferromagnetic NiWO, in the field H,.

The results were obtained under experimental con-
ditions such that the inclination of the external magnetic
field to the antiferromagnetism axis was small. Ata
large inclination, the behavior of the magnetization vec-
tor in the orientational transition differs substantially
from the described one. The abrupt angular dependence
of the magnetic properties, on the one hand, leads to
the need for a very accurate reading of the angles be-
tween the direction of the external magnetic field and
the antiferromagnetism axis, and on the other hand this
dependence is itself the basis of the method of the ex-
act determination of the direction of this axis in the
crystal.

A detailed study of the magnetization curves in the
orientational transition has shown that they vary dif-
ferently when the external magnetic field H is inclined
away from the ordering axis in two mutually perpend-
icular directions. In particular, an inclination by an
angle y.~1° in the “light” plane leads to a broadening
and vanishing of the orientational transition. This prop-
erty, just as in the case of uniaxial antiferromagnets,™!
has made it possible to determine the direction of the
antiferromagnetism axis accurate to 5. The same
monitoring accuracy is necessary also for the angle
in the other plane, which coincides in this case with
the symmetry plane of the crystal.

However, when the field is inclined in the “difficult”
plane, the orientational transition is preserved in a
wide angle interval, so that in this case the changes of
the magnetic susceptibility cannot serve as a criterion
for the determination of the inclination angle between
the field and the direction of the spontaneous-magneti-
zation axis. One of the possible methods of orientation
is to use the dependence of the critical field H, of the

FIG. 1. Oscillograms of the longitudinal M, (a) and transverse
M, (b,c) components of the magnetization as functions of the
magnetic field intensity in the region of the orientational trans-
ition (H,=175 kOe). The magnetic field direction is close to
that of the magnetic axis.
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FIG. 2. Dependence of the voltages induced by the change of
the external field (%) and of the magnetic moment of the crys-
tal (%)) in a longitudinal induction coil on the magnetic field in-
tensity H. The upper and lower parts of the curve correspond
to the increasing and decreasing sections of the magnetic-field
pulse.
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orientational transition on the angle y. This dependence
is hyperbolic. However, the minimum of the function
H,(}) is not distinct enough to determine the direction
of the spontaneous-magnetization axis with the +5" ac-
curacy needed to register a 0.0003% increase of the
critical field. In practice we were able to register re-
liably a 0.1% change of the critical field and establish
the angle ¥ by this method with accuracy of only +1,6°,

Success was attained with the other orientation, ap-
plied for the first time ever to the study of phase tran-
sitions of this type and based on their distinctive fea-
tures. It is based on the following hypothesis: the di-
rection of the jump of the moment AM in the orienta-
tional transition coincides with the direction of the ex-
ternal magnetic field H if and only if the direction of
the external field coincides with the direction of the
spontaneous-magnetization axis., Otherwise the angle
between the vectors H and AM differs from zero. Mea-
surement of this angle turned out in fact to be the most
sensitive method of determining the angle of inclination
of the external magnetic field to the magnetic-ordering
axis,

We consider now the vectors AM and H in a coordinate
system connected with the measuring coils. One of
these coils is tentatively directed parallel to the ex-
pected ordering axis, while the other is perpendicular
to this axis in the difficult plane, Because of the in-
evitable error in the preliminary setting of the direc-
tion of the transverse coil, even in case of the exact
orientation of the magnetic field relative to the order-
ing axis, the coil registers transverse components of
the magnetic field (H,) and of the jump of the magneti-
zation (AM,). Then the parallelism of the vectors AM
and H can be expressed by the proportionality of their
components measured by the corresponding coils:

AM/H,=AM,/H,.

In the measurements we are dealing with voltages pro-
portional to the values of these projections. The latter
differ from each other by almost three orders of mag-
nitude. It is therefore convenient to change over to a
comparison of the voltages induced in the correspond-
ing coils, which have the same order of magnitude and
are proportional to the derivatives of the projections
with respect to time. Indeed, since the proportion
written out above is valid at any instant of time it is
valid also for the time derivatives. Therefore the con-
dition

8,“/30“=8u_/$o_|_

is also an indication of the parallelism of the varying
vector quantities AM and H. We have written here the
voltages defined above, induced in the longitudinal and
transverse coils. The amplitudes of the voltages in-
duced in the longitudinal coil amount in our case to
about half a volt, and their ratio &, /¢, remains prac-
tically unchanged in the case of small inclinations of the
crystal in its symmetry plane. On the contrary, the
ratio 4,,/%,, obtained from the oscillograms of the
voltages induced in the transverse coil depends on the
angle of inclination, and the dependence is stronger the
better the guessed perpendicularity of the coil axis to
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the ordering direction. We take the orientation of the
external field at which the voltage ratios become equal
as the direction of the antiferromagnetism axis. We
note that the possible non-orthogonality of the measur-
ing coil changes only the amplitude of the voltages in-
duced in them, but not their ratio, and therefore does
not affect the result of the orientation. At an initial
error of several degrees in the orientation of the mea-
suring coils relative to the ordering axis, this pro-
cedure of establishing the direction of the external mag-
netic field along the spontaneous-magnetization axis has
enabled us to attain an accuracy of about 5 minutes of
angle. The described orientation method is of incom-
parable accuracy and may turn out to be useful in the
study of the influence of external actions on the position
of the antiferromagnetic axis in monoclinic crystals.

4. EXPERIMENTAL RESULTS

The investigation of the observed anomalies of the
magnetic properties in the orientational transition in
NiWO, yielded the following results. Some of them
(items 1-5 below) were obtained in a strictly parallel
magnetic field because of the use of the above-described
method of accurately orienting the field relative to the
spontaneous-magnetization axis.

1) The absolute value of the critical field H, of the
orientational transition was measured at a strictly par-
allel orientation at a temperature T =4.2 K. The scales
of the magnetic field were calibrated against the criti-
cal field of the well investigated phase transition in the
antiferromagnetic MnF,.'"! The transition field in NiWO,
is H,=(175+7)X10% Oe. When the external field devi-
ates from the antiferromagnetism axis in a plane per-
pendicular to the symmetry plane of the sample by +1°,
the critical field changes by not more than 0.1%.

2) The magnetic-field interval AH in which the orien-
tational transition took place was measured also in a
strictly longitudinal magnetic field. This transition has
no sharp boundaries. Therefore the very concept of the
experimental value of the interval AH must be specified
beforehand. It was determined by two methods. On the
one hand, the magnetization curve of Fig. la is approx-
imately replaced by an idealized curve made up of two
horizontal lines and one inclined to them to fit best the
initial curve. The abscissas of the points of intersec-
tion of these lines are taken to be the start and the end
of the transition, while the ordinate difference is taken
to be the relative value of the magnetization jump. On
the other hand, the bell-shaped curve of the magnetic
susceptibility in the transition, represented in Fig. 2
by the voltage #,, is replaced by a rectangular one,
The area under the rectangular spike is equal to the .
area of the initial curve, and the ratio of its height to
the width is chosen such as to minimize the unequal
areas of the experimental and idealized spikes. The
height of the rectangular spike constructed in this man-
ner is taken to be the mean value of the magnetic sus-
ceptibility in the transition, and its width is taken to be
the transition interval. The size of this interval, mea-
sured by both methods, was the same at AH =290+40
Oe; the relative width of the transition was AH/H,
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=0.0016.

3) The value of the possible hysteresis was estimated
by comparing the magnetic-susceptibility curves plotted
in an increasing and decreasing magnetic field. The
fine structure of these curves turned out in general
outlines to be similar and made it possible to compare
the scales of the magnetic fields. It turned out that the
hysteresis in the course of magnetization and demag-
netization, if it does exist at all, does not exceed 20%
of the width of the transition, i.e., 60 Oe.

4) The absolute value of the differential magnetic sus-
ceptibility x =dM, /dH was measured in the region of the
orientational transition. It is known that in the induction
method absolute measurements are difficult. To cal-
culate x we used the components %, and %, of the volt-
age induced in the coil. They are comparable in mag-
nitude, and their ratio can be calculated from a single
oscillogram, Using the definitions given for these com-
ponents in the preceding section, we can calculate the
differential magnetic susceptibility:

8“ 1
x &y bn—p

For a sample of rectangular shape, the concept of the
demagnetizing factor cannot be introduced rigorously,
since the demagnetizing fields in the sample are inho-
mogeneous, We consider therefore approximately, in-
stead of the cubic sample, a spherical sample of equal
volume, If the centers of these samples are made to
coincide, the non-congruent part of their volumes,
which is source of the inhomogeneous field, amounts
to approximately 30%. On this basis, we assign to the
investigated cubic sample approximately the demag-
netizing factor of the sphere g =47/3, recognizing that
we introduce thereby an error of ~30% in the deter-
mination of the demagnetizing fields. Using the numer-
ical values of %, /#,, we find that the largest differ-
ential magnetic susceptibility is 0.27. The average val-
ue of the magnetic susceptibility in the field interval in
which the orientational transition takes place, deter-
mined by the method described in Sec. 2, is 0.15.

5) The magnetization jump in the orientational tran-
sition was determined from the area under the x(H)
curve, which was measured experimentally:

AM= j x(H)dH.

The integration is carried out in a field region includ-
ing the interval AH in which the transition takes place.
The same integral is calculated when x and AH are de-
termined (see Sec. 2), so that these quantities can be

used to express the sought value: AM, = xAH =43.5 G.

The results that follow (items 6-10) pertain to the
angular dependence of the magnetic properties. In this
case the external magnetic field is inclined to the spon-
taneous-magnetization axis in the easy plane by an angle
Y up to +3°, whereas in the “difficult” plane the inclin-
ation does not exceed 5. We note that in an oblique
magnetic field the orientational transition is accompan-
ied not only by abrupt but also by smooth changes of the
magnetization. These changes occur in a relatively
wide range of magnetic fields and is not very well reg-
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istered by the induction procedure. The results of
items 6-10 pertain to the abrupt changes of the mag-
netization occurring in the narrow field interval AH.

6) The oscillograms of the trajectory of the motion of
the magnetization vector in the magnetic-moment space
were obtained in the orientational transition with the aid
of a “three-dimensional” procedure. It was observed
that at all values of the angle ¥ this trajectory is planar,
i.e., the relative value of the components of the mag-
netization in the “difficult” plane is negligibly small.
This fact is a test of correct orientation of the mag-
netic field in this plane.

7) The dependence of the amplitude of the magnetic
susceptibility in the orientation transition on the angle
of inclination of the magnetic field to the ordering axis
was reconstructed from a series of oscillograms (see
Fig. 3). As seen from the plot of Fig. 4, the amplitude
of the susceptibility spike changes little near =0, and
then decreases sharply with increase of this angle.

8) The dependence of the total jump of the magnetiza-
tion AM in the orientation transition on the angle 3 was
also plotted by reducing a series of oscillograms (Fig.
5). The value of AM was determined from each oscil -
logram by replacing it with an idealized one, as was
done in item 2, As seen from Fig. 6, the jump of mag-
netization likewise decreases with increasing angle 3.

FIG. 3. Oscillograms of
magnetic susceptibility,
plotted at different angles
Y of the inclination of the
external field relative to
the magnetic axis: 1—10’;
2—-32"; 3—b4’; 4—76'; 5—
98’: 6—120’. The scales
of the sections of the
curves near H, are en-
larged.
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9) The value of the critical angle ., which enters in
the theory,®:® and at which the jump of the magnetiza-
tion vanishes, was determined from the plot of Fig. 4.
Theoretically, the magnetic susceptibility, remaining
constant in the angle region y<3,,'2 should decrease at
¥ ~y, so rapidly,®:? that in the scale of Fig. 4 the des-
cent line should be practically vertical. Drawing verti-
cal lines through the points at half the height of the
smeared experimental curve, we obtain for the critical
angle the value y,=1.2°

The smearing of the x(¢) curve is apparently due to
the inhomogeneities of the sample and possibly to the
fact that the local direction of the crystallographic axis
is not the same over the sample. A measure of such a
deviation can be the decrease of the magnetic suscepti-
bility x averaged over the volume. The expected value
of x (see Sec. 5 below) differs from the observed ones
(item 4) by 30%. This can be explained, on the one

FIG. 5. Oscillograms of
longitudinal component of
magnetization, obtained at
different angles ¥: 1—10’:
2—32’; 3—54’; 4—76'; 5—
98’; 6—120’. The scales
of the curves near H are
enlarged.
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tational transition on
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hand, to a block structure of the sample such that in
30% of its volume the angle deviates from the mean
value by $>1.2°. On the other hand, the same result
can be interpreted by taking into consideration only the
demagnetizing-field inhomogeniety due to the non-
sphericity of the sample, and amounts according to our
estimates to 30% (sée Sec. 2). It is possible that a
comparable role is played by both factors. Since the
crystalline homogeneity of the sample is not monitored
by us by other methods and we therefore are unable to
take it into account, the error in the determination of
¥, increases to 30%.

10) We investigated the transverse component of the
magnetization of the sample in the easy plane. It was
observed that its jumplike changes in the orientational
transition are negligibly small compared with the
change of the longitudinal component. Thus, the mag-
netization-jump vector AM is practically parallel to the
magnetic-ordering axis at all values of the angle .

5. DISCUSSION

An analysis of the orientational transitions induced by
a strong magnetic field in antiferromagnets is contained
in a number of theoretical papers. The particular cases
of a uniaxial antiferromagnet in a longitudinal” and in-
clined®'?® fields, and also of a biaxial antiferromagnet
were considered. We used the results of these studies
to interpret our experimental data.

The behavior of a monoclinic antiferromagnet in a
magnetic field can be described by the thermodynamic
potential of a biaxial antiferromagnet, if we confine
ourselves to terms of second order in the magnetiza-
tions, and if the coordinate axes are directed along the
magnetic axes:

O="/,Am*+'/,a,m2+"/,a.m,*+*/,b L2 +'/,b:0,*~2M ;mH.

We have introduced here the standard notation for the
magnetization vector m and for the antiferromagnetism
vector 1, which are connected with the sublattice mag-
netization vectors M,, and M,, by the relations

m= M0l+M02 = MGI_MOI ;

2M, 2M,

2M, is the magnetization of the system in the case of
total magnetic saturation. We have left out terms re-
sponsible for the Dzyaloshinskif interaction in view of
the absence of the experimental facts that point to their
noticeable magnitude in NiWO,.

, 1

We separate the axis of easiest magnetization z, as-
suming b,>0 and 4,>0. In addition, we assume that
b,>b,. Then, in a field parallel to the z axis, the anti-
ferromagnetism turns out to be parallel to the x axis
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after the orientational transition. In this connection,
the zx plane will be called the easy magnetization plane.

The comparison of the results of a theoretical anal-
ysis'® with the experimental data on NiWO, is best
started with the following fact. According to the the-
ory, if the external magnetic field lies in the “easy”
plane, the sublattice magnetization vectors do not leave
this plane at any value of the field, i.e., m,=0 and [,=0.,
The trajectory of their motion does not differ in this
case from the trajectory in the uniaxial antiferromag-
net. Our experimental result (item 6 of Sec. 4), con-
firms that this was precisely the case realized. There-
fore we confine ourselves hereafter to the first, sec-
ond, and fourth terms of the thermodynamic potential,
recognizing that the third and fifth terms do not affect
the behavior at the given field orientation., The in-
vestigated magnetic properties make it possible to de-
termine all three unknown constants (4, a,, and b,) of
the simplified thermodynamic potential.

First, the exchange interaction constant A and the
associated effective exchange potential H; can be easily
calculated from the expression for the magnetic sus-
ceptibility, as was done, for example, in Ref, 3:

XM/ A=M,/H,.

The susceptibility in a magnetic field perpendicular to
the antiferromagnetism vector can be calculated from
the results of our measurements of the magnetization
(items 1 and 5 in Sec. 4) in a field initially parallel to
this vector, assuming that an orientational transition
takes place: x, =AM, /H,=0.25X107%, Using the nu-
merical value of the sublattice magnetization M,=154
G, we obtain an exchange constant A =380X10° erg/cm3
and an exchange field H;=620X10° Oe. We note that
the value of x, determined by us, and consequently the
constants A and Hg, agrees well with the results of
Ref. 3. This confirms the assumptions that in the field
H_ the orientational transition makes the antiferromag-
netism vector perpendicular to the initial direction and
to the external magnetic field.

The theory connects the critical field of this transi-
tion with the constant 5, and the anisotropy field H,, :

H,=(2H\ Ax)"=(A|b|/4xM*)*,

so that we can determine these constants from the ex-
perimental results (item 1 of Sec. 4): H,, =25X10° Qe,
b=+17.7Tx10° erg/cm® We note the good agreement be-
tween the obtained anisotropy field and the experiment-
ally determined antiferromagnetic resonance in the far
infrared region.*

The paramagnetic anisotropy constant a, exerts a
substantial influence on the orientational transition to-
gether with the constant 5,, by determining its smooth
or jumplike character. We consider now the trajectory
of the magnetization vector M of the sample in the
course of the orientational transition, since the differ-
ences in its form for smooth and jumplike transitions
makes it possible, using the experimental data, to give
preference to one or the other model. This trajectory,
as already noted, is in the zx plane. In the former case,
when the transition is smooth, the trajectory should be
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described, with sufficient accuracy, by a semicircle'
(Fig. 7). The connection between the modulus of the
vector M and the angle 6 of its orientation relative to

- the easiest axis is expressed in the following manner:

2
M=-71bj’si.n0.

At the initial instant of the orientational transition, at
small values of the magnetization, the magnetization
vector is perpendicular to the easiest axis and with in-
creasing modulus is rotated through 7/2. The magnet-
ization component perpendicular to the easiest axis
passes in this case through the maximum value M /2.
A smooth trajectory of the motion of the vector M in
the orientational transition should be observed at a pos-
itive sign of the sum of the anisotropy constants in the
thermodynamic potential 4p =a, +5,<0. Then, in an
arbitrarily oriented magnetic field there should be no
singularities on the magnetization curves, with the ex-
ception of the case of strict coincidence of the direc-
tion of the field with the z axis, when two first-order
transitions occur. Such a trajectory was not realized-
in our experiment and the foregoing inequality is ap-
parently not realized in NiWO, .

The magnetization curves should have a different
form when the inverse inequality p>0 is satisfied. In
this case the orientational transition is via a first-or-
der phase transition, and the magnetization of the sam-
ple in the critical field changes jumpwise from M =0 to
M =M, (Fig. 7). No transverse components of the mag-
netization arise in this case. In a magnetic field di-
rected at an angle ¥ to the z axis, the orientational
transition proceeds in three stages. In fields weaker
than the critical value, the vector M rotates smoothly
until the critical value M, is reached, and the end of
this vector describes part of a circle (Fig. 7). In the
critical field, the magnetization changes jumpwise by
an amount AM =M, -M,. This is followed by a con-
tinuation of the smooth rotation of the vector M. It is
important to note two circumstances: first, only the
longitudinal components AM, of the magnetization vec-
tor changes jumpwise, whereas the transverse com-
ponent AM , remains practically unchanged.® Second,
with increasing angle y of inclination of the external

My

M
2/ 1aM

0 [

FIG. 7. Diagram of rotation of the magnetization vector M

in the orientational transition. If the transition is smooth, the
end of the vector M describes a semicircle. In the case of a
phase transition the vector changes abruptly from M; to M;,.
The state with the vector M terminating on the vertical straight
straight line corresponds to stratification into domains.
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magnetic field, the value of the jump decreases
smoothly and vanishes at y=y,.

This behavior, which was predicted theoretically,
agrees well with the experimental observations. This
pertains both to the absence of transverse components
of the magnetization jump (item 10, Sec. 4) and to the
smooth decrease of AM, (item 8, Sec. 4; Figs. 5 and
5). The agreement between theory and experiment con-
firms the fact that the orientational transition in the
angle range -1.2°<$<+1,2° in antiferromagnetic NiWO,
proceeds via a first-order phase transition, and the in-
equality a, + b,>0 is valid for the thermodynamic poten-
tial.

The phase diagram of an antiferromagnet for this case
is shown in Fig. 8. The figure that bounds the region of
metastable states is an astroid.® The almost horizon-
tal line that divides it into two parts is the line of equi-
librium first-order phase transitions. These transi-
tions, in.analogy with the liquid—vapor transition, are
produced between phases with identical symmetry. The
phases differ from each other only quantitatively, and
therefore the transition from one to the other can pro-
ceed in principle smoothly, without jumps. On the
phase diagram this manifests itself in the presence of
critical points at which the phase-transition line term-
inates. The experimentally observed points with co-
ordinates H, =175 kOe and 3, =+1.2° are in fact, ap-
parently, such critical points (item 9 of Sec. 4). At
these points the magnetization jump vanishes, and at
P =7y, the orientational transition proceeds smoothly,
without any phase transitions whatever.

The constant p in the theory is connected with the
critical angle §, =p/A, so that it can be calculated by
starting from the experimental data (item 9 of Sec. 4).
The quantity p =+4.0X10° erg/cm? obtained in this man-
ner at a known critical field H, determines the region
of the possible hysteresis:

x.—H.-ﬂ?H;-1.4 kOe
and specifies the vertical dimensions of the astroid
(Fig. 8). Thus, the phase diagram of antiferromagnetic
NiWO, in an oblique field has been completely recon-
structed from the experimental data.

We note that the calculated constant p =(a, +b,)/4 de-
termines the energy of the intrasublattice anisotropy.
At the same time, the available data enable us to cal-
culate the energy of the intersublattice anisotropy
p,=(a, -b,)/4=p - 2b,=0.15X10° erg/cm®, which turns
out to be smaller by one order of magnitude. There-
fore, despite the possible substantial error in the de-

Ky .

_—~" loxoe~ 2
NS FIG. 8. Phase diagram of
[A antiferromagnetic NiWO,

in an oblique magnetic
field lying in the zx plane.

L 1 | J
150' 100° 50° 0 50" 100 lil'y:
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termination of the constant p, we can state that the in-
trasublattice anisotropic interaction predominates.

The intrasublattice interaction makes the main con-
tribution to the constant a,, which can be calculated
from the experimental results: a,=4p —b,=8.3X108
erg/cm® This constant determines the anisotropy of
the magnetic susceptibility in the paramagnetic region:
(Xz = X« )/Xx =@, /A =+0.02, which can be compared with
that observed in Ref. 3. The reduction of the results,
which are represented in that reference graphically,
shows that the experimentally observed anisotropy of
the magnetic susceptibility agrees with the calculated
one in sign and is close to it in absolute value. From a
comparative analysis of the values of the contributions
of the single-ion crystallographic anisotropy and the
anisotropy of the spin-spin interactions to the total en-
ergy of the magnetic anisotropy of NiWO, in Ref. 3 it
was concluded that the predominant role is played here
by the single-ion anisotropy. At the same time, the
contribution of the anisotropy of the exchange interac-
tion could not be excluded, since according to the esti-
mates of Ref. 3 it is commensurate with that obtained in
the experiment. On the basis of our results, the total
energy of the anisotropy can hardly be connected with
the exchange-interaction anisotropy, since the latter
would more readily manifest itself in a stronger inter-
sublattice exchange interaction in the first coordination
sphere. The same can be said also of the dipole-
dipole interaction. The predominance of the intrasub-
lattice anisotropy energy compared with the intersub-
lattice energy favors more readily a one-ion mechan-
ism rather than a relatively weak interaction between
the remaining ions located in the second coordination
sphere.

We have considered above the explanation of the ob-
served picture of the first-order phase transition, cal-
culated for NiWO, the corresponding interaction con-
stants with which the transition is described, and drew
conclusions concerning the nature of these interactions. .
It was assumed that the transition from one phase,
characterized by the vector M, on Fig. 7, to another
phase with vector M, occurs jumpwise, i.e., no states
with intermediate vector M are realized. This is true
in practice only for an infinitesimally small region of
the crystal. In experiment we measure the vector M
of the sample as a whole and observe arbitrary inter-
mediate positions of this vector. These positions cor-
respond to crystal states wherein it loses its magnetic
homogeneity and breaks up into two phases with relative
concentrations p and 1 -p. Then the sample magneti-
zation vector as a whole can occupy arbitrary inter-
mediate positions: M=pM, +(1 -p)M,. We note that in
this case, in the field interval AH, the end of the vector
M on Fig. 7 should be on a straight line joining the ends
of the vectors M, and M,;, whereas in the case of homo-
geneous rotation it should lie on a semicircle. The
presence of states with vector M on the vertical section
of the diagram of Fig. 7 point to the appearance of mag-
netic stratification of the sample into coexisting phases.
The observed stratification is practically at equilibri-
um. This is indicated by the absence of hysteresis of
the phase transition (accurate to 60 Oe, item 3 of Sec.
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4, at a width 7 kOe of the region of metastable states).

The nature of the magnetic inhomogeneities existing
in the magnetic-field interval AH is most clearly il-
lustrated by the correspondence of this interval (item
2 of Sec. 4) to the demagnetizing field of the sample
H;=pAM =0.2 kOe. Some excess of the observed value
of AH can be understood by taking into account the in-
homogeneity of the demagnetizing field in a sample of
cubic shape, an inhomogeneity estimated in Sec. 4.
According to the theory,'? the demagnetizing field of
the sample is the cause of the onset of an intermediate
state in the sample during the first-order phase transi-
tion. It appears that in monoclinic NiWO,, just as in
the uniaxial antiferromagnet MnF,, a domain struc-
ture is also realized in the magnetic-field interval AH,
consisting of an alternation of regions of coexisting
phases that are in statistical equilibrium with one an-
other.
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The spin-phonon interaction (SPI) of Ni2* ions in a trigonal zinc fluorosilicate (ZnSiF¢6H,0) crystal is

investigated. The complete set of the SPI tensor elements obtained from experiments on the effect of axial
compression on the electron paramagnetic resonance (EPR) spectrum at 4.2 K is used to calculate the
spin-lattice relaxation (SLR) time of the direct processes in the investigated system. A comparison of the
calculated and experimental values shows good agreement when the phonon bottleneck effect is taken

into account. The contribution of the crystal-lattice dynamics and of the temperature compressibility of
the crystal to the initial splitting parameter D is calculated. It is established that the temperature

compressibility and the SPI of the single-phonon processes do not describe the observed temperature

dependence of D, while the SPI of two-phonon processes can describe this dependence.

PACS numbers: 63.20.Dj, 76.30.Fc

INTRODUCTION crystals are diluted the principal role can be assumed

by the relaxation processes connected with energy
transfer from the paramagnetic system to the phonon
reservoir of the crystal lattice.

The possibility of observing magnetic-resonance
spectra and of practical utilization of diamagnetic
crystals doped with paramagnetic ions in quantum-
electronics devices is due greatly to the speed of the
relaxation processes between the sublevels of the spin
system. Numerous experimental and theoretical in-
vestigations have shown that when the paramagnetic

Theoretical calculations of the elements of the spin-
phonon interaction (SPI) tensor! for cubic crystals lead
to values that agree well with the experimental results.
When the symmetry is lowered, however, the calcula-
774 Sov. Phys. JETP 50(4), Oct. 1979
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