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In strong magnetic fields up to 20 T the magnetoelectric~ME! effect has been measured in the tetragonal
antiferromagnetsR2CuO4, R 5 Gd, Sm, and Nd, which are parent compounds for high-Tc superconductivity.
For the Gd2CuO4 and Sm2CuO4 compounds a symmetry analysis yields that the ME effect is associated with
the antiferromagnetically ordered rare-earth subsystem. From the magnetic field and temperature dependence
of the ME effect in Gd2CuO4 some very detailed conclusions can be drawn about the nature of the magnetic
ordering which appear to be in agreement with the magnetic structure revealed in this compound. For
Sm2CuO4 in addition to the ME effect a distinct ferroelectric behavior has been observed which is only
compatible with a lower crystal symmetry than it has been thought to be. It raises the question of whether
superconductivity in Ce-doped Sm2CuO4 coexists with ferroelectricity. The ME-effect data in high magnetic
fields show evidence for magnetic phase transitions, associated with a rearrangement of the intrinsic rare-earth
magnetic structure. From the obtained (H,T) phase diagrams of Gd2CuO4 and Sm2CuO4 critical exponents
@b(Gd)'0.4 andb(Sm)'0.5# were found and it can be concluded that the intrinsic ordering of the rare-earth
magnetic subsystem is of three-dimensional character. In the case of Nd2CuO4, the adopted crystal and
magnetic structure of this compound rules out any kind of ME effect. Nevertheless, we have observed some
weak but distinct ME response, which suggests the existence of a spontaneous structural distortion within the
CuO2 planes.@S0163-1829~97!02022-5#
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I. INTRODUCTION

Recently a new class of copper-oxide superconduc
R22xCexCuO4 (R 5 Pr, Nd, Sm, and Eu! has been
discovered1,2 and has become the subject of an intense st
due to a variety of uncommon properties. First of
R22xCexCuO4 compounds exhibit electron-type conducti
ity in contrast to the related La22xMxCuO4 (M 5 Ca, Sr,
Ba, or Na! compounds showing hole-type conductivity.3 Sec-
ond, unlike inRBaCuO compounds where the substitution
trivalent rare-earth ions had little effect on their superco
ductivity, in electron-dopedR22xCexCuO4 compounds the
rare-earth subsystem affects strongly both magnetic and
perconducting properties. According to Ref. 4 the superc
ductivity of R22xCexCuO4 is observed only for compound
containing the light rare-earth ions~Pr, Nd, Sm, and Eu!, and
no superconductivity is observed in compounds with hea
rare-earth ions, starting from Gd.

Magnetic ordering of the Cu magnetic moments has b
550163-1829/97/55~22!/15304~8!/$10.00
rs

y
l

f
-

u-
-

r

n

found in all parent compoundsR2CuO4 with a Néel tempera-
tureTN~Cu! just below room temperature.5 The correspond-
ing magnetic structure is of two-dimensional character.
the temperature range of several kelvin a magnetic orde
of the rare-earth magnetic moments has been observed
R 5 Gd, Sm, Nd, and Pr, whereas no ordering has b
found for Eu. The magnetic subsystems have been studie
neutron diffraction, specific heat, and various other exp
mental techniques, and substantial differences in the m
netic ordering have been found in each compound.

In this context, Gd2CuO4 and Sm2CuO4 occupy a
unique place in this class of materials. In both compound
symmetry-breaking magnetic ordering of the rare-ea
subsystem has been observed in contrast to other mem
of this class. Considering the possible correlation betw
‘‘nonsuperconducting’’ and magnetic properties
Gd2CuO4 and the coexistence of rare-earth magnetic ord
ing and superconductivity in Sm2CuO4 and Nd2CuO4, it is
of main concern to study the magnetic properties in orde
15 304 © 1997 The American Physical Society



ec
-

ym
r
ica
he
b
ns
m
re
t o
e
ng
bu
ag
b
t
le
a
u
or

ta

fo
e

an
a
tra
av

e.
le

-

M

ta

o
ge
g

th
p

asi-
ng

it
pin

of
sla-
f
era-
ngs
xist

in
in

this
n-

ave
nal
en
rs
e

or-
ub-
few
ith

ture
ific
m
e
era-
e
Be-
of
to
ti-
rin-
rsion
se-

eso-
and

pin

55 15 305MAGNETOELECTRIC EFFECT INR2CuO4 (R5Gd, Sm, . . .
elucidate the role of the rare-earth ions in forming the el
tronic properties ofR22xCexCuO4 and of the parent com
poundR2CuO4.

The linear and nonlinear magnetoelectric~ME! effect is
extremely sensitive to the specific magnetic and crystal s
metry of a system. The knowledge of the actual characte
the effect in combination with a symmetry-based theoret
analysis can bring a lot of valuable information about t
crystal and magnetic structure of a system. This could
especially important for small symmetry-violating distortio
of crystal and spin structures. Whether or not a certain co
ponent of a magnetoelectric tensor is zero is an inhe
property of a crystal that cannot be affected by any sor
randomly distributed defects. To put it differently, a magn
toelectric effect can clearly distinguish a symmetry-loweri
coherent distortion of the crystal, however small they are,
crystal imperfections do not substantially influence the m
netoelectric effect of a crystal. So the results obtained
magnetoelectric measurements remain reliable even in
case of very imperfect crystals. The study of magnetoe
tricity can be very helpful for the determination of the actu
crystal and spin structure of high-temperature supercond
ors, all of which being based on antiferromagnetically
dered oxides with rather unstable crystal structures.

In this paper we would like to review the experimen
results on the ME effect inR2CuO4, R5Gd, Sm, and Nd.
Preliminary results have already been reported
Gd2CuO4.

6,7 By comparing the experimental results for th
isostructural compounds Gd2CuO4 and Sm2CuO4, subtle
differences in the magnetic ordering are clearly resolved,
by extending the investigation to higher magnetic fields
several temperatures, information about magnetic phase
sitions is added. Finally, using ME measurements we h
revealed that the actual crystal structures of Sm2CuO4 and
Nd2CuO4 are different from what they were thought to b
Specifically, in this class of compounds, a spontaneous e
tric polarization has been found in Sm2CuO4, which sug-
gests a lower crystal symmetry thanI4/mmm. A similar con-
clusion regarding the crystal symmetry of Nd2CuO4 can be
drawn from the observation of the ME effect in this com
pound. Unlike Gd2CuO4 and Sm2CuO4, it is the copper
magnetic subsystem that is responsible for a nonzero
response in Nd2CuO4. This is why the magnitude of the
effect in this latter case proves to be much smaller.

II. MAGNETIC PROPERTIES

Apart from some possible small distortions, the crys
structure of all representatives of theR2CuO4 family
(R5Pr, Nd, Sm, Eu, and Gd! belongs to theT8 phase of the
tetragonal body-centered lattice with space symmetry
I4/mmm. It can be represented as a stack of copper-oxy
layers sandwiched between double layers each containin
ther a rare earth or oxygen ion.

The copper subsystem ofR2CuO4 orders antiferromag-
netically in the temperature range of 270 K,TN,290 K.
The dominant spin-spin interaction for all compounds is
isotropic exchange coupling between neighboring cop
ions within a CuO2 plane given by the spin Hamiltonian
-
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Hex~n!5J(
i
Si~n!Si11~n!, ~1!

whereJ.0 andn is any of the CuO2 planes.
The ground state of the copper spin system is the qu

two-dimensional ‘‘chessboard’’ antiferromagnetic orderi
with a propagation vectork5( 12,

1
2,0); the spins lie in the

CuO2 plane, forming an ‘‘easy-plane’’ antiferromagnet as
is imposed by the intraplane anisotropy. This is a typical s
arrangement for tetragonal body-centered crystals.

The ‘‘chessboard’’-like ordering leads to a doubling
the magnetic unit cell and the emergence of an antitran
tion operationTaW8[183TaW in the magnetic space group o
the crystal. As a result, both time and space inversion op
tions enter the magnetic point group, and the crystal belo
to the nonmagnetic class. No magnetoelectric effect can e
in such a system.

One peculiarity of the Cu magnetic subsystem
Gd2CuO4 was the observation of weak ferromagnetism
the temperature range of 20 K,T,TN ~Cu!5285 K which
has not been found in any other rare-earth cuprates of
family.2,4,5,8,9 The existence of weak ferromagnetism is i
compatible with the crystal symmetryI4/mmmof the sys-
tem. Precise x-ray and neutron diffraction experiments h
nevertheless shown no sign of a violation of the tetrago
symmetry. To resolve this contradiction a picture has be
put forward in which a certain structural distortion occu
within each CuO2 plane but being uncorrelated from plan
to plane10.

A. R subsystem

While the copper moments are antiferromagnetically
dered just below the room temperature, the rare-earth s
system remains paramagnetic down to temperatures of a
kelvin. An inherent long-range antiferromagnetic order w
the propagation vectork5(0,0,0) emerges atTN(Gd)56.5
K for Gd2CuO4 and atTN(Sm)55.9 K for Sm2CuO4. In
these two compounds a rare-earth ordering tempera
TN(R) is clearly observable by a sharp peak in the spec
heat.11,12 The specific spin arrangements are known fro
neutron diffraction experiments.13 For the Gd subsystem th
neutron experiments show that in the intermediate temp
ture rangeTN~R!,T,TN~Cu! the rare-earth moments ar
magnetically polarized by the ordered copper subsystem.
low TN(Gd)56.5 K the rare-earth magnetic subsystem
Gd2CuO4 consists of ferromagnetic Gd planes, parallel
the CuO2 planes, with neighboring planes antiferromagne
cally coupled. In contrast to the copper subsystem, the int
sic rare-earth spin arrangement removes the space inve
but does not affect the translation symmetry. As a con
quence, the two magnetic subsystems belowTN~Gd! mani-
fest themselves rather independently both in static and r
nance experiments. Antiferromagnetic resonance
magnetic measurements made belowTN~Gd! also indicate
that Gd2CuO4 is an ‘‘easy-plane’’ antiferromagnet13 with
the Gd spins aligned along the@110# direction in zero mag-
netic field. Under applied magnetic field, a continuous s
reorientation atH50.88 T (T51.8 K! and a spin-flip tran-
sition atHsf511 T (T51.5 K! have been observed.
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15 306 55H. WIEGELMANN et al.
Knowing the actual magnetic structure of Gd2CuO4 rep-
resented in Fig. 1 belowTN~Gd!, one can state that the mag
netic symmetry of this compound belongs to the orthorho
bic magnetic classmm8m which allows a linear ME effect
with two independent nonzero components of the ME ten

a i j5S 0 0 aac

0 0 0

aca 0 0
D , ~2!

wherea is defined in the usual way:

a i j5
]Pi

]Hj
, ~3!

P being the electric polarization in an applied magnetic fi
H. The indices i , j refer to the orthorhombic axe
ai@1,1,0#,bi@1,21,0#,ci@0,0,1#, imposed upon the tetrago
nal crystal structure by the antiferromagnetic spin arran
ment. AboveTN(Gd) the crystal symmetry is incompatib
with a nonzero electric polarization even in the presence
an external magnetic field because of the space inver
operation.

As in the case of Gd2CuO4, in Sm2CuO4 below
TN~Sm! the rare-earth spin structure consists of ferrom
netic sheets, the neighboring layers being antiferromagn
cally coupled. But this time the rare-earth spins are orien
along the@001# direction as shown in Fig. 2.15 The corre-
sponding magnetic symmetry belongs to the orthorhom
magnetic classm8m8m8 which allows a linear magnetoelec
tric effect with three independent nonzero components of
ME tensor

a i j5S aaa 0 0

0 abb 0

0 0 acc

D . ~4!

Again, aboveTN(Sm) the magnetic symmetry based on t
assumed crystal and magnetic structure is incompatible
ME effect.

At this point the usefulness of the ME effect in determ
ing the magnetic ground state should be emphasiz
Gd2CuO4 and Sm2CuO4 possess rather similar magnet

FIG. 1. Proposed magnetic structure for Gd2CuO4 ~Ref. 13!.
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structures, except for the direction of the rare-earth spin
the ferromagnetic layers. The latter circumstance suffice
change the form of the ME susceptibility tensora com-
pletely and the magnetic ground state can be distinguis
by measuring any of the ME tensor components.

The relatively high rare-earth ordering temperatures
Gd2CuO4 and Sm2CuO4 suggest that the dominant intera
tion between the rare-earth spins is of exchange or
through the CuO2 layers. Indeed, taking into account th
difference between magnetic moments of the trivalent ra
earth ions@Gd31: m56.5mB ~Ref. 13!; Sm31: m50.37mB
~Ref. 15!# one can conclude that the Sm ordering tempe
ture would be much lower if the interaction responsible
the intrinsic rare-earth antiferromagnetic order were prim
rily of dipole-dipole origin. Thus, the ordering of the Sm
spins should substantially influence the superconduc
properties of Sm1.85Ce0.15CuO4, but a direct indication for
such an influence has not been obtained.15,16

In the case of Nd2CuO4, the spin-spin coupling betwee
the Cu and Nd sublattices is the only cause for the fin
magnetic polarization of the rare-earth ions at arbitrarily lo
temperatures.14 The magnitude of the induced magnetic p
larization increases continuously with decreasing tempe
ture without a magnetic phase transition. There is no intrin
antiferromagnetic order within the Nd magnetic subsyste
and the magnetic symmetry of Nd2CuO4 is completely de-
termined by the ordered Cu sublattices. If the actual cry
symmetry of Nd2CuO4 were precisely described by th
space group ofI4/mmm, the corresponding macroscop
magnetic symmetry would bemmm, that is, of a nonmag-
netic kind. A ME effect is forbidden for such a symmetry

III. PHENOMENOLOGICAL CONSIDERATIONS
FOR Gd2CuO4 AND Sm2CuO4

As has been said before, it is the rare-earth magnetic s
system which is responsible for the ME effect in Gd2CuO4
and Sm2CuO4, and neither the Cu-Cu nor Cu-R spin-spin
interaction affects substantially the character of the effe
Hence, when constructing the phenomenological descrip
of the ME effect in Gd2CuO4 and Sm2CuO4, one can ig-
nore the copper sublattices.

FIG. 2. Proposed magnetic structure for Sm2CuO4 ~Ref. 15!.
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Since we deal with the ME effect in Gd2CuO4 and
Sm2CuO4 not only in small external magnetic fields, w
cannot restrict ourselves to the linear effect described by
tensora from Eq. ~2! or ~4!. To obtain the induced electri
polarization as a function of an arbitrarily strong magne
field we have to employ a phenomenological model. Follo
ing this phenomenological approach the state of the r
earth magnetic subsystem is specified by two vec
L5S12S2 andM5S11S2, whereS1 and S2 denote the
rare-earth sublattice magnetizations. The entire phenom
logical free energy can be represented as a sum of t
contributions

W~S,P!5Wm~S!1WME~S,P!1We~P!, ~5!

whereWm(S) is a purely magnetic contribution to the tot
free energy,WME(S,P) is a ME one, andWe(P) is a purely
electric contribution. All equilibrium properties of a mag
netic subsystem including a sought dependenceP„H… can be
found by minimizingW(S,P) with respect toS andP.

The first term on the right-hand side of Eq.~5! determines
the ground state of the magnetic system and, eventu
whether or not a ME effect will occur. The main contributio
to the magnetic energyWm(S) is given by the expression

Wm~S!5JS1S21 f ~S1
2!1 f ~S2

2!1a1~S1z
2 1S2z

2 !22a2S1zS2z

2bLx
2Ly

22MH . ~6!

The first term on the right-hand side describes the antife
magnetic exchange interaction between the rare-earth su
tices ~the neighboring rare-earth planes!. The termsf (S1

2)
and f (S2

2) include the intraplane exchange couplin
~intrasublattice exchange interaction of ferromagnetic ty!
as well as the entropy contribution to the free energy. T
following three terms in Eq.~6! describe the energy o
uniaxial and in-plane magnetic anisotropy; these terms
responsible for the equilibrium orientation of the rare-ea
spins relative to the crystallographic axes. The last term
Zeeman contribution. Among other things, the first thr
terms in the expression forWm(S) in a combination with
Zeeman energy are responsible for the temperature and
dependence of the sublattice magnetization magnitudes.

Gd2CuO4 belongs to the class of low-anisotropy~Heisen-
berg! antiferromagnets due to the zero orbital moment of
ground state of the Gd31 ions. This situation corresponds t
the following interrelation between the different magne
parameters in Eq.~6!: J@a1 , a2@b.0. In the absence of a
magnetic field the ground state ofWm(S) for a122a2.0 is
described by

L iai@110#, M50 , ~7!

considering only one of the four orientational domains.
external magnetic field distorts the magnetic structure~7!
and, eventually, breaks completely the antiferromagnetic
rangement of the rare-earth spins atH.Hc :

L50, M52S. ~8!

This state is commonly called a paramagnetic one~some-
times, the above high-field state is called a ferromagn
state, which is equally reasonable ifMÞ0). In the case of
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Gd2CuO4, Hc coincides with the critical fieldHsf of the
spin-flip phase transition between the phases withLÞ0 and
L50.

The zero-field magnetic ground state of Sm2CuO4, which
belongs to the class of ‘‘easy-axis’’ antiferromagnets w
relatively strong uniaxial anisotropy, is

L ici@001#, M50, ~9!

which corresponds toa122a2,0. If the temperature is
much lower thanTN(R), we can putM

21L251, LM 50. If,
then, the uniaxial anisotropy is stronger than the intersub
tice antiferromagnetic exchange interactionJ, an external
magnetic field parallel to the spin direction leaves the m
netic structure~9! almost unchanged up to the critical fie
Hc5J, where a first-order phase transition to the param
netic state occurs. The paramagnetic~or ferromagnetic! state
is stable for anyH.Hc .

In both cases, irrespective of the magnetic field direct
the magnetic symmetry group of the paramagnetic phase~8!
presumably contains the space inversion 18, and no electric
polarization has been expected to exist. Obviously,Hc van-
ishes asT→TN(R).

To find the dependenceP~H! for H,Hc one should con-
sider the remaining two contributions toW(S,P) in Eq. ~5!.
Taking into account the specific symmetry of the system o
can easily obtain the following expression for the ME co
tribution:

WME~S,P!5LPzML 1lzPzMzLz1l1~LzMxPx1LzMyPy!

1l~MzLxPx1MzLyPy!. ~10!

The first term on the right is of an exchange nature and
corresponding contribution to the ME effect is associa
with the violation of the equality of the sublattice magne
zation magnitudes. The remaining terms on the right-ha
side of Eq.~10! are of relativistic origin; i.e., they result from
the relativistic part of the spin-spin and spin-lattice couplin

To complete the construction of the free energy~5! we
write down the electric contribution:

We~P!5
1

2kzz
Pz
21

1

2kxx
~Px

21Py
2!2EP, ~11!

wherek denotes the components of the electric susceptib
of the system.

To calculate electric polarizationP as a function of an
applied magnetic fieldH we have to minimizeW(S,P) with
respect to sublattice magnetizations and electric polariza
under a fixed external field. In the case of a small exter
magnetic field the results boil down to some explicit expr
sions for the different components of the tensora for the
linear ME effect in terms of the phenomenological coef
cients in the expression forW(S,P).

In the case of Gd2CuO4, only the first and the last term
on the right-hand side of Eq.~10! contribute to the linear ME
effect; specifically,

aca5
]Pc

]Ha
52SLx ikzz, ~12!
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15 308 55H. WIEGELMANN et al.
aac5
]Pa

]Hc
5Slx'kxx , ~13!

where

x i52Sf9~S2! and x'5J21 ~14!

denote the magnetic susceptibilities along and perpendic
to the vectorL , respectively. Obviously, the longitudinal su
ceptibility x i decreases sharply as the temperature tend
zero. The two nonzero componentsaca and aac have an
exchange and a relativistic origin, respectively.

For Sm2CuO4 only the first three terms on the right-han
side of Eq.~10! contribute to the nonzero components of t
tensora in Eq. ~4!. The corresponding expressions are o
tained in analogy to Eqs.~12! and ~13!.

IV. EXPERIMENTAL DETAILS

The single crystals of Gd2CuO4, Sm2CuO4, and
Nd2CuO4 used in these experiments were grown by the fl
method using CuO as flux material.17 The edges of the
sample coincided with the tetragonal axes at room temp
ture and were of the dimensions (5.0031.4130.75) mm3

for Gd2CuO4, (3.1932.0330.84) mm3 for Sm2CuO4, and
(15.932.1030.94) mm3 for Nd2CuO4. Electrodes were de
posited by silver paint on the appropriated faces and the c
tacted samples were fixed to the sample holder by varnish
a liquid helium cryostat the temperature was varied betw
1.3 K and 15 K and measured by a calibrated RuO therm
eter.

The measurements were performed in static magn
fields up to 20 T using a dc measuring technique, where
current between electrodes was measured and integr
leaving the sample at zero electric field. The integrated va
was scaled and displayed as an electric charge.

V. DISCUSSION OF EXPERIMENTAL RESULTS

A. Gd2CuO4

Two different magnetic field orientations were measur
parallel to thec axis (Hiz) and perpendicular to thec axis
(Hix). A magnetic-field-induced electric polarization wa
measured in both cases perpendicular to the magnetic
corresponding to a projection of the ME-induced polarizat
Px5Pa /A25aacHc /A2 and Pz5acaHa5acaHx /A2. No
induced electric polarization was measured parallel to
magnetic field.

In Fig. 3~a! the field dependence ofPx is shown in mag-
netic fieldsHiz at T55 K @this component of magnetoelec
tric susceptibility coincides withx' from Eq.~13!#. The nec-
essary condition for observing the effect was a precedent
annealing using crossed magnetic and electric fields in ac
dance with the magnetic symmetry of the system. As is s
from Fig. 3~a! the ME signal disappears, reaching the sp
flip field, and also disappears, raising the temperature ab
TN(Gd), as expected from symmetry considerations. T
ME signal does not reappear while reentering into the
antiferromagnetic phase, suggesting a restoration of the
ferromagnetic domain structure suppressed previously by
annealing procedure.
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In Fig. 3~b! the results of magnetization measureme
obtained with the same sample forHiz at different tempera-
tures are shown for comparison. Whereas the spin-flip tr
sition is clearly observable at 1.5 K, due to the therm
‘‘softening’’ of the rare-earth sublattices, the spin-flip field
no longer clearly observable at 5 K.13 The mean-field ap-
proximationPx}MzLx}HA12H2/Hsf

2 ,6 obtained from the
last term in Eq.~10!, illustrates in Fig. 3~a! the advantage of
determining the spin-flip transitionHsf from the ME data.
The much better resolution of the spin-flip transition in t
ME measurements allows a detailed measurement of
Hsf(T) phase diagram. The resulting (H,T) phase diagram
as shown in Fig. 4, corrected for the demagnetization fac
has been fitted to a power lawHsf}(TN2T)b for tempera-
tures T>0.7TN with b50.44. Limiting the range of tem-
perature to more closely toTN would decrease this critica
exponent by 10–15 %. The expected critical exponentb
from the three-dimensional Heiseberg model equ
b50.364 and from the three-dimensional Ising mod
b50.325, however from the two-dimensional Ising mod
b50.125. The obtained critical exponent suggests that
ordering of the rare-earth magnetic subsystem is of thr
dimensional character, in agreement with experimental
sults for the temperature dependence of the magn
susceptibility.8

The temperature dependence of the componentaac of the
ME susceptibility tensor is shown in Fig. 5. The results ha
to be taken qualitatively, since each point has been obta
after individual annealing. The expected temperature dep
dence from Eq.~13! is nevertheless confirmed.

The observation of a ME effect forPz(Hx) and not for
Px(Hx) andPz(Hz) ~Ref. 6! is in accordance with Eq.~2!.

FIG. 3. ~a! The electric polarizationPx of Gd2CuO4 vs mag-
netic field Hiz at T55 K after the ME annealing procedur
Ex5500 V/cm andm0Hz55 T. The dashed line shows the mea
field approximation~see text!. ~b! For comparison magnetizatio
measurements at 1.5 and 5 K.
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This implies that the Gd spins are strictly lying in the ba
plane as has been proposed from neutron experiments.
is in contradiction with Mo¨ssbauer experiments claiming th
the direction of the Gd spins is tilted by 45° from the ba
plane.18

B. Sm2CuO4

In Fig. 6 the field dependence ofPz is shown for
Sm2CuO4 in magnetic fieldsHiz at different temperatures
The necessary condition for observing the effect was a
cedent ME annealing using parallel magnetic and elec
fields. For this orientation (HiL ) only the first two terms of
Eq. ~10! can produce a nonzero electric polarizationPiz. In
accordance with Eq.~4! the ME signal is a linear function o
the magnetic field up to the highest field of 20 T for lo
temperatures. The temperature dependence of the ME
ceptibility acc is shown in Fig. 7. For higher temperatur
approachingTN~Sm! a critical fieldHc is reached where the
ME effect disappears while a residual electric polarizat
remains. This electric polarization is left unchanged for d
creasing magnetic fields, suggesting a restoration of
electro-dipole domain structure. The ME effect disappe

FIG. 4. The spin-flip fieldHsf of Gd2CuO4 as a function of
temperature. The solid line is the result of a fit to a power law. T
inset shows the corresponding log-log plot.

FIG. 5. The temperature dependence of the ME susceptib
aac of Gd2CuO4.
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equally for raising the temperature aboveTN~Sm!. For the
observed phase transition atHc it is not clear whether it is of
a spin-flop transition~typical for Heisenberg antiferromag
nets! or, most likely, a metamagnetic transition, typical f
Ising antiferromagnets.

The observed net ferroelectric momentPiz at zero mag-
netic field is incompatible with the magnetic symmet
groupm8m8m8 that includes anti-inversion. This is to ou
knowledge the first observation of ferroelectric behavior
this family of compounds.

The observed spin-flip phase transition allows us to c
struct theHc(T) phase diagram for Sm2CuO4. The (H,T)
phase diagram as shown in Fig. 8, corrected for the dem
netization factor, has been fitted to a power lawHc
}(TN2T)bwith b'0.5. This suggests that the inherent o
dering of the rare-earth magnetic subsystem is also, like
the case of Gd2CuO4, of three-dimensional character, i
agreement with experimental results for the temperature
pendence of the magnetic susceptibility.12 This transition has

e

ty

FIG. 6. The electric polarizationPz of Sm2CuO4 vs magnetic
fieldHiz atT55 K after a ME annealing procedureEx5500 V/cm
andm0Hx55 T.

FIG. 7. Temperature dependence of the ME susceptibilityacc of
Sm2CuO4.
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not been observed before by other experimental techniq
although a shift inTN ~Sm! of 100 mK has been reported i
a magnetic field of 11 T by means of specific he
measurements.19

In Fig. 9 the field dependence ofPx is shown in magnetic
fieldsHix at T54.2 K. The necessary condition for obser
ing the effect was a precedent ME annealing using para
magnetic and electric fields. For this orientation only the fi
third term of Eq.~10! can produce a nonzero electric pola
ization Pix. In accordance with Eq.~4! the ME signal be-
comes a linear function of the magnetic field up to the hig
est field of 20 T for low temperatures.

C. Nd2CuO4

In Fig. 10 the field dependence ofPx is shown in a mag-
netic fieldHiy at 4.2 K. No precedent ME annealing wa
necessary to observe the effect. The ME effect is quadrat
a magnetic field up to 5 T. At higher fields the character
the dependencePx(Hy) changes, which might be attribute
to a reorientation of the spin structure. For magnetic fie
parallel to thex axis no ME effect has been observed.

FIG. 8. The critical fieldHc of Sm2CuO4 as a function of
temperature. The solid line is the result of a fit to a power law. T
inset shows the corresponding log-log plot.

FIG. 9. The electric polarizationPx of Sm2CuO4 vs magnetic
fieldHix atT55 K after a ME annealing procedureEx5500 V/cm
andm0Hx55 T.
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As we mentioned before, the commonly adopted crys
and magnetic structure of Nd2CuO4 supports the existenc
of space inversion as well as antitranslation. These symm
operations rule out any sort of ME effect, both linear a
nonlinear. Therefore, the very fact of the observation
magnetic-field-induced electric polarization leaves no do
that the actual crystal and magnetic symmetry of this sys
is lower than it was thought to be. From the symmetry po
of view, the quadratic ME effect is allowed to exist almost
any anisotropic medium without space inversion. The sy
metry of such a quadratic-in-field effect is identical to that
the well-known piezoelectric effect, and even the presenc
long-range magnetic order is not required. However, one
make sure that any conceivable distortion of the Nd2CuO4
tetragonal lattice will never give piezoelectricity. Beside
the structure in the experimentally observed depende
Px(Hy) ~see Fig. 10! suggests a magnetic-field-induce
transformation of the antiferromagnetic structure
Nd2CuO4. The observed ME effect is therefore probab
associated with a long-range antiferromagnetic order in
compound.

The possible origin for the existence of a magnetic-fie
induced electric polarization is the presence of a spontane
distortion within the CuO2 planes of the Nd2CuO4 crystal
structure, which removes space inversion symmetry. T
possible distortion patterns which lead to a nonzero ME
sponse have been analyzed in Refs. 22 and 23. The c
sponding displacement pattern is presented in Fig. 10
earlier neutron diffraction experiments20,21 the above distor-
tion of the Nd2CuO4 crystal structure has been presumab
detected. However, the ME effect for this distortion is line
in the magnetic field and not quadratic. To explain this d
crepancy, magnetic-field-induced rearrangements of the
structure could be of importance as well as some special
of the antiferromagnetic domain structure. In view of t
possible influence of the domain structure, we note that
annealing had no influence on the observed effect.

e

FIG. 10. The electric polarizationPx of Nd2CuO4 vs the mag-
netic fieldHix at T54.2 K. The inset shows the same data vs t
magnetic field squared with the dashed line for the zero-field
trapolation. Also the distortion of the CuO2 is shown schematically.
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VI. CONCLUSION

In summary, we have investigated in detail the ME effe
in the family of compounds with the general formu
R2CuO4 (R 5 rare earth! for different orientations of the
magnetic field and at different temperatures. For
Gd2CuO4 and Sm2CuO4 compounds, it has been shown b
a symmetry analysis as well as experimentally that the
effect only exists below the ordering temperature of the ra
earth magnetic subsystem atTN ~Gd,Sm!. Although the rare-
earth magnetic subsystems of Gd2CuO4 and Sm2CuO4 are
very similar, the compounds belong to different magne
classes. The ME effect is a powerful tool to distinguish ma
netic classes and the experimental results help to clarify
magnetic ground states of Gd2CuO4 and Sm2CuO4. For the
Nd2CuO4 compound, the observed ME effect is directly r
lated to the magnetically ordered Cu system in contrast to
ME effect in the two other compounds.

The observed ME effect in Gd2CuO4 is in good agree-
ment with theoretical predictions made in the framework o
symmetry analysis based on the proposed magnetic stru
of Gd2CuO4.

13,24 In this analysis the existence of rare-ea
ferromagnetic layers is the crucial feature for the occurre
of the ME effect in Gd2CuO4.
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The observed ME effect in Sm2CuO4 is also in agree-
ment with theoretical predictions made in the framework o
symmetry analysis based on the proposed magnetic struc
of Sm2CuO4.

15,25Nevertheless we have revealed a net fer
electric momentPic at zero magnetic field which is only
compatible with a lower, polar symmetry group. Most likel
the observed electric polarization has nothing to do with b
rare-earth and copper magnetic ordering and is related
some spontaneous distortion of the crystal lattice.

The fact that Sm2CuO4 becomes superconducting und
doping and exhibits ferroelectric behavior is of particular
terest. It has been concluded from investigations ofA15
compounds that the appearance of ferroelectricity and su
conductivity is mutually exclusive there.26 More recently, in-
vestigations of the pyroelectric effect in YBa2Cu3O72d

have revealed a polar structure in the class of high-Tc super-
conducting compounds.27

In Nd2CuO4, the ME effect is allowed for a distorted
structure of the CuO2 planes. This gives interesting perspe
tives for further investigations of the ME effect in this fami
of compounds since the Cu magnetic subsystem has b
proposed to play a role in the superconducting state.
.
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