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Magnetocapacitance effect and magnetoelectric coupling in type-II multiferroic HoFeWO6
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We have investigated the multiferroicity and magnetoelectric (ME) coupling in HoFeWO6. With a noncen-
trosymmetric polar structure (space group Pna21) at room temperature, this compound shows an onset of electric
polarization with an antiferromagnetic ordering at the Néel temperature (TN ) of 17.8 K. The magnetic properties
of the polycrystalline samples were studied by DC and AC magnetization and heat capacity measurements. The
metamagnetic behavior at low temperatures was found to be directly related to the dielectric properties of the
compound. In particular, field-dependent measurements of capacitance show a magnetocapacitance (MC) effect
with double-hysteresis loop behavior in direct correspondence with the magnetization. Our x-ray diffraction
results show the Pna21 structure down to 8 K and suggest the absence of a structural phase transition across TN .
Soft x-ray absorption spectroscopy and soft x-ray magnetic circular dichroism (XMCD) measurements at the
Fe L2,3 and Ho M4,5 edges revealed the oxidation state of Fe and Ho cations to be 3+. Fe L2,3 XMCD further
shows that Fe3+ cations are antiferromagnetically ordered in a noncollinear fashion with spins arranged 90◦ with
respect to each other. Our findings show that HoFeWO6 is a type-II multiferroic exhibiting a MC effect. The
observed MC effect and the change in polarization by the magnetic field, as well as their direct correspondence
with magnetization, further support the strong ME coupling in this compound.

DOI: 10.1103/PhysRevB.103.094110

I. INTRODUCTION

Materials containing two or more ferroic orders have been
the center of attention in the scientific community since they
have great potential for devices with multiple controlling
parameters as well as exhibiting novel physical phenomena
and properties. This class of materials, formerly known as
ferroelectromagnets and now as multiferroics, have long been
known and extensively studied [1]. Interest in multiferroics
was renewed in particular following the experimental obser-
vation of spin-induced polarization in rare-earth manganites
and the theoretical explanation of its origin [2–9].

An interesting physical property exhibited by these com-
pounds is magnetoelectric (ME) coupling or the mutual
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coupling between magnetic ordering and polarization [10,11].
One way to indirectly investigate such coupling between spin
and charge degree of freedom is through the magnetocapaci-
tance (MC) effect.

Because of the common origin of ferroelectric polarization
and magnetic ordering in type-II multiferroics, it is expected
that the coupling between magnetic and ferroelectric order-
ing is relatively strong. Among the type-II multiferroics,
orthorhombic rare-earth manganites, which have a nonpolar
crystal structure in the paramagnetic region, have been inves-
tigated intensively [7–9,12,13] and in fact, most known type-II
multiferroics are centrosymmetric in the paramagnetic region.

Among materials having noncentrosymmetric crystal
structure and exhibiting multiferroicity, well-known examples
are BiFeO3 and hexagonal YMnO3. They are categorized,
however, as type-I multiferroics since their ferroelectricity
and magnetic ordering have separate origins. While Fe3+ and
Mn3+ are responsible for the magnetic state in the respective
compounds, the ferroelectricity in BiFeO3 is caused by the
lone pair electrons of the Bi3+ ions and that in YMnO3 is of
improper geometric nature, in which topology determines its
unconventional polarization domain properties [14–18].
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Several compounds with a noncentrosymmetric polar
structure have also been reported to be magnetoelectric
multiferroics, e.g., M2Mo3O8 (M=Fe, Mn) [19–21],
CaBaCo4O7 [22–24], Ni3TeO6 [25–27], and recently
RFeWO6 (R=Dy, Eu, Tb, and Y) [28]. All of these
compounds have a broken inversion symmetry in their
paramagnetic region driven by the chemical ordering of
their cations, and they show a change in polarization at the
magnetic ordering temperature without any sign of structural
phase transition, in which the polarization is coupled to the
magnetic field.

It was proposed that these compounds should be classified
as type III, a new class of multiferroics, in order to distinguish
them from type II, in which the paramagnetic region is cen-
trosymmetric and the magnetic ordering breaks the inversion
symmetry, inducing a spontaneous polarization that is coupled
to the magnetic field [29].

In aeschynite-type materials with the general formula of
RMM ′O6 (R=rare-earth; M, M ′=transition metals), due to
symmetry constraints, the crystal structure will adopt a polar
space group, Pna21 (No. 33), if M and M ′ are ordered [30]. It
was previously reported that the oxides of RMWO6 (R=rare-
earth element and M=V, Cr, and Fe) have an ordered arrange-
ment of M3+ and W6+ and that they show an antiferromag-
netic (AFM) ordering at low temperature [31]. In addition, it
was recently shown by Ghara et al. [28] that the compounds
of RFeWO6 (R=Dy, Eu, Tb, and Y) exhibit magnetoelectric
multiferroicity. Their neutron diffraction study on DyFeWO6

revealed a commensurate noncollinear arrangement of Fe3+

and Dy3+ spins with the magnetic space group Cac.
Here we studied the multiferroic behavior of polycrys-

talline HoFeWO6 samples. The quality and crystal structure
of the samples were confirmed using synchrotron x-ray
diffraction (XRD). The x-ray absorption spectroscopy (XAS)
measurements confirmed the 3+ valence state of the Fe and
Ho cations. The x-ray magnetic circular dichroism (XMCD)
spectrum on the Fe L2,3 edge showed that the Fe3+ spins are
arranged noncollinearly at angles of 90◦ with respect to each
other. Magnetic, dielectric, and polarization measurements
showed that the compound undergoes an AFM ordering at
the Néel temperature (TN ) of 17.8 K, accompanied by the
onset of a ferroelectric transition at the same temperature. The
magnetoelectric coupling was indirectly investigated further
by measuring the capacitance as a function of the magnetic
field. The direct correspondence of its capacitance and mag-
netization as functions of the magnetic field and the response
of its polarization to the magnetic field indicates the presence
of strong ME coupling in this compound.

II. EXPERIMENT

Polycrystalline samples of HoFeWO6 were prepared using
a conventional solid-state reaction method. To avoid the for-
mation of Fe3O4 at high temperature, holmium orthoferrite
(HoFeO3) was synthesized first and then mixed with tungstate
(WO3) [31]. To synthesize HoFeO3, stoichiometric amounts
of Ho2O3 and Fe2O3 were ground thoroughly and pressed into
pellets. Before mixing the precursors, the Ho2O3 powder was
preheated at 900 ◦C overnight. The pellets were then treated
at 1350 ◦C overnight with intermittent cycles of grinding and

pressing. The quality of the treated HoFeO3 was checked
using XRD and, after confirming its phase purity, it was then
mixed with WO3 powder in stoichiometric ratio. The mixture
was pelletized and treated at 1050 ◦C overnight under flowing
argon with intermittent cycles of grinding and pressing. Syn-
thesis in air was attempted for the second step but we could
not obtain the desired phase.

Room- and low-temperature synchrotron powder XRD
measurements were collected from the as-prepared compound
with wavelength λ = 0.539 and 0.82656 Å, respectively. The
Rietveld refinement analysis of the XRD data was carried out
using GSAS-II software [32] and using the orthorhombic space
group Pna21 (No. 33).

XMCD measurements at the Fe L2,3 and Ho M4,5 edges
were performed at the BL29 BOREAS beamline of the ALBA
Synchrotron Radiation Facility in Barcelona [33].

The unit cell provided by XRD measurement at 300 K
was used for the density functional theory (DFT) calcula-
tions. The stoichiometric unit cell contains 36 atoms: 4 Ho,
4 W, 4 Fe, and 24 O atoms. All periodic, spin-polarized
DFT calculations were carried out using the Vienna ab ini-
tio simulation package (VASP) [34–36] version 5.4.1 and the
atomic simulation environment (ASE) [37]. Exchange and
correlation effects were taken into account using the PBE
density functional introduced by Perdew, Burke, and Ernz-
erhof [38]. The wave function of the valance electrons was
expanded into a plane wave basis set with an energy cutoff of
400 eV, while the core electrons were represented using the
projector augmented wave function (PAW) method [39,40].
Given the size of the simulation box, a �-centered (2, 4, 3) k-
point grid was considered for sampling the reciprocal space.
A Gaussian-smearing scheme with kBT = 0.2 eV was used
to treat discontinuities at the Fermi level, and the total en-
ergy was extrapolated to kBT = 0.0 eV. Self-consistent field
calculations were performed until a determination of energy
accuracy to 10−5 eV was achieved. Geometry optimizations
were performed with the conjugate-gradient algorithm until
the maximum force acting on atoms was less than 0.02 eV/Å.
To include exact exchange effects, which are known to be able
to widen the band gap and provide a better density of states
and band structure, the HSE06 hybrid density functional [41]
was employed for single-point wave function calculations.
The electronic properties of the system were obtained from
the HSE06 wave function. We recognize that spin-polarized
collinear DFT calculations neglect the magnetic ordering to
keep the computations tractable and may therefore not be able
to predict a magnetically induced structural phase transition,
but they can predict electronic properties and the stability or
metastability of the structure with reasonable accuracy.

DC and AC magnetic measurements were performed using
the Quantum Design Magnetic Property Measurement System
(MPMS3). For dielectric constant and polarization measure-
ments, we prepared a thin (∼1 mm) disk-shaped sample,
covered both faces with silver paint to serve as electrodes,
and attached thin Pt wires to each face. The capacitance
of the sample was measured using a precision capacitance
bridge (AH2500A) at the frequency of 1 kHz during heating at
the rate of 1 K/min. The electric polarization was measured
via the pyrocurrent (Ipyro) method using a Keithley K6517A
electrometer. To measure the Ipyro(T ), the sample was cooled
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FIG. 1. (a) Rietveld refinement of the room-temperature synchrotron XRD data for HoFeWO6. Crosses: measurement data; red solid line:
calculated profile; green solid line: the difference between the observation and the calculated profile; and vertical bars: positions of Bragg
peaks. Inset: magnified view of the main peaks. (b) Crystal structure of HoFeWO6.

down under a poling field of Epole ∼ 270 kV/m. The poling
field Epole lines up the electric dipoles that are formed below
the ferroelectric transition. At the lowest temperature of 2 K,
the poling field was removed and the desired magnetic field
was applied. The Ipyro was measured during subsequent warm-
ing at the rate of 2 K/min. In both the dielectric and polar-
ization measurements, the temperature and the magnetic field
were controlled by a Physical Property Measurement System
(PPMS, Quantum Design). For magnetocapacitance measure-
ments, we swept the magnetic field inside the PPMS at a rate
of 50 Oe/s and at a constant temperature while continuously
measuring the capacitance using the capacitance bridge.

III. RESULTS AND DISCUSSION

XRD was performed at room temperature on powder sam-
ples of HoFeWO6 and the pattern, along with its Rietveld
refinement, is shown in Fig. 1(a). A few additional tiny peaks
that could not be indexed or identified and are likely due
to impurities were also observed. Considering the high res-
olution of the synchrotron XRD, we expect the amount of
impurities to be less than 2%. The inset to Fig. 1(a) shows
a magnified view of the main peaks. The results of the crys-
tal structure parameters are compared with one another in
Table I. The crystal structure of the compound, as depicted

in Fig. 1(b), consists of edge-sharing dimers of FeO6 and
WO6 octahedra that connect to each other through corners
to form a three-dimensional framework. The Ho3+ cations
occupy the channels in between the octahedra along the c axis.
Illustrations of the structure in other directions are presented
in Fig. S1 [42].

Low-temperature XRD patterns were also obtained from
30 to 8 K across the AFM transition. The Rietveld refinement
performed on the patterns (not shown) did not have a good fit;
however, the profiles were matched with the Bragg reflections,
which suggests the absence of a structural phase transition in
this temperature region. The structural relaxation calculation
by the PBE density functional also shows the absence of a
structural transition for this system. We caution that these cal-
culations do not include magnetic ordering of the system and
we cannot rule out the possibility of a different observation
by noncollinear DFT calculations. However, the consistency
among the lattice parameters obtained from both low- and
room-temperature XRD and from our DFT calculations (Ta-
ble II) suggest that Pna21 is the stable structure and the ground
state of this compound, although the possibility of lattice
distortion cannot be excluded.

The oxidation state of the Fe cations in HoFeWO6 was
investigated by XAS and XMCD and by spin-polarized DFT
calculations, and the results are presented in Fig. 2.

TABLE I. Structural and lattice parameters obtained from the Rietveld refinement of XRD data at T = 300 K.

Atom x y z Occupancy Uiso(Å2) site

Ho 0.0430(1) 0.4564(3) 0.2476(5) 1 0.0179(3) 4a
Fe 0.1393(5) 0.9633(9) 0.9907(14) 1 0.015(1) 4a
W 0.3544(2) 0.4517(3) 0.00350(15) 1 0.0181(3) 4a
O1 0.966(2) 0.780(4) 0.047(4) 1 0.018(2) 4a
O2 0.521(2) 0.250(4) 0.966(4) 1 0.018(2) 4a
O3 0.217(2) 0.611(4) 0.061(3) 1 0.018(2) 4a
O4 0.297(2) 0.135(5) 0.933(3) 1 0.018(2) 4a
O5 0.145(2) 0.060(4) 0.263(3) 1 0.018(2) 4a
O6 0.118(2) 0.836(4) 0.742(5) 1 0.018(2) 4a
Space group=Pna21; Lattice parameters: a = 10.973(1) Å, b = 5.1696(5) Å, c = 7.3342(6) Å, α = β = γ = 90◦;
Volume = 416.046(5)Å3; RF = 3.24%, R2

F = 4.64, wR = 8.61%, R = 6.35%, χ2 = 2.12
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TABLE II. Lattice parameters obtained from XRD at T = 300
and 8 K and from DFT calculations.

a (Å) b (Å) c (Å) Vol. (Å3)

XRD (300 K) 10.973(1) 5.1696(5) 7.3342(6) 416.05(5)
XRD (8 K) 10.9537(4) 5.1574(2) 7.31892(23) 413.463(2)
DFT 10.99 5.15 7.31 413.88

The x-ray absorption spectra were collected using circu-
larly polarized light with the photon spin aligned parallel (σ+)
and antiparallel (σ−) to the magnetic field. The difference
spectrum (σ+ − σ−) is called XMCD and the sum spectrum
(σ+ + σ−) is called XAS. Results of the Fe L2,3 XAS and
XMCD measurements on HoFeWO6 performed under a mag-
netic field of 6 T at the temperature of 2 K are shown as blue
and red dotted curves, respectively, in Fig. 2(b). The XAS
spectrum of α − Fe2O3 is also shown as a Fe3+ high spin S =
5/2 reference sample [Fig. 2(a)]. We first verified the valence
state of the Fe ions in HoFeWO6. The energy position of the
XAS white lines is known to increase systematically with the
valence state of the investigated ion [43–46]. The similarity
of the energy position of the Fe L2,3 XAS white lines of our
sample and that of α − Fe2O3 demonstrates the trivalent state
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FIG. 2. (a) Fe L2,3 XAS spectrum of α-Fe2O3, (b) Fe L2,3 XAS
(blue) and XMCD (red) spectra of HoFeWO6 measured at 2 K under
a magnetic field of 6 T, (c) calculated XAS and XMCD spectra for
noncollinear AFM order, and (d) calculated XMCD spectrum for
collinear AFM order. The XMCD spectra are scaled by a factor of 10
for a clearer view. (e) Ho M4,5 XAS (blue dots) and XMCD (red dots)
spectra of HoFeWO6 measured at 2 K under a magnetic field of 6 T,
together with the calculated XAS (solid blue line) and XMCD (solid
red line) of Ho3+. (f) Total density of states for HoFeWO6. Dashed
line: Fermi energy. Highlighted region: insulating gap of ∼3.7 eV.

of the Fe ions in HoFeWO6. Both the XAS and XMCD spectra
exhibit a complex line shape called the multiplet structure.
This multiplet structure depends on the multiplet interaction,
the crystal field, and the hybridization, and as such is highly
sensitive to the symmetry of the electronic and magnetic
ground states. The multiplet features of XAS are very similar
to those of α-Fe2O3, which demonstrates that the Fe3+ ions in
HoFeWO6 have a high spin S = 5/2 state.

Despite the large spin moment, the measured Fe L2,3

XMCD signal is only 2.5%–5% as intense as XAS, and in
Fig. 2(b), a scale factor of 10 was applied for a clearer view
of this spectrum. We have used the sum rules for XMCD
developed by Thole et al. [47] and Carra et al. [48] to extract
from our XMCD data a quantitative estimate of the spin and
orbital moments:

ml = 4

3

∫
L2,3

(σ+ − σ−)dE
∫

L2,3
(σ+ + σ−)dE

Nh,

ms + 7Tz = 2

∫
L3

(σ+ − σ−)dE − 2
∫

L2
(σ+ − σ−)dE

∫
L2,3

(σ+ + σ−)dE

× Nh
1

R
, (1)

where Nh = 5 is the number of holes in the d band and the
intra-atomic magnetic dipole moment Tz can be assumed to be
close to zero because the d shell in Fe3+ is half-filled (3d5).
The factor R = 0.7 takes into account the 30% underestima-
tion of the spin moment in Fe3+ due to the partial mixing of
the L3 and L2 edges induced by the electron-core-hole inter-
action [49]. Table S1 [42] summarizes the moments obtained
by the application of the sum rules. The net magnetic moment
of the Fe3+ ion (ms + ml ) at the temperature of 2 K and under
an applied field of 6 T is about 0.27 μB/ion. This value is
much smaller than the saturated moment of 5 μB, as well as
the paramagnetic moment of 4.4 μB in Fe3+ estimated for
T = 2 K and B = 6 T considering a Boltzmann population
of the many-body energy levels. Such a small moment rules
out either a ferromagnetic or a paramagnetic ground states and
suggests an AFM ordering of the Fe3+ moments.

To extract more detailed information about the ground
state, we performed the well-established configuration-
interaction cluster calculations using the XTLS code [50]. The
method uses a FeO6 cluster, which explicitly includes the full
atomic multiplet interaction, the hybridization of Fe with the
oxygen ligands, and the crystal field acting on the Fe ions.
The hybridization strengths and the crystal field parameters
were estimated using a charge point model and Harrison’s
prescription, respectively [51]. The parameter values are re-
ported in [52]. The calculated XAS [Fig. 2(c), green solid
curve] for Fe3+ in octahedral coordination is in very good
agreement with the experimental XAS result. The calculated
XMCD of paramagnetic Fe3+ at T = 2 K and B = 6 T is
about 15 times larger than the measured XMCD. The small
size of the experimental XMCD signal can be explained by
an AFM ordering of the Fe moments in HoFeWO6. In this
scenario, the XMCD signal is generated by the net moment
induced by the applied magnetic field. To take into account the
AFM order, we introduced into the Hamiltonian an exchange
field and obtained the XMCD as the average of the spectra
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calculated for opposite directions of the exchange field. An
exchange field of about 4 meV is needed to reproduce the
size of the experimental XMCD spectrum. We first considered
an isotropic collinear AFM order. The angle between the ex-
change field and the applied magnetic field was varied from 0◦
to 90◦, but none of the calculations could reproduce the exper-
imental XMCD. As a second step, we considered a collinear
AFM order, in which magnetic anisotropy forces the spin to
be oriented along a particular axis. Since we are studying a
polycrystalline sample, we simulated the experimental data
by summing two calculated spectra: one with the exchange
field parallel to the magnetic field and one with the exchange
field normal to the magnetic field, with a weighting ratio of
1 : 2. This calculated XMCD [Fig. 2(d), magenta solid curve]
still does not reproduce the experimental XMCD result at the
L2 edge. In order to improve the simulation of the XMCD, a
canting of the Fe moments of roughly 45◦ must be introduced.
In particular, the experimental data can be closely simulated
[Fig. 2(c), red solid curve] by considering a noncollinear AFM
model, observed by Ghara et al. [28] in DyFeWO6 using
neutron diffraction. In this model there are two Fe sites, Fe1
and Fe2, for which spins are arranged antiferromagnetically
on two perpendicular planes, ac and bc, respectively. The spin
of the Fe2 forms an angle of approximately 45◦ with respect
to the plane of the Fe1 site. By considering the noncollinear
AFM model, not only is the improvement in the simulation of
the XMCD evident at the L2 edge, but the intensity ratio for
the two features at the XMCD L3 edge is also much closer to
that in the experimental curve. It should be noted that XMCD
cannot probe directly the long-range arrangement of the spins
but can only determine the effect of the spin arrangement at
a local level. Hence, our XMCD results cannot exclude other
strongly noncollinear magnetic orders like helicals or spirals.
The calculations show that the Fe3+ ions are in a high spin
S = 5/2 state and that the magnetic moment of the single Fe3+

ion is 4.6 μB. The calculations also estimate a net moment of
about 0.26 μB for the Fe3+ ions arranged in the noncollinear
AFM order in the presence of an applied field of 6 T, which is
in very good agreement with the results of the sum rules.

Figure 2(e) shows the Ho M4,5 XAS and XMCD measure-
ments of HoFeWO6 performed under a magnetic field of 6 T at
a temperature of 2 K. To estimate the spin and orbital moments
of the rare-earth ions, we applied the sum rules [47,48] for
M4,5 edges to our XMCD data:

ml = 2

∫
M4,5

(σ+ − σ−)dE
∫

M4,5
(σ+ + σ−)dE

N f
h ,

ms+6Tz = 2
∫

M5
(σ+−σ−)dE−3

∫
M4

(σ+−σ−)dE
∫

M4,5
(σ++σ−)dE

N f
h

1

R
,

(2)

where N f
h is the number of holes in the f band and the R factor

is 0.96 [53]. We used cluster calculations to determine the
intra-atomic dipole moment, and the ratio Tz/Sz was estimated
to be 0.089. The moments obtained by the application of the
sum rules are shown in Table S1 [42].

Both the experimental and the calculated M4,5 spectra are
displayed in Fig. 2(e). The good agreement between the sim-
ulation and the experimental spectra demonstrates that the
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FIG. 3. (a) Heat capacity, (b) (molar) magnetic susceptibility,
and (c) dielectric constant as functions of temperature. Heat capac-
ity and dielectric constant were measured during warming without
the presence of a magnetic field and magnetic susceptibility was
measured under the field-cooled condition and in the presence of
H = 1 T. (d) Real part of AC magnetic susceptibility, χAC(T ), mea-
sured under the frequency of f = 1 kHz and a time-varying magnetic
field of HAC = 2 Oe and under different external magnetic fields.
(e) Electric polarization as a function of temperature, 	P(T ), under
different magnetic fields. To measure the 	P(T ), the sample was
cooled down from 20 K to the base temperature of 2 K in the presence
of the poling field E. The 	P(T ) was then measured after removing
E and applying the magnetic field while warming the sample at the
rate of 2 K/min.

valence state of the Ho ions is 3+. The relevant features of the
XAS and XMCD spectra could be captured in our simulation
only when an exchange field of at least 2 meV is introduced
into the Hamiltonian. In contrast to the Fe L2,3 XMCD, the
Ho M4,5 XMCD cannot distinguish between collinear and
noncollinear AFM order.

The spin-polarized DFT calculations were used to estimate
the oxidation states by approximating the magnetic moment of
each atom without including the effects of spin-orbit coupling,
and the results are presented in Table S2 [42]. By comparing
these results and the electronic configuration of elemental Ho,
Fe, and W and using Hund’s law, one would estimate the
oxidation states as 3+, 3+, and 6+, respectively. This is quite
consistent with our XAS and XMCD results and also in good
agreement with previous reports [28,30]. The density of states
calculations also confirm that orthorhombic HoFeWO6 is an
insulator with a wide band gap of 3.7 eV, as shown in Fig. 2(f).

The lambda-shaped peak in the heat capacity, shown
in Fig. 3(a), and the kink in the DC (molar) magnetic
susceptibility χ (T ) = M/H , shown in Fig. 3(b), both indicate
a second-order phase transition, which can be interpreted as
the onset of the long-range AFM ordering of S = 5/2 Fe3+

cations with a half-filled d shell, as suggested by our XMCD
results. By lowering the temperature, susceptibility exhibits a
broad maximum at Tmax = 10.8 K, below which it continues
to decrease to the lowest temperature. This broad maximum is
reminiscent of a low-dimensional magnetic system [54]. This
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FIG. 4. (a) Field-dependent DC magnetization M(H ) at different
temperatures and (b) its derivative. For clarity, the derivatives are
shifted in the vertical direction.

behavior could be related to the arrangement of Ho3+ ions in
the crystal structure since they occupy the channels between
the FeO6 and WO6 octahedra along the c direction, creating a
quasi-one-dimensional chain. Views of the crystal structure in
different orientations can be found in Fig. S1 [42].

As shown in Fig. 3(c), the AFM transition at 17.8 K
is accompanied by a peak in the dielectric constant, mea-
sured at the frequency of f = 1 kHz, which is consistent
with a ferroelectric transition. It has been observed for other
compounds of this family that the onset temperature of this
peak does not change at different frequencies [28], indicat-
ing that the observed anomaly is not caused by relaxation
phenomena. The ferroelectric transition is further confirmed
by the observation of a switchable polarization, as shown in
Fig. 3(e), and of an anomaly in the dielectric loss, as shown
below in the inset to Fig. 5(a). These observations favor the
proposition that the observed ferroelectricity originates from
spin ordering. The observation of ferroelectric polarization
in YFeWO6 with a nonmagnetic rare-earth cation indicates
that the appearance of ferroelectric polarization in these com-
pounds is due to ordering of Fe3+ [28]. The fact that the
Fe3+ spins are arranged noncollinearly indicates that the in-
verse Dzyaloshinskii-Moriya (DM) interaction is likely the
underlying mechanism for breaking the inversion symmetry
by magnetic ordering.

The inverse magnetic susceptibility χ−1(T ), shown
in Fig. S2 [42], follows the Curie-Weiss (CW) law
χ−1(T ) = 3kB(T − θCW)/NAμ2

eff in the paramagnetic region.
Based on the CW fit, the effective total magnetic moment
was estimated as μeff = 12.58 μB/f.u., which is in good
agreement with the theoretical value of μth = 12.14 μB/f.u.

for the Fe3+ and Ho3+ moments and the CW temperature of
θCW = −18.88 K. The negative sign also confirms that the
dominant interaction below TN is antiferromagnetic.

Figure 3(d) shows the real part of the AC susceptibility
χAC(T ) for this compound under different external magnetic
fields. A small time-varying magnetic field of HAC = 2 Oe
with the frequency f = 1 kHz is used for measuring the
χAC(T ). The curve at 0 Oe is, in essence, similar to the
DC susceptibility. The broad peak below the TN , which, as
mentioned previously, is characteristic of low-dimensional
magnets, is likely due to the formation of a regime of short-
range correlation between Ho3+ spins, which at further lower

FIG. 5. (a) Temperature-dependent dielectric constant under dif-
ferent magnetic fields measured under the field-cooled condition,
with the tangent loss, Tan(δ), in the inset. The data were collected
at the frequency of f = 1 kHz. (b) Field-dependent dielectric con-
stant ε(H ) at different temperatures, normalized by the expression
[ε(H )/ε(0) − 1] × 100, (c) Derivative of ε(H ) at different temper-
atures with respect to the field. The curves are shifted vertically by
distances equal to their temperature differences for clarity. The arrow
shows the linear shift in the hysteresis toward higher fields as the
temperature is increased. (d) Electric polarization as a function of
field, 	P(H ), at different temperatures.

temperature advances to order as indicated by a peak seen in
χAC at T = 3.5 K. It was observed for DyFeWO6 through
neutron diffraction measurements that the ordering of Dy3+

spins is induced, through a cooperative process, by AFM
ordering of Fe3+ at T Fe

N [28]. The peak at T = 3.5 K can
be suppressed with a magnetic field of 1 kOe. Increasing
the magnetic field to 1 T causes an uptick in the suscep-
tibility below TN . Above 1 T, a broad anomaly begins to
appear from the lowest temperature measured and shifts to
higher temperatures with increasing field. This could indicate
a possible change in the magnetic structure. The χAC(T ) was
also measured at two additional frequencies ( f = 10 Hz and
100 Hz) without external field, and the results are shown in
Fig. S3 [42]. The data, which largely overlap within the reso-
lution of our measurement, indicate a lack of glassy behavior.

Field-dependent DC magnetization, M(H), was measured
at various temperatures and the results are presented in
Fig. 4(a). The data below TN are in agreement with the AFM
nature of the sample and the metamagnetic behavior at low
temperature indicates the competing interaction between the
two magnetic sublattices, Ho3+ and Fe3+, present in the sam-
ple. This is more evident from the derivative of magnetization,
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dM/dH, as shown in Fig. 4(b), where the two peaks at 2 K
could be due to a spin-flop transition and seem to weaken
and merge as the temperature is increased. As shown by the
isothermal AC susceptibility results in Fig. S4 [42], this tran-
sition is rather continuous. The emergence of this spin-flop
phase coincides with the ordering temperature of the Ho3+

spins, suggesting that Ho3+ 4 f spins and their interaction
with Fe3+ 3d spins play an important role in the observed
metamagnetic behavior. The maximum moment that the sam-
ple gains at the lowest measured temperature and the highest
applied field is ∼4.9 μeff/f.u., which is lower than the theo-
retical value, indicating the presence of unsaturated magnetic
moments.

Figures 3(e) and 5(a) summarize the effect of the magnetic
field on the electric polarization and the dielectric constant,
respectively. The magnetic field has a strong influence on
electric polarization and suppresses the peak in the dielec-
tric constant at 17.8 K. The responses of both the dielectric
constant and the polarization to the magnetic field evince the
magnetoelectric (ME) coupling in the system. The polariza-
tion at H = 0 Oe slightly decreases below a maximum at
T ∼ 8.5 K. This is in contrast to the behavior of YFeWO6 [28]
with a nonmagnetic rare-earth cation, in which the polariza-
tion saturates below TN . The decrease in polarization occurs
in the temperature region below Tmax, which implies that the
development of the Ho3+ magnetic sublattice and its interac-
tion with Fe3+ likely causes the decrease in the polarization.

We used isothermal field-dependent measurements of the
dielectric constant to further investigate the ME coupling
in this system. The results are summarized in Fig. 5(b),
which shows the magnetocapacitance (MC) effect with
double-hysteresis behavior, in direct correspondence with the
magnetization results shown in Figs. 4(a) and 4(b). Fig-
ure 5(c) displays the derivative of MC with respect to the
magnetic field and shows a notable hysteretic region below
6 K that seems to persist at higher temperatures and moves
toward larger field in a linear fashion as the temperature is
increased.

Using the 	P(T ) graphs in Fig. 3(e), we constructed a
	P(H ) graph as displayed in Fig. 5(d) and, interestingly
enough, it also shows a direct correspondence with the mag-
netization data in Fig. 4(b) and the MC data in Fig. 5(b).
Although the MC effect could be mediated by factors other
than ME coupling, both the observed change in polarization
by magnetic field and the 	P(H ) curves support the proposi-
tion that the observed MC effect in this compound is due to
ME coupling. 	P(H ) below ∼6 K is qualitatively echoed by
the MC and magnetization data. This indicates the possible
role of mutual interplay between Ho3+ 4 f and Fe3+ 3d spins
in the observed change in the polarization under magnetic
field below ∼6 K.

IV. CONCLUSION

We have studied the multiferroic properties of, and mag-
netoelectric coupling in, the type-II multiferroic HoFeWO6.
Through XRD measurements, we found the crystal structure
to belong to the polar space group Pna21 and no structural
phase transition was observed down to 8 K. DFT calculations
also confirmed that this compound is stable in the Pna21

structure. XAS and XMCD measurements show an oxida-
tion state of 3+ for the Fe and Ho cations. Simulation of
XMCD data suggests that the Fe3+ spins are arranged in a
noncollinear fashion at angles of 90◦ with respect to each
other. The AFM and ferroelectric ordering at TN = 17.8 K
confirm the multiferroic nature of this compound. All of these
observations favor the AFM ordering of Fe3+ as the origin
of the ferroelectric transition, with inverse DM interaction
playing an important role in breaking the inversion symmetry.
Magnetic susceptibility below TN shows a broad maximum
at Tmax ∼10.8 K, which usually relates to a magnetic system
with reduced dimensionality, and the ordering of Ho3+ spins
at ∼3.5 K. The decrease in polarization below Tmax also seems
to be related to the low-dimensional nature of the Ho3+ spins.
The responses of both the dielectric constant and the polariza-
tion to the magnetic field reveal the presence of ME coupling.
We used the MC effect to indirectly investigate the ME cou-
pling and found that the field-dependent dielectric constant
shows a direct correspondence with magnetization data. The
polarization response to the magnetic field, especially 	P(H )
and its correspondence with the M(H) curves, further sup-
ports the presence of ME coupling in this compound. The
magnetization and MC data below ∼6 K, in particular, are
qualitatively echoed by 	P(H ), which implies the effect of
mutual interaction between Ho3+ 4 f and Fe3+ 3d spins on
the ME coupling. Considering the noncollinear arrangement
of spins in this compound, spin-orbit coupling likely plays
a crucial role in the observed ME coupling, although con-
tributions from other possible factors, e.g. magnetostriction,
cannot be ignored. A substantiated and definite description
of the mechanism for ME coupling requires further detailed
single-crystal study.
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