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Quadratic magnetoelectric effect during field cooling in sputter grown Cr2O3 films
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Cr2O3 is the archetypal magnetoelectric (ME) material, which has a linear coupling between electric and
magnetic polarizations. Quadratic ME effects are forbidden for the magnetic point group of Cr2O3, due to
space-time inversion symmetry. In Cr2O3 films grown by sputtering, we find a signature of a quadratic ME
effect that is not found in bulk single crystals. We use Raman spectroscopy and magnetization measurements
to deduce the removal of space-time symmetry and corroborate the emergence of the quadratic ME effect. We
propose that metastable site-selective trace dopants remove the space, time, and space-time inversion symmetries
from the original magnetic point group of bulk Cr2O3. We include the quadratic ME effect in a model describing
the switching process during ME field cooling and estimate the effective quadratic susceptibility value. The
quadratic magnetoelectric effect in a uniaxial antiferromagnet is promising for multifunctional antiferromagnetic
and magnetoelectric devices that can incorporate optical, strain-induced, and multiferroic effects.
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I. INTRODUCTION

The coupling between the magnetic and electric or-
ders in single-phase materials is interesting for fundamental
physics research and applications in multifunctional multi-
input information storage and processing devices [1]. The
magnetoelectric (ME) effect arises in the expansion of the
thermodynamic potential as coupling terms between the elec-
tric E and magnetic H fields [2]. The linear ME effect was
theoretically predicted and experimentally observed first in
the antiferromagnet corundum-type Cr2O3 [2–4] and later
found renewed interest in ME-type memory [5–7]. Higher-
order ME effects that are quadratic in E or H have been
found in various materials [8–12]. Equivalent to quadratic
ME effects, the linear magneto-optical effect was also found
for other antiferromagnets [13]. However, the simultaneous
presence of quadratic and linear ME effects in the same ma-
terial phase is not frequently found. A necessary condition of
the linear ME effect is the symmetry breaking of a magnetic
crystal under space-inversion (I) and time-reversal (R) opera-
tions [14,15]. The quadratic ME effects require a breaking of
space-time inversion (IR) symmetry and either I or R symme-
try [15,16]. Understanding of the interplay between linear and
nonlinear ME effects will be of interest for applications in ME
memory and devices.

Cr2O3 has the same rhombohedral crystal structure as
corundum α-Al2O3, with the crystallographic point group of
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3̄m. Cr3+ cations fill 2/3 of distorted O2− anion octahedra.
The Cr cations lie along the 3̄ axis, with an inversion center
in an empty octahedron, and the O anions lie on the 2/m axes.
Above the Néel temperature of Cr2O3 (TN = 307 K), the spin
configuration is paramagnetic, and the magnetic point group
(MPG) is the gray 3̄m1′, where the individual I and R symme-
tries are present, similar to the parent corundum rhombohedral
crystal. Upon the magnetic ordering below TN , the MPG is
lowered to 3̄′m′, which breaks the single I and R symme-
tries [2]. There are two distinct spin configurations of ↓↑·↓↑
(L+ domain state) and ↑↓·↑↓ (L− domain state), where the
dot denotes the inversion center. The order parameter is the
antiferromagnetic order vector, defined from the four Cr spins
as � = s1 − s2 + s3 − s4 [Fig. 1(a)]. Both � and the linear ME
susceptibility α change signs under I and R operations. In the
convention used by Birss [17] (discussed by Grimmer [18]),
both � and α are −c tensors, and they are commensurate with
each other.

The ME effect can be expanded with higher-order terms.
The quadratic effects are represented by the energy terms
βEH2 for the electrobimagnetic effect and γ HE2 for the
magnetobielectric effect. The third-rank susceptibility tensors
β and γ have nonvanishing components in MPGs that permit
piezoelectricity and piezomagnetism, respectively [19]. The
MPG 3̄′m′ of Cr2O3 has the combined IR symmetry [2], as
shown in Fig. 1(a). The presence of IR symmetry permits the
linear ME effect but forbids the quadratic ME effects and the
various pyro-, ferro-, or piezoelectric and magnetic effects.
This condition can be seen in the effect of IR operation on
the relevant ME energy terms in the expanded thermodynamic
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FIG. 1. (a) The spin configuration of Cr2O3 breaks either the
I ≡ 1̄ or R≡1′ symmetries, but it is symmetric under the combined
IR ≡ 1̄′ operation. (b) We propose that the presence of nonequiva-
lent spin moments breaks the combined IR symmetry, which results
in an uncompensated magnetization M and quadratic ME effects.
Schematics of magnetic point groups 3̄′m′ and 3m′ for each case are
shown on the right side.

potential energy F , as follows:

F = −αEH − 1
2βEH2 − 1

2γ E2H + · · · ,

(R ◦ I )(F ) − F = +βEH2 + γ E2H. (1)

The presence of IR symmetry imposes (R ◦ I )(F ) − F = 0,
and the quadratic ME effects are prohibited. For more details
and forms of tensors, we refer to the reviews in Refs. [15,20–
22] and the original works in Refs. [16,18,19,23,24].

In this paper, we found evidence of a quadratic ME effect in
sputtered Cr2O3 films, which is not permitted in the MPG 3̄′m′
of bulk Cr2O3. We propose that the presence of nonequivalent
spin moments at each sublattice removes the IR symmetry, and
the MPG will be 3m′ [Fig. 1(b)]. First, we clarify the lack of I ,
R, and IR symmetries from measurements of the thermorem-
nant magnetization and Raman spectroscopy. After that, we
investigate the quadratic ME effect from measurements of
the domain switching probability during the ME field cooling
(MEFC) process. Then, we use this procedure to estimate the
relative magnitude of the quadratic ME effect in our sample.

II. EXPERIMENTAL DETAILS

We used samples similar to those used in earlier re-
ports [25–28]. The reference sample is a c-cut bulk single-
crystal substrate, having dimensions of 4 × 4 × 0.5 rmmm3,
prepared by the Verneuil process and acquired commer-
cially. The film samples had the stack structure of Al2O3-
(0001) substrate/Pt 25 nm/Cr2O3-(0001) 500, 1000, and

2300 nm/no capping, where the numbers are the layer nom-
inal thicknesses. The Pt layer was grown by dc magnetron
sputtering, and the Cr2O3 film layer was grown by reactive
rf magnetron sputtering from a metallic Cr target (99.99%
purity) in a mixture of argon and oxygen gases. The growth
substrate temperature of Cr2O3 and Pt layers was kept rela-
tively low at 773 K, to preserve the metastable structure.

The determination of the symmetry elements by crystal
diffraction techniques is unfeasible. X-ray or neutron-based
diffraction methods determine only the Laue class and cannot
determine the presence or absence of I symmetry in our Cr2O3

films (Sec. S1 in Ref. [29]). On the other hand, vibrational
spectra are sensitive to the I symmetry of the crystallographic
point group. Also, magnetization and magnetoelectric effects
are determined by the R and IR symmetries. We measured
the thermoremnant magnetizations and Raman spectra to infer
which symmetries are removed from the original Cr2O3 MPG
of 3̄′m′.

We characterized the thermoremnant magnetic proper-
ties using a superconducting quantum interference device
(SQUID) magnetometer, where we measured the magnetiza-
tion along the out-of-plane direction, parallel to the c axis.
After a field cooling in a magnetic field Hfr = 10 kOe from
330 K down to 10 K, we set the magnetic field to zero,
and we measured the magnetization in the heating direction
at 1 K/min heating rate. We measured Raman scattering in
the same samples at room temperature ≈293 K. We used
a micro-Raman spectrometer, equipped with a green laser
(λ = 532.133 nm, 50 mW), and measured in the Z̄ (YY )Z
backscattering geometry configuration. We set the span of the
Raman shift at 200–2500 cm−1, with a resolution of 6.8 cm−1.
The Pt bottom layer blocks the laser beam, and no Raman
scattering was detected from the sapphire substrate.

We measured the ME properties of two other samples. The
first is a bulk single crystal metallized on both (0001) faces
by Ta 10 nm/Cu 300 nm electrodes. The second is Al2O3

substrate/Pt 25 nm/Cr2O3 500 nm/Pt 25 nm fabricated into
a 4 × 2-mm2 cross-capacitor structure. We characterized the
average domain configurations by the converse ME effect,
where the electrically induced magnetization was measured
by lock-in detection in a SQUID magnetometer. More details
of the measurement setup are described elsewhere [25].

III. SYMMETRY IN SPUTTERED Cr2O3 FILMS

Figure 2(a) shows the thermoremnant magnetization mea-
surements, at zero field after field cooling. The temperature
dependence shows pyromagnetism, and the transition tem-
perature coincides with the TN of Cr2O3. The magnetization
areal density scales linearly with the film thickness [inset
of Fig. 2(a)], showing that the magnetization is within the
volume of the films. The estimated low-temperature magne-
tization value is very low at 0.06 emu/cm3.

A finite magnetization in Cr2O3 films was reported before.
It was attributed to uncompensated moments at the films sur-
face, either by interfacial misfit dislocations [30] or by the
boundary magnetization due to removal of I symmetry at the
surface [31,32]. In contrast, we found that sputtered Cr2O3

films have volume pyromagnetism, likely of a ferrimagnetic-
type origin [25–28,33]. The magnitude of M and the sign of
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FIG. 2. (a) Temperature dependence of thermoremnant magneti-
zation in the sputtered Cr2O3 films. The inset shows the scaling of
areal magnetization density (M/A) with thickness, where the slope
is the volume magnetization (Ms). (b) The wide-span Raman spectra
of the bulk and 2300-nm samples. The locations of Raman modes are
listed in Table I. (c) Comparison of the Raman spectra. An enlarged
view of the 727.2-cm−1 mode is in the right panel.

� · M can be controlled by dopant concentration and type. For
example, we found that aluminium doping results in a parallel
orientation between � and M. At 0.07% Al doping level,
we had M = 2 emu/cm3, and it reached up to 60 emu/cm3

at 3.7% Al doping level [28]. In the present results, the
Cr2O3 films are nominally nondoped, but the pyromagnetism
origin is the same. There are trace dopants present in the
sputtering deposition targets or chamber walls, which are
incorporated in the films. We have a volume magnetization
of 0.06 emu/cm3, which corresponds to a doping level of
35 ppm. The high-purity sputtering targets have a guaranteed
purity at the 100-ppm level. The trace elements are likely to
be Al and Si, based on the origin of target materials. There-
fore even nominally nondoped films have a ferrimagnetic-type
volume pyromagnetism.

Ferro- and ferrimagnetism are allowed only if the MPG is a
subgroup of ∞/mm′ [21]. Magnetic crystals with either R or IR
symmetries cannot support ferromagnetism. The MPG 3̄′m′ of
bulk Cr2O3 has IR symmetry [2]. To remove the IR symmetry,
nonequivalent spin moments at each sublattice are required,
and the MPG will be 3m′ [Fig. 1(b)]. Cation dopants in Cr2O3

substitute the host Cr sites [34,35]. Site-selective substitution
by nonmagnetic dopants reduces one of the sublattice mag-
netic moments on average and/or induces ion displacement by
chemical pressure. The corundum-type crystals have a surface
that is stable if terminated in the bottom half of the buckled
metal-ion layer, as indicated in Fig. 1(a) [36–39]. The topmost
Cr ion has a large relaxation towards the oxygen plane, and

TABLE I. Identified modes in Raman spectra of Cr2O3 bulk and
film samples. Note that the fourth-mode position values cannot be
determined due to the large peak of A1g mode and they are for
indication only.

Raman shift (cm−1)

Mode Bulk 2300 nm 1000 nm 500 nm

Eg or A1g 295.2 295.0 295.9 297.6
Eg 348.9 350.0 349.8 350.6
Eg 398.1 394.1 394.5 395.0
Eg (528) (520) (520) (521)
A1g 552.4 553.2 550.2 549.8
Eg 613.7 614.5 611.0 610.2

the oxidation state is close to Cr2+, instead of Cr3+ of the
bulk [37,38]. The surface electrostatic environment is closer
to a lithium niobate (LiNbO3)-type environment, and the oc-
cupation energy does not become equivalent to the dopant
and Cr ions. Therefore a metastable site-selective substitution
accumulates during the layer-by-layer growth of doped Cr2O3

films, under relatively low growth temperatures. The resulting
MPG below TN becomes 3m′, instead of 3̄′m′ [Fig. 1(b)]. This
is only observed for a layered film growth mechanism, and not
for films prepared by postannealing [40] or bulk doped-Cr2O3

powders; cf. the supplementary information of Ref. [28]. In
the 3m′ MPG, the α tensor has the same form as that in the
3̄′m′ MPG. This explains why the α in Cr2O3 films is similar
to that of the bulk single crystal in magnitude and temperature
dependence, regardless of doping [25,28,33,41].

The proposition of site-selective substitution has the I sym-
metry removed also from the parent crystallographic point
group, as seen after the I operation in Fig. 1(b). This makes
our Cr2O3 films polar, even in the paramagnetic phase, similar
to lithium niobate. In vibrational spectra, when an I sym-
metry is present in the parent crystallographic point group,
there is a mutual exclusion between the Raman-active and
infrared-active (ir-active) vibrational modes. In a rhombohe-
dral corundum crystal, the irreducible representation of the
optical modes is [42–45]

�opt = 2A1g + 5Eg + 2A2u + 4Eu + 2A1u + 3A2g. (2)

The Raman-active modes are two A1g and five Eg modes, the
ir-active modes are two A2u and four Eu modes, and three
A2g and two A1u modes are silent. In Fig. 2(b), we show
a comparison between the wide-span Raman spectra of the
bulk and 2300-nm samples. We note that the measurement
temperature is room temperature, and the focused laser spot
heats the local temperature above TN . Thus the Raman spectra
are acquired in the paramagnetic phase. All the peaks in the
bulk sample can be assigned to the reference values in the
literature, even though there is no agreed-upon consensus on
each of them [46]. The film sample has an identical spectrum
for most of the peaks. The Pt buffer layer increases the collec-
tion of scattered light and results in a high-intensity spectrum.
In Fig. 2(c), we show the Raman spectra acquired from the
same samples as in Fig. 2(a), and we list the position of our
measured modes in Table I. The peak positions of the films are
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close to the bulk values, indicating that the films are relaxed
with negligible stress [43,47].

A new mode at a Raman shift of 727.2 cm−1 appears only
in the film samples [identified by an arrow in Fig. 2(b)].
This mode also increases in intensity with increasing film
thickness [right panel of Fig. 2(c)]. In Cr2O3, the most intense
modes are the phonon modes of A1g and A2u [48,49]. The
films’ new mode at 727.2 cm−1 can be identified with a A2u

longitudinal-optical (LO) mode [48], which should be an ir-
active, Raman-inactive mode. The site-selective substitution
in Cr2O3 films removes the centrosymmetry of the parent
rhombohedral point group, and the rule of mutual exclusion
does not hold. The A1g and A2u modes will have A1-symmetry
character, and both become Raman active. Similar findings
of activation of ir-only modes were found in Cr2O3-Fe2O3

solid solutions [49] and in pure Cr2O3 at ambient pressure
after applying 61 GPa [46], and they were attributed to sym-
metry lowering. Two additional weak peaks appear for the
films at 462 and 693 cm−1. The positions of these modes
coincide with A2-symmetry modes from first-principles calcu-
lations [50]. When centrosymmetry is removed, the silent A1u

and A2g modes become A2 in symmetry, which is still silent
for both Raman and ir spectroscopy. However, the A2 modes
are active for the two-photon hyper-Raman scattering, which
is a significantly weak scattering process. A possible explana-
tion is that resonant enhancement of hyper-Raman scattering
occurs when the two-photon pumping energy aligns with an
electronic transition [51,52]. The peaks at 916, 1050, 1181,
1300, 1386, and 1440 cm−1 are present for both sputtered
films and the single-crystal substrate. They are the first over-
tones or combinations of the fundamental modes [49], which
can be Raman active even if the fundamental mode is silent.

The combination of magnetization and Raman spectra
measurements shows that the I , R, and IR symmetries are
removed from the magnetically ordered phase and the I sym-
metry is removed from the paramagnetic phase. The oxygen
octahedra present mirror-primed symmetry elements. Based
on the relaxation of the films, we do not expect a significant
distortion to the oxygen octahedra. Therefore the MPG of
our sputtered Cr2O3 is only lowered from 3̄′m′ to 3m′. If the
oxygen octahedra have vacancies, the MPG will be further
lowered to 3. In either case, quadratic and linear ME effects
are allowed.

IV. QUADRATIC ME EFFECT OF Cr2O3

DURING FIELD COOLING

In the textured Cr2O3 films, the final domain state af-
ter MEFC is governed by the short-range-ordered activation
domains near TN [25,53]. The average domain state 〈L〉 is
found from the average linear ME response of the sample,
normalized to the saturation value (〈L〉 = αmeas/αmax). 〈L〉
can be defined from the Boltzmann distribution (P�) of the
instantaneous angle θ of � with the c axis as a function of the
microscopic free energy W at TN , as follows [25,26]:

P�(θ ) ∝ sin θ exp

(−W (θ )

kBTN

)
, (3)

〈L〉 =αmeas

αmax
≡

∫ π

0 sgn(cos θ )P�(θ )dθ∫ π

0 P�(θ )dθ
, (4)

where sgn(cos θ ) is the signum function, which gives the
opposite sign to each domain state, and kB is the Boltzmann
constant.

During the MEFC, the freezing electric Efr and magnetic
Hfr fields are applied along the c axis. Then a single
fluctuating magnetic domain can be decomposed into c-axis
and ab-plane components. The magnetic susceptibility χ

is an even-rank polar tensor invariant under time reversal
(+i symmetry), which has a cos2 θ character. In the c-axis
component, the linear ME energy and Zeeman energy terms
have a cos θ dependence. The β tensor is an odd-rank
polar tensor invariant under time reversal (−i symmetry);
therefore the electrobimagnetic energy term will have also a
cos θ dependence. For the linear and nonlinear ME energy
terms, the ab-plane projections are zero due to crystal
symmetry [18,24]. We are using small electric fields, so
we can ignore the energy terms of pyroelectricity PE ,
electric susceptibility εE2, and magnetobielectricity γ HE2.
Furthermore, since Efr and Hfr are applied along the c axis,
the relevant tensor terms are only M3, χ33, α33, and β333,
which we will refer to without indices in the following. To
account for the case of an interfacial exchange coupling with
an adjacent ferromagnet, such as Co, we include it using a
simplistic form of an effective exchange coupling energy JK

divided by Cr2O3 film thickness t [5,26]. Then, the energy W
for a single activation particle with a volume V is as follows:

W/V = JK

t
cos θ − MHfr cos θ − αEfrHfr cos θ

− 1

2
βEfrH

2
fr cos θ − 1

2
χH2

fr cos2 θ

≡ W1 cos θ + W2 cos2 θ. (5)

At the threshold condition of 〈L〉 = 0, there is an equal
probability of a domain to be in either a L+ or a L− state.
For this condition to hold, P� becomes symmetric around
θ = π/2, and dP�/dθ (θ = π/2) = 0. It can be seen that the
threshold condition is W1 = 0 and the value of W2 does not
affect the threshold. The threshold electric field Eth is then
found as follows:

Eth =
JK

tHfr
− M

α + 1
2βHfr

≈ − 1

α

(
M − JK

tHfr

)(
1 − β

2α
Hfr

)

≡ A + B · 1

|Hfr| + C · |Hfr|. (6)

In this paper, we do not use exchange-coupled films (JK =
0). Therefore Eq. (6) simplifies as follows:

Eth ≈ −M

α

(
1 − β

2α
Hfr

)
≡ A + C · |Hfr|. (7)

The effect of β has a distinct qualitative feature of a linear shift
in Eth by the applied Hfr during MEFC. On the other hand, the
presence of M gives a constant shift in Eth [26,28]. For a bulk
Cr2O3, both M and β are zero, and Eth is expected to be zero
for all MEFC conditions. We need to note that β is invari-
ant under time reversal. By inspecting the case in Fig. 1(b),
the quadratic ME effect favors the initial parallel alignment
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FIG. 3. (a) Schematic of the film sample and the measurement
procedure. (b) The dependence of the average domain state 〈L〉 after
MEFC on Efr is shown with varying |Hfr|. The solid lines are fits to a
tanh function. (c) For the film sample, Eth shows a linear dependence
on Hfr , whereas Eth = 0 for all conditions. The error bars indicate
the fitting confidence, and the solid symbols are from Ref. [26]. The
inset shows that there is no 1/Hfr dependence.

of the M and � vectors, and β will flip its sign when M
changes direction under the application of the external mag-
netic field. Therefore the absolute value of Hfr should be used
in Eq. (7).

Figure 3(a) shows a schematic of the samples and mea-
surement procedures. To observe the quadratic ME effect, we
scanned the MEFC conditions including high magnetic fields
|Hfr| > 10 kOe. The bulk sample is the reference sample with
no expected high-order ME effects, and the film sample shows
a small volume magnetization Ms = 0.2 emu/cm3. After set-
ting the temperature at 315 K, which is above TN , the sample
is cooled under various Efr and Hfr down to the α peak temper-
ature. Then 〈L〉 is found by normalizing αpeak to its maximum
value. For a fixed Hfr , Eth is determined from fitting 〈L〉 to
a hyperbolic tangent function [26]. The positive directions

of Efr and Hfr are along the magnetometer’s positive sensing
direction, as indicated in Fig. 3(a).

Figures 3(b) and 3(c) show the experimental results. After
sweeping Efr to be parallel or antiparallel to the Hfr direction,
the domain state shows a transition from +1 (L+ state) to −1
(L− state) in both samples [Fig. 3(b)]. The crossing of 〈L〉 = 0
occurs at the threshold condition of Efr = Eth, as defined in
Eq. (7). In the bulk sample, Eth ≈ 0 for all applied Hfr values,
as expected due to the lack of M and β. On the other hand, in
the film sample, Eth has a constant shift A < 0, due to the par-
allel alignment between M and � as shown in Fig. 1(b) [26,27].
Furthermore, Eth shows a shift towards the negative side as
|Hfr| is increased. The dependence of Eth on |Hfr| is plotted in
Fig. 3(c), with the complementary Eth − |1/Hfr| dependence
shown in the inset. We only find a linear dependence of the
Eth-|Hfr| line, which is symmetric for ±Hfr , as expected from
a quadratic ME effect, as shown in Eq. (7). The quadratic ME
energy prefers the initial alignment of M ‖ �, and it opposes
the linear ME energy during −MEFC. Therefore a larger
negative electric field is required to switch the domain state
at higher magnetic fields.

An estimation of quadratic ME susceptibility relative to
the linear ME effect can be found from the slope C and
intercept A of the Eth-|Hfr| line. Using the fitting values in
Fig. 3(c), β/α ≈ −2 · C/A = −5.0 × 10−6 Oe−1. The value
of α(TN ) in Eq. (5) is the microscopic value, which is larger
than the macroscopically observed peak value of α [26,54,55].
We estimate β = −1.69 × 10−18 s/A, based on our previ-
ous estimation of microscopic α = 27 × 10−12 s/m [26]. In
other multiferroic materials, such as NiSO4 · 6H2O [56] and
BiFeO3 [57], the magnitude of β is comparable to our obser-
vation, albeit reported at low temperatures of 3–4 K. Other
multiferroics with a noncollinear spin structure have a large
quadratic ME effect, observed at very low temperatures and
high fields [10,12,58–60]. The microscopic mechanism of
the quadratic ME effect in a collinear ferrimagnet requires
further investigation. In the present Cr2O3 system, it is likely
related to the same mechanism as that of the linear ME effect,
namely, the two-spin symmetric exchange interaction [61,62],
in combination with the removal of IR symmetry.

V. CONCLUSIONS

We investigated a quadratic ME effect, also called the
electrobimagnetic and paramagnetoelectric effects, in sput-
tered Cr2O3 films. We found that the quadratic ME energy
contributed to the ME switching during the field cooling pro-
cess. The quadratic ME effects are forbidden in the magnetic
point group of bulk Cr2O3. The emergence of this effect in
films is due to removal of space-time inversion symmetry.
The magnetization and Raman spectra measurements show
that the space, time, and space-time symmetries are removed,
likely due to site-selective doping of trace dopants in Cr2O3

films during growth.
Further applications to the quadratic ME effects might

be found in optical rectification and frequency multiplica-
tion [16,63,64]. The magnetic point group of 3m′ is one
of the thirteen groups that allow both spontaneous electric
and magnetic polarizations in addition to various ME ef-
fects [15,21,65]. Therefore we suggest that investigating and
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engineering the linear and quadratic ME effect in Cr2O3 films
will open new methods of ME control in spintronic devices.
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