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The magnetization of single-crystal antiferromagnetic PbMn20, is investigated in three mutually
perpendicular directions. It is shown that when the magnetic field is oriented in the basal plane of
the crystal, magnetic field acquires also perpendicular components along the trigonal axis as well
as in the basal plane. With increasing magnetic field strength the total magnetization deviates
from its original direction. Possible explanations of this effect are proposed.
PACS numbers: 75.60.Ej, 75.50.Ee

A magnetization component perpendicular to the applied magnetic field was observed in a number of antiferromagnets through the use of the recently developed vibration
magnetometer with three pairs of coils,' which permits simultaneous investigations of the components of the magnetic moment of a sample in three mutually perpendicular directions. This phenomenon, weak ferromagnetism of higher
order,2 was investigated in the crystals NiCO, and CoCo,
(Ref. 3, space group D :,), FeCl, (Ref. 4, D :,), and CsMnF,
(Ref. 5, D &), in which a magnetization component perpendicular to the basal plane was produced at definite directions
of the magnetic field in this plane. In FeCl, crystals, in addition, a magnetization component perpendicular to the magnetic field appeared also in the basal plane.' In investigations
of the magnetization processes it was always presumed that
in magnetically ordered crystals the total moment of the
sample rotates towards the applied-field direction when the
magnetic field is increased. This presumption is based on the
fact that in the expansion of the thermodynamic potential in
powers of the ferromagnetism and antiferromagnetism vectors m and 1the magnetic field H enters explicitly only in the
Zeeman term - m*H that increases in absolute value with
increasing H and has a minimum at mlJH,while the terms
that depend on m and determine the magnetic anisotropy of
the crystal are insignificantly changed, since mzconst in
fields that are not too weak, while in antiferromagnets m(1.
The value of 1 is usually practically independent of H. Nonetheless, reversal of the magnetization component parallel to
the magnetic field was observed in the weakly ferromagnetic
crystal Ni,B,O,,I (symmetry group C : , ) in a magnetic field
directed along the [ I l l ] axis; this reversal is possibly due to
the deflection of the magnetization away from the magneticfield direction. Unfortunately, the other components were
not investigated in Ref. 6. Furthermore, although the behavior of the total magnetization with changing magnetic field
was not analyzed in Refs. 3-5, it can be seen from the data of
Refs. 4 and 5 that the magnetization deviates monotonically
albeit negligibly (by up to 3 degrees) away from the field
direction in an FeCl, crystal.'
The vibration-magnetometer method was used in the
present study to investigate, in three mutually perpendicular
directions, the behavior of the magnetization components of
the PbMn,O, crystal in magnetic fields up to 20 kOe applied
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in the basal plane. The measurements were made at room
temperature.
Hardly any studies were made of the hexagonal antiferromagnet lead manganate PbMnlO,. Only one published experimental paper7 reports the growth of PbMn,O, crystals
and investigation of their magnetic properties below 63 K
and of their dielectric properties below 300 K. A thermodynamic treatment of the results of Ref. 7 is given in Ref. 8. An xray structure analysis of the crystal has shown that at room
temperature the compound is hexagonal, with cell parameters a = 10.01 A and c = 13.58 A, and with probable space
groups D ,D $, ,or D 2, ,of which D is noncentrosymmetric. The results of the magnetic measurements7 have shown
that below 63 K lead manganate has a weak ferromagnetic
moment. The dielectric measurements have revealed a broad
maximum of the dielectric constant at 250 K and the presence of dielectric hysteresis loops in the interval 20-70 K.
Above 70 K, owing to the increased electric conductivity of
the crystals, no dielectric loops were plotted. Al'shin eta/.'
have proposed that a ferroelectric transition takes place
above the magnetic-ordering point, and that the paramagnetic phase of the crystal belongs to the C group. Above 63 K,
a rather high spontaneous magnetization is still observed
and amounts at 120 K to more than 30% of the magnetization at 20 K (in Ref. 7 the magnetization is given in relative
units). Consequently, 63 K is not the temperature at which
the magnetic order is completely destroyed.
We describe the experimental results in the following
coordinate system: the z axis is directed along the threefold
axis, x and y lie in the basal plane of the crystal, with x
directed along the symmetry plane and y perpendicular to it.
When transforming to a spherical frame, we shall designate
by 9 and p the polar and azimuthal angles of the ferromagnetism vector m, by 9, and p, the angles of the antiferromagnetism vector 1, and by 9, and p, the same for the electricpolarization vector p. The polar angles are reckoned from
the threefold axis, and the azimuthal from the vertical symmetry plane.
Figure 1 shows the three components of the PbMn,O,
magnetization as functions of the magnetic field H applied in
the basal plane of the crystal. The figure shows that all three
magnetization components are observed and increase with
increasing field. Also observed are a hysteresis loop and a
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FIG. 1. Experimental dependences of the magnetization components mi on the magnetic field H. Curves: I ) i = x , 2) i=y, 3) i = z . In
the upper inset: 4) 19(H), 5) q(H); in the lower inset: 6 ) I m(H) I.

spontaneous magnetic moment. The magnetization component perpendicular to the magnetic field depend on the direction of H in the basal plane. Figure 1 shows the results for
those field directions in the basal plane, for which the largest
values of these components have been observed. Owing to
the poor reproducibility of the experimental results, we were
unable to investigate the magnetic anisotropy quantitatively. The poor reproducibility of the experiment consisted in
the fact that when the magnetic field was rotated in the basal
plane through a large angle (- 90") the easy-magnetization
direction changed by 30". At a smaller field rotation the
curves were reproducible. The experimental errors for the
latter case are indicated in Fig. 1.
To explain the observed phenomenon, we consider the
expansion of the thermodynamic potential @ in powers of
the vectors m, 1, and p. An expression for @, accurate to
terms of sixth order in 1for the C , , class to which MbMn,O,
apparently belongs8 is given in Ref. 8. Retaining only terms
we need to describe the experiment, we express @ in the form

-

the basal plane. In our experiment, besides the appearance of
m, , we have observed also a deflection of the vector m in the
basal plane away from the magnetic field direction (Fig. 1,
curve S), and we confine ourselves hereafter to an explanation of only this effect.
Since the direction of the vector 1 cannot be uniquely
determined from the available experimental data, we consider two cases: (1)the vector 1 makes an angle with the basal
plane, and (2)the crystal is easy-plane. We direct the magnetic field in the basal plane along the x axis and express the
potential (1) in spherical coordinates under the condition
that (1.m) = 0 (q,, = q, + n-/2), l2 = const, and m, = 0

f I' cos 6, sin36, sin 39 - fl
- m H cos 9-t 13msin36, cos 3~
3
3
--f2 13ms i n Z 8 ,cos 6, sin 3qf epml sin 8, sin Bzcos(h+2q)
3

(2)

where q , = q, + iq,, q = m, 1,p. The term with the coefficientf, (Ref. 2) is not given in Ref. 8.
A possible explanation for the onset of a crystal magnetization along the z axis when a magnetic field is applied in
the basal plane was considered by Bazhan for both an easyaxis3and an easy-plane4antiferromagnet. The explanation is
based on a thermodynamic invariant of the thermodynamic
potential with coefficientfl, which leads to the appearance
of m, when a definitely directed component of 1 appears in
915
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In the first case the deflection of the magnetization
away from the magnetic field can be indirectly explained as
follows: the presence of weak ferromagnetism (invariant
with coefficient d ) leads to rotation of the vector 1from the C,
axis towards the basal plane in the magnetic field applied in
the basal plane; this deflection is larger the stronger the field.
At the appropriate signs of the coefficients c and f,, the corresponding invariants, which increase like sin6$, and sin3$,,
can explain the observed effect. Retaining in @ the first six
terms and minimizing with respect top, I?, and m we obtain,
if the anisotropy in the plane is less than the anisotropy along
614), a system of equathe principal axis (el X sin2$, gal
tions for the equilibrium values of p , a,, and m:

+
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Bm-dl sin 6,-I1 cos q=O,
-a12 sin 6,-bl' cos26, sin 6,-dlm=O,
77tH sin q-cl6 sin86 , sin Gcp=O.

+

(3)

From (3) we easily find that at H = 0 the angle 6 is determined from the condition
aB+bBZ2+dZ
aB+ bBl2+d2
sin26,' =
at OG<1
bBIZ
bH1"
andsin$: = ~ a t a B + b +d2<0(hereb>O).
~I~
Ifwe put
for simplicity b = 0 and 6 = 0, we can obtain an exact solution of the system (3)for 6, and m:
Ha cos cp
dH cos cp
sin*, =m=
(aB+#) 1 '
(aB+dZ) '

:

from which we obtain from (3)a condition for q:
cd2H' cos5
sin cp =
?sin 69.
a (aB+#)'

+

It can be seen from (4)that at H4< a(aB d 2)5/ 6cd the
equilibrium value is q, = 0, and at

q, increases monotonically with the field until the vector 1
lands in the basal plane. In this case the maximum value of q
is larger the larger the ratio cd 214/a(aB+ d '), but cannot
exceed r/6. A similar analysis leads apparently to just the
same p(H ) dependence also when the invariant with the coefficientf2 is taken into account.
Even though the obtained dependences of m and 9, on
H are in qualitative agreement with experiment if the constants are suitably chosen (HE= BI /2 lo6 Oe,
HD=dl-1050e,H, =a13-1O40e,HC =c15-1040e),so
appreciable an anisotropy of the vector 1 in the basal plane
(Hc) seems to us to be quite unlikely.
Another more probable explanation is based, in our
opinion, on the existence of the magnetoelectric effect in
PbMn,04 (Ref. 8). We assume now that the crystal has magnetic anisotropy of the easy plane (case 2) and a spontaneous
electric polarization along the C3 axis. We neglect in Eq.(2)
the terms with coefficients b, c, f,fl, f, and put a > 0, d > 0,
a -8- y/pZ-g/p2 > 0. We minimize @under the condition
that the influence of the magnetoelectric interaction on the
electric system (lemll (18~1)
and the departure of 1 from the
plane( f-0) aresmall, i.e., sin6, =: 1 and c0s6~=:1. It follows
then from X / d p = 0 thatpZ= a/o and therefore we obtain
from a@/dlt?, = 0

-

sin e2=-
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and from d@/dm, if P>epl sint?,, it follows that
m = (dl H cosp)/B.
Substituting the expressions obtained for 9, and m in
the equations d@ /dq, = d@/dp, = 0 we obtain
H sin cp-e2p sin (cp2+2cp)sin 6,=0,
em1 sin (cp2+2cp)+yps sin2e2sin 3cp2=0.

(6)

(7)

It follows from (7)that in weak fields, when eml>yp3
sin2 a 2 , we have sin(q,, + 2q)-0, and from (6) we obtain
sinq-0. With increasing field, the second term of (7) increases more rapidly than the first (Isinq,]increases). It can
be easily seen from (6) and (7) that at a sufficiently large
magnetoelectric interaction (2epl/H> 1) the angle q, can
reach r/6.
Comparison of the electric and magnetic energies
shows that to explain the observed effect the electric polarpC/cm2 (the known
ization must be of the order of
ferroelectrics have polarizations from
to 200pC/cm2).
It is possible that the poor reproducibility of the magnetic
measurements is due to the fact than when the direction of
the magnetic field is reversed not the entire volume of the
sample is electrically repolarized. A final assessment of the
origin of the magnetization components perpendicular to
the field will possible obtained after the magnetoelectric effect is investigated by a dynamic method.
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in Ref. 4.
'A. Bazhan, A. S. Borovik-Romanov, and N. M. Krelnes, Prib. Tekh.
Eksp. No. 1,213 (1973).
'I. E. Dzyaloshinskil, Candidate's dissertation, Moscow, 1957: E. A.
Turov, Physical Properties of Magnetically Ordered Crystak, Academic,
1965.
'A. N. Bazhan, Zh. Eksp. Teor. Fiz. 67,1520 (1974)[Sov. Phys. JETP 40,
757 (197511.
4A. N. ~ a z h a nand V. A. Ul'yanov, Zh. Eksp. Teor. Fiz. 79, 186 (1980)
[Sov. Phys. JETP 52, 94 (1980)J.
5A.N. Bazhan, S. V. Petrov, and V. A. Ul'yanov, Zh. Eksp. Teor. Fiz. 82,
203 (1980)[Sov. Phys. JETP 55, 121 (1980)l.
61.S. Zheludev, T. M. Perekalina, E. M. Srnirnovskaya, S. S. Fonton, and
Yu. N. Yannukharnedov, Pis'ma Zh. Eksp. Teor. Fiz. 20,289 (1974)
[JETP Lett. 20, 129 (1974)J.
'B. I. Al'shin, R. V. Zorin, L. A. Drobyshev, and S. V. Stepanishchev,
Kristallografiya 17, 562 (1972)[Sov. Phys. Crystallography 17,489
11972\1.
'B. I. Al'shin, D. N. Astrov, L. N. Baturov, and R. V. Zorin, Fiz. Tverd.
Tela (Leningrad) 18,400 (1976)[Sov. Phys. Solid State 18, 232 (1976)l.
Translated by J. G. Adashko

Kotyuzhanskil st a1

916

