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ABSTRACT: We report observation of large magnetoelectric
coupling in an epitaxial thin film of multiferroic CuO grown on the
(100)MgO substrate by the pulsed laser deposition technique. The
film is characterized by X-ray diffraction, transmission electron
microscopy, and Raman spectrometry. The crystallographic
structure of the film turns out to be monoclinic (space group
C2/c) with [111]CuO||[100]MgO “out-of-plane” epitaxy and “in-
plane” domain structure. The lattice misfit strain is found to vary
within ±1−3%. The dc resistivity, magnetization, dielectric
spectroscopy, and remanent ferroeletric polarization have been
measured across 80−300 K. The dielectric constant is found to
decrease by >20% under a moderate magnetic field of ∼18 kOe
while the remanent ferroelectric polarization, emerging at the onset of magnetic transition (TN ∼ 175 K), decreases by nearly 50%
under ∼18 kOe field. These results could assume importance as the strain-free bulk CuO does not exhibit magnetoelectric coupling
within such magnetic field regime. The strain-induced large magnetoelectric coupling in the CuO thin film would generate new
possibility of further strain tuning to observe room-temperature magnetoelectric multiferroicity suitable for scores of applications
such as memories, sensors, energy-harvesting devices, generators, amplifiers, and so forth.

1. INTRODUCTION

The magnetoelectric multiferroic systems, exhibiting coexisting
ferroelectric and magnetic orders as well as a cross-coupling
between the respective order parameters, are extremely
attractive for a variety of future generation spintronics-based
applications.1,2 They range from four-state memories, sensors,
spin-wave amplifiers, or magnetoelectric generators to bio-
medical implants capable of correcting the gating action in
damaged ion channels. However, for most of the applications
as spintronic devices, large magnetoelectric coupling is
desirable at room temperature. Quite naturally, BiFeO3 has
generated maximum interest because of its room-temperature
multiferroicity.3 Even then, large leakage current, volatility of
Bi, and consequent formation of secondary phases during its
synthesis, weak magnetoelectric coupling under moderate
magnetic or electric field raise doubts about its large scale
practical usage. Alternative candidate systems such as
Bi5Ti3Fe0.7Mn0.3O15, Bi5Ti3Fe0.7Co0.3O15, Sr3Co2F24O41, and
so forth have indeed been discovered4 during this period of
renaissance in single-phase multiferroic systems since 2000.
Ideally, a type-II multiferroic, where magnetism drives onset of
ferroelectricity at or above room temperature, is the most
suitable candidate.5 This is because the change in the magnetic
structure and/or anisotropy under externally applied magnetic
field gives rise to enormous change in the ferroelectric
polarization in such systems. Recent work6−9 on CuO
(tenorite) should have generated considerable interest, in

this context, because of its type-II multiferroicity at close to
room temperature (∼230 K). The incommensurate spiral
magnetic structure breaks the inversion symmetry and drives
onset of ferroelectricity at the magnetic transition temperature
TN (∼230 K). From density functional theory and Monte-
Carlo simulation, it has been shown that, under 20−40 GPa
pressure, increase in the magnetic exchange coupling results in
shifting of the TN toward room temperature with more than
three-fold increase in polarization.10 Limited experimental
support for pressure-driven room-temperature multiferroicity
has also been received,11 which, of course, was challenged
subsequently.12 However, in spite of coexistence of ferro-
electric and magnetic orders, the magnetoelectric coupling
turns out to be poor13 except at an extremely high field regime
(∼500 kOe) [ref 14]. This seems to have prevented generation
of widespread interest in the multiferroicity of CuO. In this
paper, we show, for the first time, that in a thin film of CuO,
grown epitaxially on the (100)MgO substrate with [111]-axis
perpendicular to the film surface, the magnetodielectric effect
is substantial (>20%) even under a magnetic field of ∼18 kOe.
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Finite remanent ferroelectric polarization is also found to
emerge at TN, which undergoes suppression by ∼50% under
∼18 kOe signifying the presence of strong magnetoelectric
coupling.

2. RESULTS AND DISCUSSION

Figure 1a shows the representative atomic force microscopy
(AFM) image recorded across a scratch, which exposes the
film/substrate interface. The line profile across the scratch
(Figure 1b) reveals the film thickness to be ∼100 nm. The
average surface roughness of the film is found to be ∼10 nm.
An additional line profile image and data collected across other
parts of the film are shown in the Supporting Information.
Figure 1c shows the result of θ−2θ X-ray diffraction (XRD)
scan recorded across a 2θ range (20−70°). The (111) peak of
CuO at 2θ = 38.8° (JCPDS file 05-0661) could be observed
close to the (200) peak of MgO signifying a high degree of
out-of-plane epitaxy with [111]CuO||[100]MgO.15−18 The
low-angle shoulder around the (200) peak of MgO possibly
results from oscillation in the diffraction intensity because of
the Laue function term. The presence of peaks from other
crystallographic planes could not be observed within this 2θ
range. Also, no peak from the Cu2O phase could be seen.
Interestingly, although out-of-plane epitaxy (or, at least, a large
scale texturing) is found to be present, in-plane epitaxy is lost.
This has been observed by others as well for CuO thin films
deposited on the (100)MgO substrate by both pulsed laser
deposition and molecular beam epitaxy.15−18 For instance,
Catana et al.16 shown from cross-sectional transmission

electron microscopy (TEM) that for films grown by pulsed
laser deposition technique, the in-plane epitaxy is maintained
only locally with three major epitaxial relationships [1̅10]CuO||
[110]MgO, [01̅1]CuO | |[110]MgO, and [101̅]CuO | |
[100]MgO. Similarly, molecular beam epitaxy technique too
produces a film with out-of-plane [111]CuO||[100]MgO
epitaxy yet in-plane polycrystallinity.15,18 In the present case,
we have used high-resolution TEM (HRTEM) rigorously to
examine the in-plane crystallographic orientation of the film by
capturing images from different edges of the filmprimarily
parallel to the film surface and away from the film/substrate
interface. Figure 2a,d shows two representative HRTEM
micrographs. More such images are available in the Supporting
Information document. For more accurate determination of d-
spacings of the lattice planes, first Fourier transformation
(FFT) of the raw HRTEM image was generated, which was
then inverted to yield clearer images of the lattice fringes. For
instance, Figure 2b is the FFT of the selected region of Figure
2a. It shows two pairs of spots for two different planes, (1̅12)
and (112). Figure 2c shows the corresponding lattice planes
(generated from inverse FFT of Figure 2b), where (1̅12) with
dhkl = 1.9590 Å, and (112) with dhkl = 1.7780 Å. Similarly,
selection from Figure 2d provides characteristic FFT [Figure
2e] with spots for (112) and (2̅02). Figure 2f shows the
corresponding lattice planes, simulated (inverse FFT) from
Figure 2e, where (112) with dhkl = 1.7780 Å and (2̅02) with
dhkl = 1.8660 Å. The presence of strain is clear, as shown in
Figure 2d, as complex orientation is seen at regions where two
(multiple) participating planes coexist at different orientations.

Figure 1. Representative (a) AFM topography image and (b) the line profile across the line shown in (a); (c) XRD θ−2θ scan at room
temperature across 20−70°; only (111) and (200) peaks could be observed from the film and substrate, respectively; no additional phase is present;
the inset shows the blown-up peaks.
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Using the lattice fringes observed in HRTEM and the
reflection in XRD, the lattice parameters for the thin film
were obtained. The bulk CuO is found to assume the
monoclinic C2/c structure at room temperature6 with lattice
parameters a = 4.68 Å, b = 3.42 Å, c = 5.129 Å, and β = 99.54°.
Interestingly, as found out from the analysis of HRTEM data,
the thin film too, grown on cubic (100)MgO, exhibits the
monoclinic C2/c lattice. This has been observed by others as
well.15−18 In the present case, the lattice parameters are
estimated to be a = 4.337 Å, b = 3.666 Å, c = 5.218 Å, and β =
101.75°. The in- and out-of-plane strains have also been
estimated. The out-of-plane compressive strain is found out to
be ∼0.4% while the in-plane domains contain both
compressive and tensile strains varying within ∼1−3%.
Detailed investigation of different regions of the film by
HRTEM shows the formation of domains of size varying
within 10−20 nm (Supporting Information). This result is
consistent with the domain size (∼40 nm) obtained from
Debye−Scherrer analysis of the XRD peak. The presence of
tensile strain in some regions while compressive in the other
gives rise to the formation of finer domains. It is important to
discuss here the reason behind the loss of in-plane epitaxy in
the present case. It is actually because of large difference
between the symmetry and crystallographic structure of CuO
and MgO. The monoclinic CuO has been grown epitaxially on
cubic MgO. Similar “lattice-mismatched epitaxial growth”
could be observed in other systems as well.19 Because the

(111) plane of CuO is closely matched with the (100) plane of
MgO, out-of-plane epitaxy could be observed. However, in the
in-plane region, small to large lattice mismatch could be
observed between crystallographic planes of CuO and those of
MgO; smaller mismatch leads to smaller strain and epitaxial
growth whereas larger strain gives rise to loss of epitaxy within
a few layers. In fact, the critical thickness at which epitaxy is
lost varies inversely with the lattice mismatch. For
minimization of free energy, this leads to formation of domains
with defects at domain boundaries beyond the critical
thickness as observed by us as well as by Catana et al.16 The
analysis of the cross-sectional TEM data16 further points out
that lattice mismatch or epitaxial strain varies from ∼1% in the
case of [1̅10]CuO||[110]MgO to ∼10% for [101̅]CuO||
[100]MgO. By considering the interaction potential between
atoms of the overlay, substrate, and interface region, it has
been shown theoretically also16 that such epitaxial relationship
minimizes the interface energy. Therefore, in the present case
too, same epitaxial relationship is expected to prevail. We now
address the issue of chemical strain as a result of off-
stoichiometry. Experimentally as well as from thermodynamic
calculations,20 it has been shown that two stable oxidesCuO
and Cu2Ocould form. Higher temperature (>600 °C) and
low oxygen pressure are expected to yield the Cu2O phase.
This has been observed by others also.15,18,21−23 In the present
case, appropriate substrate temperature, background oxygen
pressure, and postannealing treatment under oxygen (dis-
cussed in the Experimental Section) have been maintained to
ensure formation of stoichiometric CuO. Like others,15,18,21−23

the XRD data (Figure 1c) do not show the presence of Cu2O
phase. In all these cases, chemical analysis (by redox titration)
also does not show the presence of significant off-
stoichiometry. Therefore, the role of chemical strain turns
out to be insignificant in the present case, and magnetoelectric
properties are, primarily, governed by epitaxial strain. The
Supporting Information includes the Raman spectra for the
film and the substrate recorded at room temperature (Figure
S1). With respect to the observations made in strain-relaxed
bulk single crystal of CuO, the Raman peaks exhibit shift as
well as much larger full-width at half maximum (fwhm). For
instance, although for single crystal, the fwhm of the peaks
varies within ∼6 to ∼8 cm−1 [ref 24], and the corresponding
data for the thin film are ∼13 to ∼19 cm−1. Large fwhm
signifies the presence of strain-driven disorder. The Raman
mode shift of ∼2.5 cm−1 is used to determine the film
thickness from the relationship among stress in the film, film
thickness, and Raman mode shift.25,26 The film thickness turns
out to be ∼100 nm, which corroborates the result obtained
from direct measurement by AFM. From the XRD, HRTEM,
and Raman spectrometry experiments, it appears that the CuO
film exhibits out-of-plane epitaxy (or, at least, large scale
texturing) but the in-plane epitaxy is lost. Instead, finer
domains of size ∼10−20 nm form as a result of large lattice
misfit strain. Influence of the strain driven disorder is reflected
in the electrical and magnetic properties. The dielectric
permittivity exhibits a frequency-dependent shift of the
anomaly around TN while analysis of the magnetization data
shows an order of magnitude large Weiss constant (θ).
However, alongside inducing formation of finer in-plane
domains, the lattice misfit strain in the film appears to play a
significant role in yielding large magnetoelectric coupling
under a rather moderate magnetic field.

Figure 2. (a,d) High-resolution transmission electron microscopic
images of the CuO film; (b,e) are the FFT of the selected areas
marked in (a,d); and (c,f) are the corresponding simulated lattice
planes from the FFTs of (a,d).
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We now turn our attention to the electrical and magnetic
properties of the film. Figure 3 summarizes the main results of
the paper. Figure 3a shows the dc resistance (R) versus
temperature (T) and ln(R/T) versus 1/T plots. The zero-field-
cooled (ZFC) and field-cooled (FC) magnetization (M) versus
T plots are shown in Figure 3b. The Curie−Weiss analysis of
the ZFC magnetization versus temperature data (Figure 3b
inset) yields the magnetic transition temperature (TN) to be
∼175 K in the thin film. The ln(R/T) versus 1/T plot too
depicts clear change in the slope at TN signifying change in the
activation energy of the hopping conduction at below and
above TN (Figure 3a). Interestingly, from the Curie−Weiss
analysis of the magnetization data, the Weiss constant θ turns
out to be ∼1715 K signifying large θ/TN (∼9.8) as a result of
strain-driven disorder. It is also important to mention that the
divergence between ZFC and FC magnetization data starts at
∼230 K, which is above the TN obtained from Curie−Weiss
fitting. This is also a reflection of the presence of short-range
order within an otherwise paramagnetic matrix. Figure 3c,d
shows the real parts of the dielectric permittivity (ε′) as a
function of temperature under zero and ∼18 kOe field,
respectively, at several frequencies within 10 kHz to 2 MHz.
The imaginary parts (ϵ″), on the other hand, are shown in the
Supporting Information (Figures S5 and S6). We have
determined this frequency range to be corresponding to the
relaxation of the intrinsic capacitive response of the sample
from the analysis of complex-plane impedance spectra. The
dielectric anomaly around TN exhibits frequency-dependent
shift toward higher temperature as commonly observed in

relaxor systems or in systems containing disorder. The nature
of the anomalya broad peak followed by a dip and, then, a
rise as the temperature is further increased above TNalso
signifies the presence of disorder vis-a-vis ferroelectric order.27

In fact, all these features such as large θ/TN, divergence
between ZFC and FC magnetization data at a temperature
above TN (obtained from the Curie−Weiss analysis of the
magnetization vs temperature data), nature of the dielectric
anomaly around TN, and its frequency-dependent shift, and so
forth are consistent with the picture of the presence of strain-
driven disorder and finer domains, as a result, in the sample.
Interestingly, under a magnetic field of ∼18 kOe, the
frequency-dependent shift of the dielectric anomaly decreases
while sharpness increases. This perhaps indicates decrease of
disorder, which can be attributed to the preferential alignment
of the domains under a magnetic field. In Figure 4a, we show
the magnetodielectric effect defined as [ϵ′(0) − ϵ′(H)]/ϵ′(0)
at TN as a function of field (H) across 0−18 kOe. Figure 4b
shows thermal variation of magnetodielectric effect at ∼18 kOe
across TN at different frequencies. The magnetodielectric effect
turns out to be >20%, which is nearly comparable to what is
observed28 in the thin film of Cr2O3 (∼32%). The influence of
magnetic field on intrinsic capacitance of the film could be
more clearly seen from the analysis of complex plane
impedance spectra by the appropriate equivalent circuit
model. The equivalent circuit analysis of the entire dielectric
spectroscopy data across ac field frequency 100 Hz to 2 MHz
takes care of dielectric relaxation of both domains and domain
boundaries and helps in yielding the capacitances, separately,

Figure 3. (a) dc resistance (R) vs temperature (T) and ln(R/T) vs 1/T plots, (b) ZFC and FC magnetization vs temperature data obtained under
the 100 Oe field; the inset shows the fitting with the Curie−Weiss law; TN turns out to be ∼175 K; (c,d) real parts of the dielectric permittivity as a
function of temperature at different frequencies within 10 kHz to 2 MHz under zero and ∼18 kOe magnetic field.
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for both domains and domain boundaries. The capacitance
obtained thus for the domains, therefore, reflects the intrinsic
capacitance of the epitaxial thin film of CuO. In Figure 4c, we
show the change in the intrinsic sample capacitance (C) under
∼18 kOe magnetic field. This intrinsic magnetocapacitance
effect offers the direct evidence of magnetoelectric coupling in
the thin film of CuO. Of course, formation of nanoscale in-
plane domains because of the presence of both compressive
and tensile lattice strains in different regions of the film seems
to be giving rise to drop in TN. This is because of the

weakening of antiferromagnetic order in nanoscale domains
and improvement in the ferromagnetic component. Such an
observation has earlier been made in nanoscale CuO.29

We have further observed emergence of finite remanent
ferroelectric polarization below TN. The measurement of
remanent hysteresis loop, at a particular temperature below TN,
employs a specially designed protocol involving application of
a train of eight voltage pulses. This protocol is necessary for
extracting the intrinsic hysteretic remanent ferroelectric
polarization in systems where contribution from nonhysteretic
polarization and leakage is strong.30 The pulse train and other
details of the measurement, especially, how this protocol
extracts intrinsic hysteretic polarization accurately by eliminat-
ing all the spurious contributions, are given in the Supporting
Information. Figure 5 shows the remanent hysteresis loops

measured at ∼171 K under zero and ∼18 kOe. The shape of
the loop, of course, is slightly distorted. The distortion arises
from (i) difference in relaxation of the nonhysteretic
polarization during logic 1 and logic 0 components of the
protocol (Supporting Information), (ii) influence of the finite
depolarizing field at the sample-electrode interface, and (iii)
difference in sample-electrode characteristics at the two
electrodes used. Similar distortion of the polarization hysteresis
loop has been observed by others as well.31−33 Nevertheless,
the presence of remanent ferroelectric polarization below TN is
evident. Comprehensive discussion of the physics behind
different ferroelectric hysteresis loop shapes is available in ref
34. It is possible that alongside 180° domains, 90° domains are
also involved and this, in turn, is responsible for the shape of
the loop observed here. It is important to mention, in this
context, that the time scale evolves, in the present case, in the
counter clockwise direction along the hysteresis loop, which
offers evidence in favor of the presence of intrinsic ferroelectric
polarization. The loop does not arise because of charge
injection. We further verify the presence of ferroelectricity in
CuO by applying the PUND (positive-up-negative-down)
measurement voltage pulse protocol.35 PUND too yields finite
hysteretic ferroelectric polarization for CuO (Supporting
Information, Figure S11). Interestingly, significantly large
suppression of remanent polarization by nearly 50% is
observed under a magnetic field of ∼18 kOe. The large
magnetodielectric effect (>20%) and nearly 50% suppression
of remanent polarization under a magnetic field of ∼18 kOe
are the central results of this paper.
It has earlier been pointed outboth from microscopic36

and phenomenological37 modelsthat cycloidal spin spiral

Figure 4. (a) Magnetodielectric effect at TN as a function of magnetic
field at different frequencies within 10 kHz to 2 MHz; (b)
temperature dependence of the magnetodielectric effect under ∼18
kOe; (c) magnetocapacitance effect obtained from determination of
intrinsic sample capacitance (C) under zero and ∼18 kOe field.

Figure 5. Remanent hysteresis loops measured under zero and ∼18
kOe field at ∼171 K below TN (∼175 K); the polarization is
normalized with respect to what is observed under zero field.
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with propagation vector k⃗ lying within the plane of the cycloid
gives rise to ferroelectric polarization P⃗ (=r ⃗ × k⃗). However,
“proper-screw” spiralwhere k⃗ is oriented perpendicular to
the plane of the cycloidcould also result in finite
ferroelectricity for monoclinic or lower symmetric crystallo-
graphic structure.38 The origin of ferroelectricity in the case of
CuO below the magnetic transition temperature is attributed
to the broken inversion symmetry via Dzyloshinskii−Moriya
exchange interaction in the incommensurate spin structure
comprising two magnetic sublattices.39 The nonpolar C2/c
structure at room temperature transforms to polar P21 below
TN with off-centering of the Cu and O ions along b-axis.
Therefore, ferroelectricity arises along crystallographic b-axis.
In the cases of many such magnetic ferroelectrics, the spin flop
transition under an applied magnetic field gives rise to a
polarization flop as well.5 Surprisingly, in the case of bulk CuO,
no such transition could be observed under a moderate
magnetic field. The spatially varying magnetic structure,
because of its robustness resulting from large superexchange
coupling parameter J ∼ 60−80 meV,13 does not change under
uniformly applied magnetic field. Therefore, no magneto-
electric coupling could be observed. Application of subtantially
large field (∼500 kOe) appears to be necessary in order to
suppress the spiral magnetic structure and the ferroelectric
polarization.14 Interestingly, application of electric field is
found to influence the magnetic structure in the local scale and
changes the magnetic domain population.40 The results
obtained in the strained thin film in the present work assumes
immense significance in this backdrop. The strain field
generated because of large lattice mismatch couples with the
ferroelectric polarization and magnetization at the local scale.
Near degeneracy of different magnetic states41 in CuO
promotes such coupling as exemplified by the influence of
doping42 on magnetic and ferroelectric properties. This local
strain field changes significantly under application of even
moderate magnetic field. This, in turn, gives rise to the
observed large magnetodielectric effect. A relaxed bulk sample
with no locally varying strain cannot give rise to such effect
under such a moderate magnetic field. The influence of
coupling between strain and magnetization at the local scale
could also be seen in the anomaly in resistance versus
temperature plot at TN (Figure 3a), which is conspicuously
absent in bulk CuO.6 It is important to point out that the
strain-induced magnetoelectric coupling observed here does
not result from any extrinsic effect such as domain boundaries.
Evidences such as (a) emergence of finite ferroelectric
polarization right below TN (∼175 K), (b) anomaly in
resistance at TN, and (c) large intrinsic magnetocapacitance
signify strain-induced intrinsic magnetoelectric coupling in the
thin film of CuO. In fact, as pointed out above, the entire
dielectric spectra have been analyzed by the equivalent circuit
model to separate out the domain and domain boundary
effects and to yield the intrinsic bulk capacitance of the
domains. It rules out the influence of domain boundaries on
the observed magnetoelectric coupling. Of course, more
controlled strain tuning is necessarywhich ensures observa-
tion of in-plane epitaxy and prevents formation of fine
domainsin order to shift the TN toward room temperature
and thereby increase the utility of the sample. It is also
important to map out the evolution of the magnetoelectric
propertiesmagnetic, ferroelectric, and their couplingas a
function of epitaxial strain by varying both the film thickness
and the substrate. This will be attempted in the near future.

The present work, however, shows clearly that in the strained
thin film of CuO, it is possible to observe sizable magneto-
electric coupling suitable for device application.

3. CONCLUSIONS
In conclusion, we report that lattice strain in the epitaxial thin
film of CuO deposited on the (100)MgO substrate gives rise
to large magnetodielectric effect (>20%) and nearly 50%
suppression of ferroelectric polarization under a magnetic field
of ∼18 kOe. The in- and out-of-plane epitaxial strains
determined to vary within ±1−3%are instrumental in giving
rise to such substantially large magnetoelectric coupling. This
observation is all the more significant as strain-free bulk CuO
does not exhibit such effects at such magnetic field. Controlled
tuning of the strain field (either only tensile or only
compressive), however, seems necessary in order to shift the
magnetic transition temperature toward room temperature and
tune the extent of magnetoelectric coupling. Success in such
endeavor would help in projecting CuO as an alternative to
BiFeO3 and, hence, suitable for applications such as four-logic
state memory, sensor, energy-harvesting device, spin-wave
amplifier, generator, and so forth, which are based on
magnetoelectric coupling.

4. EXPERIMENTAL SECTION
The thin films of CuO were deposited on cubic (100)MgO
single-crystal substrates by pulsed laser deposition technique
using KrF excimer laser (λ = 248 nm; pulse width = 20 ns and
numbers = 10,000−100,000) of energy ∼3.0 J/cm2. The
results reported in this paper were obtained from the film
deposited by 70,000 pulses. The base pressure of the chamber
prior to deposition was 10−8 Pa. The substrate temperature
was maintained at ∼560 °C while the deposition pressure was
∼20 × 10−3 Pa. The film was finally annealed under an oxygen
atmosphere during cooling (@5 °C/min) for maintaining
appropriate oxygen stoichiometry. In order to determine the
thickness, the extent of epitaxy, the magnitude of in- and out-
of-plane lattice misfit strain, and strain-driven disorder, the film
was thoroughly characterized by XRD (Bruker D8 AD-
VANCE), TEM (model: JEOL JEM 2100 F), AFM (LT
AFM/MFM; nanomagnetics), and Raman spectrometry. The
dc resistivity, magnetization, dielectric, and ferroelectric
properties were measured under 0−18 kOe magnetic field
across 80−300 K. The electrical measurements were carried
out in two-probe configuration on a sample of dimensions ∼5
mm × ∼5 mm × ∼100 nm.
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