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Memory Effect in CuO

Transition-metal oxides exhibit various intriguing phe-
nomena such as metal-insulator transition, superconduc-
tivity, and colossal magnetoresistance. Recent extensive
studies unveil another potential of transition-metal oxides
as multiferroics in which magnetism and ferroelectricity co-
exist and are coupled. Efforts to understand their mecha-
nisms reveal that the local inhomogeneity of the electronic
structure often plays a crucial role in such properties8. One
well-known issue is the formation of local ferroelectric clus-
ters embedded in a paraelectric matrix, known as ‘polar
nanoregions,’ which govern exceptional dielectric proper-
ties of ‘relaxors’ - ferroelectrics in a special class with giant
piezoelectric effects. In analogy to polar nanoregions for
relaxors, ‘'multiferroic nanoregions’ would be expected to
form in some multiferroics and to prescribe their magne-
toelectric properties. Here we report the observation of
multiferroic nanoregions in cupric oxide, CuO, by means
of the resonant soft X-ray magnetic scattering technique.
Preserved spin handednes in the multiferroic nanoregions
is responsible for an anomalous memory effect in the mag-
netically-induced ferroelectric properties of CuO.
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Magnetoelectric multiferroics are a class of materials
in which magnetism and ferroelectricity coexist and are
strongly coupled. As static magnetic and electric dipoles
do not interact with each other, a magnetoelectric cou-
pling might seem to be unnatural. The magnetoelectric
coupling of many spiral magnets can be explained in
terms of antisymmetric spin interactions. The breakdown
of inversion symmetry of the magnetism allows ferro-
electricity. However, the magnetism of such magnets
typically occurs at temperatures that are too low to be
practically useful. The magnetically induced ferroelec-
tricity of most multiferroics tends to exist only at temper-
atures lower than 40 K. Such manipulation of electron's
spin through the application of electric fields imple-
ments the requirement of spintronics. Recently Kimura
et al. demonstrated, by tuning the Cu-O-Cu bond angle,
that the spiral magnetic order of a low-dimensional cu-
prate and a magnetically-induced ferroelectric state at
high temperatures can be simultaneously stabilized. This
discovery of multiferroicity of cuprate CuO below 230 K
unravels a new class of multiferroics with significantly
high ordering temperatures. Here we report a memory
effect in the induced electric polarization across the mul-
tiferroic transition of CuO. Measurements of resonant
soft X-ray magnetic scattering reveal the coincidence of
ferroelectric and incommensurate-commensurate mag-
netic transitions at 213 K. We explain this memory effect
in light of the formation of multiferroic polar nanore-
gions in which spin handedness is preserved across the
transition. Our findings proffer a potential route toward
practical multiferroics applications.

The monoclinic crystal structure of CuO comprises
zigzag Cu-O chains of two types running along the [101]
and [101] directions. The Cu-O-Cu bond angle is 146°
in the [101] chains and 109° in the [101] chains; the for-
mer gives rise to a dominant superexchange interaction
J =60 -80 meV. CuO has two magnetic transitions at
Ty =213 Kand Ty, = 230 K. At temperatures below Ty,
the magnetic moments are aligned collinearly along the
b-axis and order antiferromagnetically along the [101]
chains and ferromagnetically along the [101] chains. In
such a phase, the spin ordering is commensurate (CM)
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with the lattice structure; the modu-
lation vector is (0.5, 0, -0.5) in recip-
rocal lattice units. In contrast to the
collinear spin structure, because
of the competing ferromagnetic
and antiferromagnetic interactions,
CuO exhibits an incommensurate
(ICM) spiral magnetic structure for
only temperatures between Ty, and
Ty, The electric polarization (P) of
CuO is thus induced by spin spirals
through the antisymmetric super-
exchange interaction involving
spin-orbit coupling.

Here we present measure-
ments of pyroelectric current and
soft X-ray magnetic scattering on
CuO single crystals to address the
memory effect in the commensu-
rate-incommensurate magnetic
transition which coincides with its
ferroelectric transition. Figure 1(a)

shows the measured electric po-
larization of CuO along the b-axis
as a function of temperature. We
integrated pyroelectric current by
time to obtain electric polarization.
For measurements of the pyroelec-
tric current, the crystal was cooled
down while applying a poling
electric field (E .= =117 kV/m), as
reported previously. At 220 K, the
poling electric field was removed.
Then, the pyroelectric current was
measured during cooling or heat-
ing the sample. Remarkably, after
cooling below Ty, and then warm-
ing up to the incommensurate
phase through Ty,, the crystal still
retains its original polarity of elec-
tric polarization, i.e., the memory
effect, although no substantial elec-
tric polarization exists below Ty;.
Similar anomalous memory effects
have been observed at multifer-
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roic transitions in other multiferroic
spiral magnets such as ToMnO,
and MnWO,. Several origins for
the memory effects have been pro-
posed (e.g., the existence of addi-
tional domain walls, polar nuclei, or
ferroelectric embryos, etc.), but no
microscopic experimental evidence
has been provided so far.

To understand the observed
memory effect in the multiferroic
transition, we resort to X-ray mag-
netic scattering. In the resonant
L-edge X-ray scattering involved
with the dipole-allowed 2p to 3d
transition, the magnetic scattering
amplitude that depends linearly on
the direction of the magnetic mo-
ment Z is written as
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in which g, and g, are the electric-
field vectors of incident and scat-
tered X-rays, respectively, and A is
the wavelength of X-ray. F,;and F,
are the scattering amplitudes cor-
responding to the transitions with
changes of the magnetic quantum
number being 1 and -1, respec-
tively. For g, perpendicular to the
scattering plane, i.e., o polarization,
resonant X-ray magnetic scattering
is sensitive only to spin in the scat-
tering plane, while the magnetic
X-ray scattering with g, lying in the
scattering plane (mm polarization) is
sensitive to spins perpendicular and
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in the scattering plane, dependent
upon the direction of &,.

We measured resonant soft
X-ray magnetic scattering on CuO
single crystals with the BLO5B3 EPU
beamline of National Synchrotron
Radiation Research Center (NSRRQ),
Taiwan. The experimental setup is
shown in Fig. 2. The momentum
transfer g between incident and
scattered X rays lies in the a*c*
plane, ie., q = (g, 0, g.). To reduce
self absorption, the photon energy
was set to 923.5 eV, an energy just
below the Cu L;-edge absorption.
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We found that magnetic scattering
maximizes with g, = (0.5,0,-0.5) for
T < 213 K, indicating that the mag-
netic ordering of Cu** is CM with
the lattice structure. For 213 <T
< 230 K, momentum transfer q, ~
(0.507, 0, —0.486) and the magnetic
ordering is ICM with the lattice
structure. Figures 1(b) and 1(c)
show scattering intensities with
linearly polarized X-rays of mand o
polarizations at various tempera-
tures as g changes in the direction
oriented along the modulation
vector Q of the cycloidal spiral mag-
netic order, for which Q = q, — q..
For m polarization, the magnetic
scattering probes spins along the b
axis and those in the ac plane. Tem-
perature-dependent scattering data
plotted in Figs. 1(b) and 1(c) shows
an ICM-CM transition at 213 K,
consistent with previous neutron
results. In addition, the incommen-
surate q shifts toward the CM mod-
ulation vector (0.5, 0, —0.5) as the
temperature decreases from 230 K,
implying that there exists a temper-
ature-dependent competition of
spin coupling between nearest and
next-nearest neighbors in the [101]
chains. When the light polarization
is switched to s polarization, the
measurement is sensitive to only
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spin components in the ac plane; the scattering intensity
hence vanishes for magnetic ordering of pure collinear
spin along the b-axis. We found, however, that the mag-
netic scattering of s polarization does not vanish in the
CM collinear phase, as shown in Fig. 3(a), leading to the
following two scenarios. First, the finite measured in-
tensity of magnetic scattering could result from any mis-
alignment of the crystal orientation and the polarization
of the incident X-ray. Through measuring the distribu-
tions of magnetic scattering intensity in reciprocal space
with incident X-rays of m and ¢ polarizations, the scatter-
ing distribution with o polarization is markedly different
from that of m polarization which indicate that the finite
measured scattering intensity with o-polarized X-rays
does not result from misalignment. Second, there exist
ac components of spin in the CM phase of CuO. One can
examine the former possibility.

The anisotropic scattering distribution with o po-
larization is elongated along the modulation vector Q of
cycloidal spirals, leading us to suggest that there exist
elongated magnetic domains oriented in a direction per-
pendicular to Q and embedded in the collinear antifer-
romagnetic order. Seeking further numerical corrobora-
tion for the above hypothesis, we performed simulations
of diffuse scattering using DISCUS software. Figure
3(b) shows a portion of the model crystal in real space
obtained from MC simulations. Figure 3(c) plots the cal-
culated scattering pattern around (0.5, -0.5) in reciprocal
space. The simulations indicate that the diffuse scatter-
ing of elongated short-range 2 x 2 domain structures
also yields an elongated pattern in reciprocal space, but
in a perpendicular direction.

When combined with simulations of diffuse scatter-
ing, measurements of soft X-ray magnetic scattering lead
us to propose a scenario for the underlying mechanism of

the observed memory effect in the induced electric po-
larization. If we define the spin-correlation length as the
inverse of the half width at half maximum of g scans, there
exist elongated magnetic domains of size ~ 180 x 620 A
in the CM phase of CuQ, and these magnetic nanoregions
contain spins with finite components in the ac plane.
As the spiral nature of spins in the ICM phase, spin mo-
ments in these nanoregions are most likely spiral and
form multiferroic nanoregions similar to polar nanore-
gions observed in relaxor ferroelectrics. However these
nanoregions of spin spiral lead to no macroscopically
measurable electric polarization, because of their nearly
negligible volume fraction in comparison with that of
collinear regions. Under warming of CuO across Ty, the
flip of spin handedness is energetically unfavorable and
the polarity of electric polarization remains unchanged.
Hence there is exhibited a memory effect in the multifer-
roic transition through Ty, as a result of preserving the
handedness of spin spirals in multiferroic nanoregions.
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