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The magnetic anisotropy of a single crystal of anhydrous copper sulfate has been measured
between 1.5° and 300°K. The transition to the antiferromagnetic state has been found to be
accompanied by an anomalous growth of x), while the parallel susceptibility varied in the
usual way. A quadratic temperature dependence has been established for ;. A possible

magnetic structure of CuSO, is discussed.
1. INTRODUCTION

THE magnetic susceptibility of anhydrous copper
sulfate was first measured, down to hydrogen tem-
peratures, by Gorter and de Haas in 1931.! They
performed the measurements on a polycrystalline
specimen at nitrogen and hydrogen bath tempera-
tures. They found that at nitrogen temperatures
and above, the Curie-Weiss law X =c¢/(T-0)
holds, with ® = —77.5°. At hydrogen temperatures,
the value of the susceptibility is considerably
greater than that calculated by the Curie-Weiss law
and is independent of the temperature. In 1941
Stout? observed in anhydrous copper sulfate at

T = 34.8°K, a heat-capacity anomaly characteristic
of a second-order phase transition. The data indi-
cated above, together with our magnetic investiga-
tions® of a group of anhydrous sulfates of Ni*™,
Cl'H', Fe++, and Cu++, suggest that the anhydrous
copper sulfate, like the other foregoing compounds,
is antiferromagnetic.

The temperature dependence of the magnetic
susceptibility of a polycrystalline specimen of
CuSO,, which we have obtained in a previous in-
vest;ig:a.tion,4 show that at T = 34.5°K this sub-
stance experiences a transition and apparently
becomes antiferromagnetic below this temperature.
The transition itself is unusual and is distinguished
by an anomalously rapid growth of the susceptibility
near T = 34.5°K. To explain the character of the
observed anomaly and to investigate in greater de-
tail the behavior of the susceptibility below the
temperature of this anomaly, we have undertaken
to measure of the temperature dependence of the
susceptibility in a single crystal CuSO,. The re-
sults are reported in this paper.
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2. APPARATUS AND SPECIMENS

The magnetic susceptibility was measured by
the Faraday method with apparatus analogous to
that previously described.® This apparatus made
it possible to cover without a broad continuous
band of temperatures from 1.3 to 300°K. The
temperature was measured in the 1.3 to 4.2°K
range by determining the vapor pressure of a
helium bath, from 4.2 to 20°K by determining the
resistance of a carbon thermometer, and from 20
to 300°K by determining the resistance of a copper
thermometer calibrated with a standard platinum
resistance thermometer.® The carbon thermom-
eter was calibrated by the Clement and Quinnell
method.”

The susceptibility was measured at several
magnetic field intensities between 12.5 and 13.5
kilooersteds. The susceptibility was measured
in various directions in a plane perpendicular to
the line of suspension of the specimen. The error
in the absolute value of the susceptibility did not
exceed =1 x 1074 per mole; the relative error
did not exceed 2 to 6% in the various temperature
ranges. The relative errors were somewhat higher
than in previous investigations, owing to the small-
ness of the specimens. A correction was introduced
for the diamagnetism of the SO;~ ion.® Single-
crystal specimens of anhydrous copper sulfate were
used in the investigations. These specimens were
obtained* from a solution of cuprous oxide in mol-
ten ammonia sulfate.” The (NH,),SO, decomposes,
above 360°C and the anhydrous copper sulfate drops

*The author is very grateful to N. N. Mikhailov for permit-

ting him to grow crystals in his laboratory and for constant
interest in this work.
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out as a crystalline precipitate. Preliminary in-
vestigations have shown that the size and quality of
the resultant crystals depend, firstly, on the rate
of decomposition of the (NH,),SO, and, secondly,
on the value and constancy of the temperature dur-
ing the entire process. If the process is carried
out at ~ 390 or 400°C, an intermediate compound
of the type [Cu(MHj;)4]SO, HyO is first formed and
is then transformed into CuSO,, but not in form of
crystals but in the form of a powder. If a higher
*temperature, approximately 500°C, is maintained
during the entire process, the CuSO,; may decom-
pose after the removal of the decomposition prod-
ucts of (NH,),SO4. We therefore chose an interme-
diate temperature of 430°C, which was maintained
accurate to 2 or 3°. At this temperature, the entire
process was completed in 20 hours. The optimum
initial proportion was one part CuSO, four parts
of (NH,),SO, (by weight).
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FIG. 1. Diagram of the equip-
ment used to grow single crystals
of CuSOy4.
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FIG. 2. Temperature dependence of the
reciprocal molar susceptibility 1/)(mol of
single-crystal CuSOg4. ®) data of present
work, x) data of reference 4.

mol’

Figure 1 shows the diagram of the equipment
used to grow single crystals of CuSO4. Approxi-
mately 10 g of a mixture of CuSO, and (NH,),SO,
were placed in cup 1. The decomposition products
were removed through test tube 2. A feature of
this equipment is that the optimum rate of decom-
position can be chosen for any specified tempera-
ture. Smooth variation of the mounting height of
test tube 2 regulates the gap between the bottom
of test tube 2 and cup 1, thus regulating the speed
of removal of the decomposition products.

The temperature of the oven 3 was regulated
with a platinum resistance thermometer 4, con-
nected in a dc bridge circuit. The null device of
the bridge was a type MRShchPr-54 regulating
millivoltmeter which controlled the operation of
the oven. This circuit maintained the oven tem-
perature accurate to 2 or 3°. The platinum resist-
ance thermometer served only to regulate the tem-
perature. The oven temperature was measured
with a copper-constantan thermocuple attached to
the upper part of test tube 2. The thermocouple
readings were recorded by an automatic millivolt-
meter.

The foregoing procedure has yielded single
crystals of anhydrous copper sulfate measuring
3x1x0.2 mm and weighing 1 to 2 mg (see refer-
ence 4). These crystals are transparent and have
a weak gray color. Unlike the polycrystalline
CuSO,, obtained by roasting in vacuum, they can
be exposed to air for a sufficiently long time (ap-
proximately 15 days) without absorbing any mois-
ture. Most crystals are elongated prisms with
rhombic cross section, terminating in most cases
with quadrilateral pyramids. The angles between
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the prism faces are approximately 66 and 114° re-
spectively.

The structure of anhydrous copper sulfate has
not yet been thoroughly studied. Hammel!? has ob-
tained x-ray diffraction patterns of anhydrous sul-
fates of transition metals by the powder method.
He has established that the lattice of these com-
pounds is apparently rhombic with four molecules
in each elementary cell. For CuSO; he obtained
the following lattice parameters: a =4.88A, b =
6.66 A, and c =9.32A.

Preliminary x-ray structural investigations,
made by Porai-Koshitz* with single crystals of
CuSO, produced by us, have confirmed Hammel’s
data. Hammel has found later that the principal
plahe forming the prism is {120} and that the
c axis coincides with the long edge of the prism,
while axes a and b lie along the long and short
diagonals of the rhombic section of the prisms,
respectively. According to these data, the angles
between the faces of the prism should be 60°30’
and 111°30’ respectively, which is in good agree-
ment with our data.

3. MEASUREMENT RESULTS

The susceptibility was measured with two single-
crystal CuSO, specimens weighing 0.95 and 1.1 mg.
The susceptibility was measured in the first speci-
men in the ab plane (c axis directed along the
suspension line), and in the second specimen in
the planes ab (c axis along the suspension line)
and ac (b axis along the suspension line). In the
entire investigated temperature range, the suscep-
tibility component X, in the c direction coincides

*The author is deeply grateful to M. A, Porai-Koshitz for
supplying him with data on the structure of CuSO4 and for much
valuable advice.
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with the component x;, alongthe b axis. We de-
note henceforth x; =X, =X, and X; = Xa-

Figure 2 shows the temperature dependence of
the reciprocal of the molar susceptibility of CuSOj,.
In the temperature range from 300 to 85°K, within
the limits of experimental accuracy, X coincides
with X, and with the susceptibility values obtained
by us with polycrystalline CuSO4.4 Figure 2 shows
therefore, for this range of temperatures, the data
obtained for a polycrystalline specimen, which are
more accurate. The diagram shows that the Curie-
Weiss law holds in the temperature interval form
300 to 85°K. The constants are C =0.517 and ® =
—177.5°. The value of the g factor, calculated from
these data, is 2.38.

Figure 3 shows the results of the measurement
of the magnetic susceptibility below 60°K, plotted
in coordinates Xmol and T°. When T = 35°K,
X| increases sharply, almost tripling in value
within approximately 2.5°, reaching a maximum
at T = 34.5°K. It then drops to three quarters of
its maximum. From 12 or 14°K down to 1.5°K
X| does not change with temperature. Below 60°K
X|| is almost constant down to 36°K, below which
it diminshes practically to zero. The small rema-
nent value of X observed at T = 1.3°K, may be
due to an imperfectly accurate mounting of the crys-
tal and corresponds to a 1° deviation from the crys-
tallographic direction. The maximum value of X
corresponds to approximately one quarter of the
maximum value of X;. A dependence of X; on
the magnetic field is observed in the transition
region. Qualitatively this dependence is similar
to that observed in polycrystalline specimens,? in
that the susceptibility decreases with increasing
magnetic field, and its maximum shifts towards
the lower temperatures.

Quantitatively this dependence is difficult to
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FIG. 4. Assumed
L« magnetic structure of
4 CuSO4. a=4.88 A,
b=6.66 A, c =9.32A.
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estimate for a single-crystal specimen, since the
susceptibility can be measured only in strong mag-
netic fields, owing to the smallness of the speci-
men. No field dependence was observed at all for
X||. We did not find within the limits of the meas-
urement accuracy, the dependence of the suscepti-
bility on the field, observed by de Haas and Wiers-
ma'! at hydrogen temperatures, or the residual
moment observed by Schultz et al.!? at the same
temperatures in a polycrystalline specimen.

4. DISCUSSION OF RESULTS

Our measurements of the temperature depend-
ence of the magnetic susceptibility of anhydrous
copper sulfate in a single-crystal specimen show
that at 34.5°K the substance experiences a transi-
tion, below which it becomes antiferromagnetic.
While it was difficult to conclude the character of
the observed transition (whether it is a first-order
or second-order transition), from the data for the
polycrystalline specimen of CuSO,, the behavior
of X, (T) in a single-crystal specimen is unequiv-
ocal evidence of a second-order transition. This
conclusion is also confirmed by Stout’s? data on
the heat capacity of CuSO;,.

According to the observed temperature depend-
ences for X,, Xp, and X in the antiferromagnetic
state, the CuSOy in the antiferromagnetic state is
uniaxial in the magnetic sense. The direction of
least magnetization coincides with the a axis.

As indicated above, we still do not know the
exact crystalline structure of CuSO,. However,
from data on the crystalline structure of NiSO,!3
and from preliminary results on the x-ray struc-
tural investigation of CuSO; made by Porai-Koshitz,
we may assume that the arrangement of the Cu™™*
ions in the elementary cell of CuSO, is as shown
in Fig. 4.

Let us attempt to ascertain what type of order-
ing of the magnetic moments is the most likely for
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the structure we are investigating. Following the
theory of the molecular field,!*!® we divide the ini-
tial lattice into four simple sublattices, as indicated
in Fig. 4. Let Mj be the mean magnetization per
unit volume of the i-th sublattice. We consider
only interactions between ions that are 4.0 to 5.0A
apart, and introduce the following symbols: A — in-
teraction constant between ions inside each sublat-
tice, 'y — constant of the interaction between ions
of sublattices I and II and sublattices III and IV,

Ty — constant of interaction between ions of sublat-
tices I and III and sublattices II and IV. For the
mean moments of the four sublattices we can write
the following equations:

My = 5 [H — 2AM, — 2Ty My — 4T, My,

My = o [H — 2Ty M, — 2AM, — 4T, M,];

C - )
M3 = T [H — 41 ng _— QAM:} - 2F1M4L

M, = ~f;; [H — 4T,M, — o1, M; — 2AM,].

Using these equations, we determine the Curie
temperature T in the following cases:

1. My = —My; Mg=—M;; My=M,;
Te, = S (Ty 4 2T, — A);

2. My = — My; Mz = My; My=— M;
(2)
C

Te, =5 (I —2T,— A);

3. My = M;; Mg=— M;; My=— My;

Te, = S (2 — Ty — A),

It is obvious that the most probable order corre-
sponds to the maximum Tg. To estimate T we
first estimate the magnitudes of the interactions A,
Ty, and TI';. Assuming that the exchange interac-
tion between the magnetic ions increases with di-
minishing distance between them, we obtain

L, >T, > A. (3)

Using (3) to estimate T¢ in (2) we find that the
most likely type of ordering is the first one, i.e.,
MZ = —Mb M3 = -—Ml, M4 = Ml (see Fig. 4).

From the data obtained for the susceptibility of
a single-crystal of CuSO, we can draw certain con-
clusions regarding the temperature dependences for
X; and X1 below the Curie point. It is seen from
Fig. 5, which is plotted in coordinates x| and T?,
that X =a +b(T/Tc)? from ~15to 34°K. This
result agrees with the general deductions of the
theory of spin waves.!®71® The presence of the con-
stant a may be due to an incorrect allowance for
the diamagnetic correction for the SO;~ ion. No
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simple power-law approximation could be found
for X_L.

The most interesting is the anomalous increase
in anisotropy, which we observed in the narrow re-
gion of the transition point. Since the exchange in-
teraction is isotropic, we must assume that the
establishment of antiferromagnetic ordering is
accompanied by a change in the spin-orbit inter-
action. Attention should be called to the fact that
the value of the g factor in CuSO, is considerably
greater than 2. This is evidence that in the split-
ting of the orbital levels by the crystal field, the
distance between the lower levels becomes rela-
tively small. One can assume that the exchange
interaction leads to a further change in the split-
ting picture. We made no numerical calculations,
but qualitatively such a scheme could explain the
anomalous increase in the anisotropy.

The author expresses deep gratitude to A. S.
Borovik-Romanov for continuous attention and for
guiding the project. The author is thankful to
Academician P. L. Kapitza for continuous attention
to the work and also to Professor P. G. Strelkov
for much valuable advice. In addition, the author
is indebted to V. I. Kolokol’nikov for aid in the
measurements.
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