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The transformation of various properties of gadolinium ferroborate single crystals at phase
transitions, both spontaneous and induced by magnetic fields up to 200 kOe, is investigated
theoretically and experimentally. Particular attention is paid to elucidating the role of
magnetoelectric interactions and the change in them at spin-reorientation transitions accompanied
by a change of magnetic symmetry. With that goal the magnetoelastic and magnetoelectric
properties of the system are investigated over a wide range of temperatures for two orientations
of the magnetic field, Hllc and HL ¢, and a fundamental difference of the character of the

field dependences of the magnetostriction and electric polarization is found. In the framework of
a symmetry approach a description of the magnetic structures and their transformations in

the system GdFe;(BOj), is proposed, and an interpretation of the experimentally observed
properties is given. © 2005 American Institute of Physics. [DOI: 10.1063/1.2008142]

INTRODUCTION

Rare-earth ferroborates RFe;(BO3),, isostructural to the
natural mineral huntite, have a rhombohedral structure and
belong to the hexagonal space group R32 (D;).

These compounds have attracted particular interest in re-
cent years in connection with the prospects for their practical
use, particularly in laser technique'? and for optical second-
harmonic generation,’ and also because of the discovery of
unusual magnetic properties and diverse phase transitions in
them.*~® According to measurements of the temperature de-
pendence of the magnetic susceptibility’ and heat capacity,®
three phase transitions are observed in gadolinium ferrobo-
rate: a structural phase transition at 7-=156 K, a magnetic
ordering of the Fe’" ions at Ty=38 K, and a spin-
reorientation phase transition at Tp=10 K.” The existing
data in the literature nevertheless do not permit one to reach
definite conclusions as to the nature of the phase transitions
observed in these compounds.

In regard to the magnetic structure of gadolinium fer-
roborate the data in the literature are contradictory. In Ref. 9
it was stated on the basis of a study of antiferromagnetic
(AFM) resonance that the magnetic phase transition of the
Fe’" ion subsystem at Ty corresponds to two-sublattice spin
ordering of the easy-plane type, and, as the temperature is
lowered below T, the interaction of the iron and gado-
linium subsystems brings about a reorientation of the Fe®*
spins from easy-plane to easy-axis (the ¢ axis). The magnetic
unit cell of the system is doubled along the ¢ axis in com-
parison with the crystalline unit cell in hexagonal coordi-
nates.

1063-777X/2005/31(8-9)/7/$26.00

In Ref. 7 the magnetic behavior of gadolinium ferrobo-
rate was investigated in the framework of three-sublattice
ordering (of the triangular type) of the iron subsystem. The
spins of the Fe** ions in the temperature interval 10 K<T
<38 K were found to lie in the “easy plane” at an angle of
120° to one another. Below 10 K, according to Ref. 7, under
the influence of an interaction with the gadolinium sub-
system, the Fe®* spins are reoriented from the easy plane in
the direction toward the ¢ axis, forming a cone with axis
along c. Since nothing was said about any change in the unit
call at the magnetic phase transition, and the system re-
mained antiferromagnetic over the whole temperature inter-
val, the opening angle of the cone (the tilt angle of the Fe**
spins toward the ¢ axis for compensation of the magnetiza-
tion of the gadolinium subsystem) should “follow” the in-
crease of the magnetic moment of the Ge** ions with de-
creasing temperature. For an orientation of the external
magnetic field Hllc at T<10 K a field-induced reorientation
of the Fe’" spins from the ¢ axis to the easy plane was
observed.>’

We carried out additional experimental and theoretical
investigations of the transformation of various properties of
gadolinium ferroborate single crystals at the spontaneous and
field-induced phase transitions at high magnetic fields up to
200 kOe. Particular attention was paid to investigation of the
role of magnetoelectric interactions and their changes at the
spin-reorientation transitions. An interpretation of the antifer-
romagnetic properties of the system was given in the frame-
work of a thermodynamic approach. Studies of the magneto-
elastic and magnetoelectric properties of the system for two

© 2005 American Institute of Physics
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FIG. 1. Isotherms of the dependence of the longitudinal magnetostriction of
the GdFe;(BOs), single crystal for Hllc.

orientations of the magnetic field: Hllc and HL ¢ (for which
at present there is absolutely no information in the literature).
We expected that gadolinium ferroborate, which has a non-
centrosymmetric space group, would exhibit substantial
manifestations of the magnetoelectric interactions and their
change at the spin-reorientation transitions, which are ac-
companied by a change of magnetic symmetry.

EXPERIMENTAL RESULTS

We studied the electric polarization P; and magnetostric-
tion \; as functions of magnetic field up to 200 kOe in the
temperature interval 4.2—50 K for Hllc and HL ¢ by the tech-
nique described in Ref. 10, and also the temperature depen-
dence of the thermal expansion of GdFe;(BOs),.

Figure 1 shows isotherms of the dependence of the lon-
gitudinal magnetostriction of the gadolinium ferroborate
single crystal at Hllc. It is seen that in the low-temperature
region 7<<10 K at a certain critical value of magnetic field
H=H"(Hl|lc) there are jumps in the magnetostriction,
where, according to Refs. 7 and 9, a magnetic-field-induced
spin reorientation from the ¢ axis toward the easy plane was
observed. At high temperatures 10<7<T7Ty=38 K the mag-
netostriction does not exhibit anomalies and depends qua-
dratically on the field. The threshold fields H™ at which the
magnetostriction jumps appear decrease with increasing tem-
perature and agree with the fields at which the magnetization
jumps were observed at the field-induced reorientation of the
spins from the ¢ axis to the easy plane.’

0.75
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o’ 9K
0.00 p===irp™=: e 15K
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FIG. 2. Isotherms of the longitudinal electric polarization in a gadolinium
ferroborate single crystal for Hllc.
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FIG. 3. H-T phase diagram obtained for GdFe;(BO;), from measurements
of the longitudinal magnetostriction and electric polarization for Hllc.

Our studies of the magnetoelectric properties of
GdFe;(BO;), single crystals have shown that in the course
of the spin-reorientation transition at 7<<10 K for a field
orientation Hllc there are also jumps of the electric polariza-
tion (Fig. 2), evidently due to the change of the magnetoelec-
tric interactions as a result of the change of magnetic sym-
metry. The spin-reorientation transition induced by a
magnetic field Hllc is accompanied by hysteresis with re-
spect to the the field, which indicates that the transition is a
first-order phase transition. Figure 3 shows the H-T phase
diagrams obtained from measurements of the magnetoelec-
tric and magnetoelastic properties for Hllc, which demon-
strated good agreement with the values of the threshold
fields. The character of the field dependence of the magne-
tostriction and electric polarization differs strongly for Hllc¢
and H1 c. Figure 4 shows the dependence of the longitudinal
magnetostriction for Hlla. It is seen that at 7~5 K the mag-
netostriction initially depends weakly on field, and then, at
H®'~37 K, it increases in a jump to 1 X 10™°. With increas-
ing temperature the threshold field decreases monotonically.
Starting at temperatures 7~10 K and on up to 38 K the
magnetostriction increases in a sharp jump even in weak
magnetic fields ~2 kOe and then behaves monotonically.
The magnetic-field dependence of the electric polarization is
of an analogous character (Fig. 5), and the threshold fields
agree with each other, as is seen on the H-T phase diagrams
(Fig. 6) constructed from the data of the N(H) and P(H)
measurements. Thus for Hllc and H1 c a strict correlation of
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FIG. 4. Isotherms of the longitudinal magnetostriction for a GdFe;(BO3),
single crystal at Hlla.
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FIG. 5. Curves of the dependence of the electric polarization on magnetic
field Hlla for a GdFe;(BO;), single crystal at various temperatures.

the magnetoelectric and magnetoelastic properties is estab-
lished. It should be noted that in measurements of the tem-
perature dependence of the thermal expansion we observed a
sharp A-shaped anomaly at a temperature of 156 K (Fig. 7).
Recent measurements'' have shown that at 7=156 K there
is also a jumplike change of the dielectric constant, which
apparently indicates the onset of spontaneous electric order-
ing at that temperature.

THEORETICAL PART

In view of what we have said above, it is best to take a
symmetry approach to the theoretical description of the prop-
erties of the GdFe;(BOs), system. On the one hand, it al-
lows one to explain the behavior of that system in a unified
way and to identify the active and passive degrees of free-
dom responsible for the change of its magnetic and crystal-
line symmetry, the corresponding order parameters, and the
interactions of the latter both among themselves (leading to
phenomena such as weak ferromagnetism, intrinsic magne-
toelectric effect, etc.) and with external fields. At the same
time, it is exceptionally efficient for predicting new effects
(according to the ““possible-impossible” principle from con-
siderations of whether the space-time symmetry in the be-
havior of a particular system is broken or preserved).

The group-theoretical approach used here (in the spirit of
the Landau theory of phase transitions) permits one to de-
scribe in an exhaustive way all the possible types of mag-
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FIG. 6. H-T phase diagram obtained from measurements of the longitudinal
magnetostriction and electric polarization for Hlla, for the single crystal
GdFe;(BO3),.
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FIG. 7. Dependence of the thermal expansion for a GdFe;(BO;), single
crystal along the ¢ axis in the region of the structural transition T'¢
=156 K.

netic structures that, depending on the concrete form of the
exchange interactions (and also the features of the aniso-
tropic  interactions) can appear in the ferroborate
GdFe;(B0O;3),4 below the magnetic ordering temperature. We
begin with a discussion of the features of the magnetic phase
transition at the temperature T (at which the moments of the
Fe’" ions order). We recall that the unit cell of RFe;(BO3),
in the rhombohedral scheme contains one R** ion (position
la) and three Fe** ions (position 3d). If the space diagonal
of the elementary rhombohedron is assumed to be directed
vertically, then the crystal structure of the RFe;(BO3), sys-
tem will be a set of rhombohedrally shifted identical hori-
zontal layers (oblique with respect to the vertical but parallel
to each other) alternating along the vertical. The distance
between two adjacent equivalent layers is one-third of the
vertical period ¢ of the structure, which is the height of the
unit cell of RFe;(BO3), in the hexagonal crystallographic
coordinates (Fig. 8). But then the hexagonal unit cell of the
RFe;(BO;), system (which is doubly body-centered and
tripled in volume as compared to the rhombohedral cell) con-
tains three formula units (Z=23), or, in other words, three
translationally equivalent R** ions (position 3a) and, ac-
cordingly, nine Fe** ions (position 9d). Since the rhombo-
hedral (truly primitive) crystal cell of GdFe;(BOs), contains

FIG. 8. Fragment of the Bravais lattice of the system RFe;(BOs)4 with the
rhombohedral (primitive) and hexagonal (unit) cells shown explicitly. The
lattice sites (ellipses) correspond to the positions of the R** ions.
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only one R** ion, which will be magnetic for R=Gd, Nd,
and our system is antiferromagnetic at all temperatures be-
low Ty, we shall assume that the elementary translations of
the magnetic Bravais lattice aj'aja} of the GdFe;(BO3)y
system will be related to the elementary translations
a;,a,,a;3 of its crystal lattice (Fig. 8) by the relations

a'=a,+a;,

a)=az;+a;, aj=a ;+a,. (1)
It follows from relations (1) that the magnetic primitive cell
of GdFe;(BO;), will be a rhombohedron doubled in volume
in comparison with the high-temperature primitive crystal
cell. In fact, the volume V" of the magnetic cell is found
from the relation V"=a-[a}Xa}]=(a,+a;) [(a;+a,)
X (a;+a,)]=2V¢, where V¢ is the volume of the primitive
crystal cell. In principle, since in our case the appearance of
antiferromagnetic order in the system from the standpoint of
magnetic symmetry corresponds to a change of the Bravais
lattice on account of the appearance of anti-translations in it
(doubling of a certain number of primitive translations of the
initial crystal lattice), besides the case (1) considered above,
in terms of exchange symmetry there are two more possibili-
ties, fundamentally different from the first: 1) when only one
of the primitive translations is doubled, while the other two
remain unchanged; 2) when some pair of the three transla-
tions doubles, while the third translation remains unchanged.
One is readily convinced that the two cases mentioned would
lead, as a result of a phase transition, to the “loss” of a
threefold symmetry axis and, accordingly, to a change of the
symmetry class of the system from hexagonal to monoclinic.
For the existing ideas about the hierarchy of exchange inter-
actions (intralayer and interlayer), in our system the realiza-
tion of these possibilities is improbable. For that reason we
shall restrict the discussion to case (1). If one is working with
the hexagonal unit cell (which is more natural from an ex-
perimental standpoint) for this system, the change of mag-
netic symmetry (1) leads to doubling of the height of the
GdFe;(BO3), unit cell. Since no concrete change of the
crystal symmetry (micro- and, accordingly, macroscopic) of
the system at 7T,.,=156K has been established
experimentallyl) (while such a change could in principle oc-
cur with a doubling of the unit cell, as, e.g., in the case of
BiFeO;), we assume that the doubling of the unit cell of the
GdFe;(B05), system occurs at the Néel temperature Ty .
As we have said, at high temperatures the rare-earth fer-
roborates belong to the rhombohedral space group R32
(D;). Taking the change of the unit cell at 7 into account,
for describing the magnetic properties of our system (con-
struction of the corresponding irreducible representations of
the group R32) we consider six Fe’™ magnetic moments
characterized by spins S;—Ss. The first three of them—
S,,S,,S;—belong to one horizontal layer, and the other
three—S, ,S5,S¢—lie in the adjacent layer parallel to the
first at a distance of ¢/3 from it. As is done in Landau theory,
in describing the magnetic phase transition it is necessary to
go over from the individual spins S;—S4 to their symme-
trized combinations (basis functions of the corresponding ir-
reducible representations of the group R32), each of which
describes one of the possible types of magnetic ordering—
either collinear (in the case of a one-dimensional representa-
tion) or noncollinear (for two- and three-dimensional repre-

Kadomtseva et al.

TABLE 1. Basis functions of the irreducible representations (structural,
magnetic, and exchange) of the group R32.

D, Structure Magnetic Exchange
Iy K Biy - Byx
Uy + Uy
T By - Byx
T Py Fz. Byx + By
I% Lz, Bix + By

[Ex] [k - 15

o

VA | | ~2nxLy
fuxx —uyy -2rxiv ] FB
I3 ; - = - = 1
| -2uyy {BMHIEW + ?2){} FB,
{ uyy } Bz} | Bix — Boy
~uxz
Lx Biz .

. Ly 1By {F'Bz } LB,
I3 FBy} [1LB

| By + 32,\’}
|Bix - Byy
Note: The primed representations are odd with respect to translation along
the ¢ axis.

sentations). Under the condition that in hexagonal
coordinates the vector of the AFM structure appearing at the
Néel point is equal to k={0,0,1/2}, we obtain the following
relations:

B, =V3(S,;—S,)—v3(S,—Ss),
B,=S,+8,-28;—8,—S5+2S,,

B, =v3(S,—S,)+V3(S;-8;),
B,=S,+S,—28;+8,+S5—28;,
L=S,+S,+8;—8,—Ss—S;.
F=S,+S,+8;+8S,+Ss—S;. 2)

Since we are interested not only in the magnetic but also
the magnetoelastic and magnetoelectric properties of the
GdFe;(BO;3), system, in the corresponding column of the
table of irreducible representations of the group R32 (Table
I) we also give the basis functions of the ‘‘nonmagnetic”
representations (corresponding to structural macro-variables
of the system—to the components of the strain tensor and
electric polarization vector).

In accordance with formulas (2), the pair of functions
{B,,B,}, corresponding in the exchange approximation to a
two-dimensional representation (odd with respect to a shift
by a period along the c¢ axis), will itself describe an
exchange-noncollinear AFM structure of the triangular type,
with the closest three moments, those belonging to the Fe®*
ions found at the center of the sides of the elementary tri-
angle of Gd ions of one layer, directed at an angle of 120° to
one another, and the moments of the next-nearest layer anti-
parallel to the moments of the first layer. Another pair of
functions, {B;,B,}, corresponding in the exchange approxi-
mation to yet another two-dimensional representation (even
with respect to vertical translation), will describe another
exchange-noncollinear AFM structure, also of the triangular
type, that is possible from the standpoint of symmetry. Being
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ordered (as in pair of functions {B,,B,}) antiferromagneti-
cally within each layer, the moments of adjacent layers will
be coupled ferromagnetically, and the resulting magnetic
structure will be antiferromagnetic, with coincident magnetic
and crystal cells. If one goes by the magnetizations of the
layers, the function L describes two-sublattice (and formally
speaking, six-sublattice) collinear AFM ordering in which all
the moments of one layer are coupled ferromagnetically and
those of the next layer are also coupled ferromagnetically
among themselves, but are opposite to the moments of the
initial layer, etc. (this corresponds to the case Kk
={0,0,1/2}). The function F is the magnetization vector of
the magnetic unit cell. It follows from what we have said that
the dominant role of the antiferromagnetic interlayer ex-
change (brought about by the interaction of nearest spins
lying in neighboring layers) leads to the appearance, as the
temperature is lowered, first of 1D magnetic ordering along
the corresponding helical chains, parallel to the ¢ axis, of
iron ions surrounded by distorted oxygen octahedra.’ De-
pending on the character of the intralayer exchange of near-
est spins of the Fe3* ions (and, hence, the exchange between
individual ordered chains)—ferromagnetic or
antiferromagnetic—our system on the whole in the exchange
approximation will be either a collinear antiferromagnet
(which, in the main approximation, exhibits traits of a two-
sublattice antiferromagnet) or an exchange-noncollinear an-
tiferromagnet of the triangular type. There are no other pos-
sibilities for the aforementioned change of magnetic
symmetry (1).

Following Ref. 9, in our discussion below we shall give
preference mainly to the case of collinear ordering. Then the
magnetic ordering that appears at the temperature 7y will be
characterized by a vector L. Nevertheless, for the sake of
completeness (since more-detailed studies of the system are
still warranted) we shall write the thermodynamic potential
of the system (the subsystems of ordering moments of the
Fe’" ions) to second order in the exchange approximation
with allowance for the characteristic energy of all possible
magnetic modes of our system:

1 I ! !
<D2§)=§A(12)L2+ EA(ZZ)(B%+B§)+ EAgz)F2+ EAf)

x(Bi+B3). (3)

We obtain the relativistic (magnetically anisotropic) contri-
bution taking into account not only the independent magnetic
modes, after explicitly separating out the terms correspond-
ing to the case k={0,0,1/2},

1 1 1
(Diezl?indzz L+ 1 LY+ 5 7:(B1y—Byy)?

1 1
+ 5 73(Bx+Bay)*+ 5 74(B1y+Box)?

+(B1x—Byy)% 4)

[in Eq. (4) we have explicitly taken into account the aniso-
tropic contributions of both second and fourth order only for
the mode L of interest to us, which, as we know,12 will be
responsible for possible spin reorientation] but also the
mixed contributions (“mixing” the different magnetic
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modes) of second order, which describe the simplest charac-
teristic interactions of the different magnetic modes of our
system,

D ein. = @[ Lx(Biy+Box) + Ly(Bix—Bsy)]
+a,Ly(Bix+Byy). (5)

Furthermore, we write the main intrinsic (in the absence
of magnetic field) magnetoelectric contributions of both ex-
change and relativistic nature,

D 415= Lol Px(L-By) — Py(L-B))}+ B {Px(L:—L3)
—2PyLyLy}+ B,L(PxLy—PyLy)
+ B3P 2Lz (B1y—Byx). (6)

We also take into account the simplest magnetoelastic con-
tributions:

ADy= ’Yi“zzL§+ Y%”zz(L)zfl'L?/) + ’Yé(”xx‘*‘ ”YY)Lé
+ 7%(“XX+ MYY)(L§(+L%’) + oyl (uxx—uyy)
X(Ly—Ly)]+4uxyLyxLyl + yy[uy,(Ly—L})
+2uyzLxLy]. (7)

The establishment of collinear AFM order in the system
at the Néel temperature T, means, in the ideology of the
Landau theory, that the following inequalities hold:

AP (Ty)=0, AP (Ty)>0, AP (Ty)>0,
AP (Ty)>0. (8)

Assuming that in the temperature region 10 K<T
<38 K the system is an easy-plane antiferromagnet, we must
assume that the inequality 17(12)(T) >0 holds in that tempera-
ture interval. Then the point of the spin-reorientation transi-
tion Ty will correspond to the condition n(lz)(TR)
+ 17(14)(TR)=0,'2 and the system goes from easy-plane to
easy-axis at temperatures 7<Tp, for which n(lz)(T)
+ 7{(1)<O0.

It follows from the results of Ref. 8 that as the tempera-
ture is lowered in the region 7~ 20 K the subsystem of mo-
ments of the rare-earth ions Gd will begin to play a role in
the magnetism, the interaction of the subsystem of Fe spins
with it having a substantial influence on the spin-
reorientation transition in our system, although no actual
magnetic ordering occurs in the rare-earth subsystem itself.
Let us give some special attention to this fact. We start for
the temperature region 7>10 K, i.e., where the system is
still an easy-plane antiferromagnet. Since the magnetic unit
cell of the GdFe;(BOj3), system is doubled at the phase tran-
sition at the Néel point (and then contains two Gd ions), for
describing the interaction of the disordered subsystem of mo-
ments of the Gd ions with the ordered system of moments of
the Fe ions, we introduce an antiferromagnetic vector L for
the gadolinium subsystem also. Taking into account the sym-
metry of the sites of the two gadolinium ions in the magnetic
unit cell of our system, we easily see that the vectors L and
L correspond to equivalent representations of the exchange
symmetry group of our system, and so the energy of the f-d

exchange interaction, E= xL-L will be an invariant of the
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group R32. The mean energy of the f-d exchange, averaged
over the vector L, i.e., (E)=«(L)-L, because of the disor-
dered nature of the gadolinium subsystem, does not itself
contribute to the thermodynamic potential of the system.
Nevertheless, the antiferromagnetic order induced by the f-d
exchange in the gadolinium subsystem can give an effective
contribution to the thermodynamic potential on account of
the corresponding correlations of the longitudinal (lying in
the easy plane) component of the vector L in the second
order of perturbation theory:

I _
A o= k(L) (L5 L3), )

where ¢ is the characteristic mean energy of spin waves of
the gadolinium subsystem. It is seen that the correlation con-
tribution to the thermodynamic potential of the system will
be positive independently of the sign of «. The physical
meaning of the energy Ad . is that the correlations tend to
make it unfavorable for the vector L to lie in the horizontal
plane. As the temperature is lowered and the antiferromag-

netic vector of the gadolinium sublattice L induced by the
f-d exchange increases, an anisotropic contribution of oppo-
site sign will appear in the thermodynamic potential of the
system and compete with the initial (easy-plane) one. Then at
the corresponding temperature 7 the resultant anisotropy
constant will change sign, and an “‘easy plane to easy axis”
spin-reorientation transition will occur in the system (it is
known” that this transition is not observed in the case of the
nonmagnetic ions R=Y, La).

DISCUSSION OF THE RESULTS

Our proposed expression (7) for the magnetoelastic en-
ergy of the system allows an easy explanation of the experi-
mentally observed behavior (Figs. 1 and 4) of the magneto-
striction for the magnetic field directions Hllc and Hl c,
both for the temperature region 7<<10 K and for 10 K<T
<38 K. Indeed, at a temperature 7<10 K, when the vector
L is directed along the ¢ axis and the field Hllc, at a certain
value of the field H a spin-reorientation transition occurs,
and the vector L lies in the plane without changing its length.
The lower the temperature, the larger the value of the thresh-
old field. Starting from formula (7), one can conclude that at
that point the magnetostriction has a jump, and 7\C~(y%
—yDL%.

At the same field orientation Hllc but for 7>10 K the
vector L lies in the easy plane, and the magnetostriction
behaves in a monotonic manner (quadratically in the field;
Fig. 1). For the field direction H_L ¢ in the temperature region
T<10 K the magnetic field H acting on the gadolinium sub-
system disrupts the mechanism of the spin reorientation that
is observed at temperature T, and tips the vector L over into
the basal plane, but perpendicular to the field (the in-plane
anisotropy is extremely small), so that in this case the mag-
netostriction A ¢ will exhibit a jump AN~ (y3— y3)L>.

At temperatures 7> 10 K the vector L lies in the plane,
and in the general case there will be six types of domains in
the system (in accordance with the three equivalent easy di-
rections in the plane), so that the mean magnetostriction over
the sample will be equal to zero. At low magnetic fields,
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when the vectors L of all the domains align counter to the
field, the magnetostriction exhibits jumplike behavior A\,
~ y3L2. For the field direction Hllc the magnetostriction be-
haves monotonically, in accordance with expression (7).

Analysis of the magnetoelectric contributions (6) permits
a detailed interpretation of the behavior of the planar com-
ponent of the electric polarization vector (Fig. 5). On the
whole, the theory [expression (6) and Table I] permits the
assertion that a quadratic magnetoelectric effect should be
observed in our system. It is noteworthy here that the discus-
sion of the magnetoelectric effect in the framework of the
symmetry space group R32 with the invariant contributions
(6) taken into account does not permit a satisfactory descrip-
tion of the behavior of the vertical component of the electric
polarization vector, P-. The similarity of its behavior with
that of the magnetostriction A - argues, in particular, that for
the magnetically ordered state the vector P, should be an
invariant (i.e., our system belongs to a polar class). In the
absence of unambiguous analysis of the change of the crystal
symmetry of the system at the point of the structural phase
transition 7= 156 K, this remains an open question.

It follows from expression (6) that the symmetry of the
system admits yet another magnetoelectric contribution ~ 3,
(of a relativistic nature), which is responsible for the spin-
reorientation transition in an electric field. Indeed, for the
state in which the antiferromagnetic vector lies in the basal
plane (for the region 7> T}) the transverse component of the
electric field applied in the basal plane induces the appear-
ance of a component of the vector L directed along the ¢ axis
and, accordingly, in the temperature region 7<<T} this con-
tribution brings about a reorientation of the antiferromag-
netic vector from the easy axis to the easy plane under the
influence of a transverse electric field.

Finally, the features of the symmetry of our system are
such that, in principle, under certain conditions (in particular,
in the presence of antiferromagnetic intralayer exchange) an
antiferromagnetic phase transition could occur at the Néel
point with the formation of a fundamentally noncollinear
structure of the triangular type, described by a two-
dimensional representation (by the basis vectors B; and B,
mentioned previously). In this case it would not require very
much effort to describe the spin-reorientation transition and
so forth in the framework of the thermodynamic approach.
However, the realization of an easy-plane triangular AFM
structure in the temperature interval 10 K<7<38 K would
lead, for both the cases of weak and strong easy-plane
anisotropy,’* to the existence of yet another spin-
reorientation phase transition in the high-temperature region
at moderately high fields HL ¢ (completely achievable in our
experiments). Since no such transformation was observed in
principle in our studies, we shall assume, as in Ref. 8, that
the features of our system are such that collinear AFM or-
dering is realized at the Néel point. We complete the discus-
sion of the properties of the thermodynamic potential of the
system (3) by calling attention to the presence of specific
cross contributions in it that are capable of “‘admixing”
exchange-noncollinear components to the fundamental col-
linear AFM mode both above and below the spin reorienta-
tion point. One can see that each of these noncollinear com-
ponents corresponds to a different chirality (right or left
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“handedness”).'4 This, in particular, attests that the magne-
tooptical properties of our system will be different on differ-
ent sides of the spin reorientation point.

On the whole, the above-mentioned features of the be-
havior of the system GdFe;(BOs), permit the assumption
that it is a multiferroic compound.
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D After this article went to press, the preprint of an article entitled “Evidence
for structure differentiation in the iron-helicoidal-chain in GdFe;(BOs),,”
by S. A. Klimin, D. Fausti, A. Meetsma, L. N. Besmaternykh, P. H. M. van
Loosdrecht, and T. T. M. Palstra (to be published in Acta Cryst. B), came
out, which contained a detailed description of the change of the crystal
system at the point 7. ; however, taking that change into account would
not alter the basic conclusions found in our paper.

'D. A. Keszler, Curr. Opin. Solid State Mater. Sci. 1, 204 (1996).
2M. H. Bartl, K. Gatterer, E. Cavalli, A. Speghini, and M. Bettinelli, Spec-
trochim. Acta, Part A 57, 1981 (2001).

Kadomtseva et al. 813

3A. M. Kalashnikova, V. V. Pavlov, R. V. Pisarev, L. M. Bezmaternykh,
M. Bayer, and Th. Rasing, JETP Lett. 80, 293 (2004).

*A. G. Gavriliuk, S. A. Kharlamova, 1. S. Lyubutin, I. A. Troyan, S. G.
Ovchinnikov, A. M. Potseluiko, M. I. Eremets, and R. Boehler, JETP Lett.
80, 426 (2004).

31.A. Campa, C. Cascales, E. Gutierrez-Puebla, M. A. Monge, 1. Rasines,
and C. Ruiz-Valero, Chem. Mater. 9, 237 (1997).

oy, Hinatsu, Y. Doi, K. Ito, M. Wakeshima, and A. Alemi, J. Solid State
Chem. 172, 438 (2003).

7A. D. Balaev, L. N. Bezmaternykh, I. A. Gudim, V. L. Temerov, S. G.
Ovchinnikov, and S. A. Kharlamova, J. Magn. Magn. Mater. 258—259,
532 (2003).

8R. Z. Levitin, E. A. Popova, R. M. Chtsherbov, A. N. Vasiliev, M. A.
Popova, E. P. Chukalina, S. A. Klimin, P. H. M. van Loosdrecht, D. Fausti,
and L. N. Bezmaternykh, JETP Lett. 79, 423 (2004).

A L Pankrats/, G. A. Petrakovskii, L. N. Bezmaternykh, and O. A.
Bayukov, Zh. Eksp. Teor. Fiz., 126, 887 (2004) [JETP 99, 766 (2004)].
Yu. F. Popov, A. M. Kadomtseva, D. V. Belov, G. P. Vorob’ev, and A. K.

Zvezdin, JETP Lett. 69, 330 (1999).

A, N. Vasil’ev, private communication.

12K. P. Belov, A. K. Zvezdin, A. M. Kadomtseva, and R. Z. Levitin, Orien-
tational Transitions in Rare-Earth Magnets [in Russian], Nauka, Moscow
(1979).

3M. E. Collins and O. A. Petrenko, Can. J. Phys. 75, 605 (1997).

4E. A. Turov, A. V. Kolchanov, V. V. Men’shenin, I. F. Mirsaev, and V. V.
Nikolaev, Symmetry and the Physical Properties of Antiferromagnets [in
Russian], Fizmatlit, Moscow (2001).

Translated by Steve Torstveit



