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The possible occurrence of a toroidal ordering of a nonintrinsic type in a
magnetoferroelectric is discussed. This type of ordering should be manifested by an
intensification of diamagnetic effects. Magnetostatic equations are formulated.
They describe, in particular, a toroidal-state diamagnetism.

1. A new type of ordering in a solid has recently been predicted and studied
theoretically: a toroidal current state.' The order parameter in this state is the den-
sity of the toroidal moment, T(r), and the conjugate field is the current density j(r). The
response to jir) diverges at the point of a second-order phase transition. The symmetry
of the polar vector T{(r), which changes sign upon time reversal (the existence of such a
vector is allowed in the magnetic symmetry class 31; see Ref. 3, for example), leads to a
magnetoelectric effect in the toroidal-current state. Analysis of a microscopic model
(see the bibliography in Ref. 4) shows that in addition to the actual transition to the
toroidal-current state there is a high probability that a toroidal-current state will arise
in the domain walls of orbital magnetic materials and semiconducting ferroelectrics if
the ferroelectricity arises from a Coulomb or electron-phonon interaction (the vibron
model as a particular case). In the present letter we show that in a material that
exhibits both ferroelectric and magnetic properties—a magnetoferroelectric material—
the appearance of a toroidal moment is unavoidable, and this moment appears
throughout the volume, not exclusively in domain walls. Evidence of a toroidal-cur-
rent state against the background of ferroelectric magnetic ordering might be an inten-
sification of diamagnetic effects. We formulate some magnetostatic equations and as-
sociated boundary conditions which also describe, in particular, the diamagnetism of a
toroidal-current state.

2. The magnetic symmetry classes that allow a toroidal-moment vector in princi-
ple allow the existence of magnetic-order parameters of other types: the magnetic
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moment or the antiferromagnetic vector. For this reason, knowledge of the symmetry
of a medium is not sufficient for unambiguously determining whether a toroidal cur-
rent state occurs or whether some other type of magnetic ordering occurs. There is
every reason to believe that ordering in terms of the toroidal moment coexists with
ordering in terms of the magnetic moment in at least one class of media: magnetofer-
roelectrics (see, e.g., Ref. 5). In a magnetoferroelectric, a toroidal moment

T~ [PM]. (1)

is induced in the system in proportion to the polarization vector P and the orbital
component of the magnetic moment, M.

In this case the transition to the toroidal-current state is a nonintrinsic transition.
A distinctive property of the toroidal-current state is its diamagnetic response to an
external magnetic field. This result was established in Ref. 6 for the case of smooth
spatial variations of T(r). We show in the present letter that the toroidal-current state
is diamagnetic for arbitrarily sharp spatial changes in T(r) (discontinuities). The dia-
magnetic component of the magnetic response, which arises simultaneously with T(r)
in (1), however, may be masked by the predominant paramagnetic component of the
response, which is associated with the magnetic ordering of M. Nevertheless, at suffi-
ciently low temperatures in a fixed external field, or in sufficiently strong fields at a
given temperature, at which the induced paramagnetic moment reaches saturation, the
toroidal diamagnetic component may become predominant, and the resultant moment
of the sample may begin to decrease with decreasing temperature. The behavior in a
strong magnetic field, which is characteristic of the toroidal-current state, has been
observed experimentally in nickel iodide boracite’ (Ni,B,O,,I). It was shown in Ref. 7
that when the external magnetic field is oriented in a certain way with respect to the
crystallographic axes, the induced magnetic flux through the sample becomes negative
at a certain critical value of the field. The existence of a critical magnetic field can be
explained as follows. A high diamagnetic susceptibility requires a high concentration
of regions of inhomogeneous toroidal moment. The role of these regions may be played
by the boundaries of the ferroelectric domains in a magnetoferroelectric, whose den-
sity may increase with increasing magnetic field because of the term |(H*V', P |? in the
free-energy functional (V, is the gradient in a given symmetry direction n of the
crystal).® A decrease in the induced magnetic moment with decreasing temperature
has also been observed in nickel iodide boracite.” The magnetic susceptibility will
behave in a similar way when the toriodal-current state forms only near a ferroelectric
domain wall, rather than over the entire volume of the sample.?

The situation opposite (1) is also possible, i.e., a situation in which an ordering in
the magnetic moment which arises from an intrinsic transition to a toroidal current
state is nonintrinsic:

M~ [TP]. (2)
The vector P is not necessarily the polarization vector. The role of the vector P
could also be played by the displacement vector upon a structural transition involving

the loss of an inversion center. If the transition accompanied by the formation of P
occurs before the transition to the toroidal-current state, the invariant that is cubic in

1077  JETP Lett, Vol. 40, No. 7, 10 October 1984 Artamonov efal. 1077



T, and H will cause the magnetic susceptibility to vary in accordance with the Curie- |
Weiss law only below the temperature of the transition to the state with P#0, with a
slope change at the transition point. This behavior of the magnetic susceptibility has
been observed'® in GaMo,S,, where the appearance of a ferromagnetic order is preced-
ed by a structural transition. Since GaMo¢S; contains no magnetic ions, we would seek
the reason for the ferromagnetism of this compound in the model of collectivized
electrons. A spin ferromagnetism of collectivized electrons (see Ref. 11, for example)
arises only to the extent that there is an excess of charge carriers; i.e., the ferromagne-
tic phase has a metallic conductivity. A nonintrinsic orbital ferromagnetism in a toroi-
dal-current state, in contrast, does not require a doping of a semiconductor—an im-
portant point for an experimental identification of the toroidal-current state. To the
best of our knowledge, the type of conductivity of GaMo.S; is an open question.

3. The toroidal-current state in a magnetic field is a situation whose description
cannot ignore spatial dispersion.

We write an expression for the change in the free energy density in an external
field:
~ 1
87 = 6% — T6j° — — HSHO, (3)
4
where j° is the external current that produces the field H°. The first term in (3) is the
variation of the free energy density %, without allowance for the interaction with the
field:

G =al T|2+ BITI1*+ 7|t T|? 4)

where a, 3, and ¥ are phenomenological parameters whose specific values are deter-
mined from the microscopic theory.” Here @ = a(6 — 6,), where 0 is the temperature,
and we have g, 3, ¥ > 0. We are interested in temperatures below the transition to the
toroidal-current state (6 < 6,.). Without any loss of generality we may assume divT = 0.

Varying (3) with respect to the external field, we find an expression for the mag-
netic induction in the sample:
—

oF
B(r) =H’ + drrotT+ M — 4n Pt (5)

where M, = 477-[T:]6(r —r,) is the surface moment, v is the vector normal to the
surface, and r; is the radius vector on the surface of the sample. The moment M, is
produced by currents which are concentrated in a surface layer with a thickness
roughly equal to the correlation length for the order parameter, &, The structure of
the surface contribution is of such a nature that it exactly cancels the paramagnetic
second term in (5), integrated over the volume. The magnetization of the toroidal-
current state is thus determined by the last term in (5) and is always diamagnetic. An
expansion of the free energy density in powers of the gradients of T(r) [see (4)] is
applicable only over scale lengths much larger than £,. All the changes that occur over
scale lengths on the order of &, are microscopic; at the macroscopic level, these
changes are treated as abrupt and are described by introducing a surface magnetic .
moment density M and by means of a boundary condition on the magnetic induction.
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The boundary condition on the induction B,

B(r =r)- M =H, (6)

means that the smooth component of the magnetic moment formed by the macroscop-
ic currents must vanish at the surface.

The equilibrium value of the order parameter is determined by minimizing the
free-energy functional F= (1/V)(.5 (r)dr

5 F/8T=0. (7)

Equations (5) and (7) with boundary condition (6) constitute a closed system of
equations that describes the behavior of the toroidal-current state in a static magnetic
field near the transition to the toroidal-current state. As an example, we consider a
plane-parallel plate of thickness 2L; this thickness models the typical size of a domain
in an inhomogeneous toroidal-current state. We direct the normal to the plane of the
plate along the p axis, the vector T along the x axis, and the external field H® along the
z axis. Solving (5}(7), we find the following expression for the magnetic-induction flux:

¢ = oo |—1 - 77_52_ tanh <2€L)<1 + tanh2<2?L\)>_ 2-‘, g, = l_zoj_l

(8)
L 7 o ‘&g

where ¢, = 2LH ° is the flux in the absence of the toroidal-current state (at 6 > 8.). The
formation of a toroidal-current state leads to a partial repulsion of the flux because of
the sharp decrease in the magnetic induction near the surface. The diamagnetic sus-
ceptibility of the toroidal-current state is proportional to L ~*, i.e., to the concentration
of domains.

We wish to thank N. E. Alekseevskii, I. S. Zheludev, and T. M. Perekalina for
useful discussions.

1B. A. Volkov and Yu. V. Kopaev, Pis’'ma Zh. Eksp. Teor. Fiz. 27, 10 (1978) [JETP Lett. 27, 7 (1978)].

2B. A. Volkov, A. A. Gorbatsevich, Yu. V. Kopaev, and V. V. Tugushev, Zh. Eksp. Teor. Fiz. 81, 729
(1981} [Sov. Phys. JETP 54, 391 (1981)].

3V. L. Grinzburg, A. A. Gorbatsevich, Ju. V. Kopaev, and B. A. Volkov, Solid State Commun. 50, 339
(1984).

“B. A. Volkov, A. A. Gorbatsevich, and Yu. V. Kopaev, Usp. Fiz. Nauk 143, 331 (1984) [C. M. Hurd,
Contemp. Phys. 23, 469493 (1982)].

5G. A. Smolenskii and 1. E. Chupis, Usp. Fiz. Nauk 137, 415 (1982) [Sov. Phys. Usp. 25, 475 (1982]].
B. A. Volkov, A. A. Gorbatsevich, and Yu. V. Kopaev, Zh. Eksp. Teor. Fiz. 86, 1870 (1984) [Sov. Phys.
JETP 59, No. 5 (1984)].

1. S. Zheludev, T. M. Perekalina, E. M. Smirnovskaya, S. S. Fonton, and Yu. N. Yarmukhamedov, Pis’'ma
Zh. Eksp. Teor. Fiz. 20, 289 (1974) [JETP Lett. 20, 129 (1974)].

8A. A. Gorbatsevich, Yu. V. Kopaev, and V. V. Tugushev, Fiz. Tverd. Tela (Leningrad) 24, 406 (1982) [Sov.
Phys. Solid State 24, 230 (1982)].

°L. N. Bashurov, R. V. Zorin, B. I. Al’shin, and Yu. N. Yarmukhamedov, Fiz. Tverd. Tela (Leningrad) 22,
279 (1980) [Sov. Phys. Solid State 22, 166 (1980)].

19N E. Alekseevskii, N. M. Dobrovol’skii, V. N. Tsebro, and V. F. Shamrai, Pis’ma Zh. Eksp. Teor. Fiz. 24,
417 (1976) [JETP Lett. 24, 382 (1976)).

UB, A. Volkov, in: Trudy FIAN (Proceedings of the P. N. Lebedev Physics Institute), Vol. 104, 1978, p. 3.

Translated by Dave Parsons
Edited by S. J. Amoretty

1079  JETP Lett., Vol. 40, No. 7, 10 October 1984 Artamonov etal. 1079





