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ABSTRACT: Scheelite-type HoCrO4 was prepared by treating the
ambient-pressure zircon-type precursor phase under 8 GPa and
700 K. A long-range antiferromagnetic phase transition is found to
occur at TN ≈ 23 K due to the spin order of Ho3+ and Cr5+
magnetic ions. However, the antiferromagnetic ground state is
sensitive to an external magnetic field and a moderate field of about
1.1 T can induce a metamagnetic transition, giving rise to the
presence of a large magnetization up to 8.5 μB/f.u. at 2 K and 7 T.
Considerable linear magnetoelectric effect is observed in the
antiferromagnetic state, while the induced electric polarization
experiences a sharp increase near the critical field of the
metamagnetic transition. Ferromagnetism and ferroelectricity
thus rarely coexist under higher magnetic fields in scheelite-type
HoCrO4. Moreover, a magnetic field also plays an important role in the longitudinal constriction of HoCrO4, and a significant
magnetostrictive effect with a value of up to 300 ppm is observed at 2 K and 9 T, which can be attributed to the strong anisotropy of
the rare-earth Ho3+ ion. Possible coupling between magnetoelectric and magnetoelastic effects is discussed.

1. INTRODUCTION
Magnetoelectric (ME) coupling is capable of mutual control of
magnetic and electric characteristics, providing potential
applications for magnetic sensors, magnetic energy harvesters,
magnetoelectric filters, frequency multipliers, and so on.1−4

Although tremendous efforts have been devoted to elucidating
the origins of these fundamental phenomena and discovering
single-phase ME materials in past decades,5−8 most of them
exhibit either weak coupling or low operating temperature,
which is unfavorable for practical applications.9,10 For example,
the type II multiferroics show the great benefit of strong ME
coupling in which some specific long-range magnetic orders
break the spatial inversion symmetry and induce electric
polarization (P) but usually contain complex competition of
magnetic interaction and the onset temperature of magnetic
ordering is low.11,12 In addition, another group of materials can
also achieve a strong correlation between electric and magnetic
orders through a linear ME effect. However, only a limited
number of linear ME materials are available at present.13 To
date, searching for single-phase ME materials with strong
coupling between magnetic and electric orders remains an
active topic.
The family of rare-earth chromates RCrO4 (R = rare earth),

which has attracted a lot of attention because of various
magnetic interactions14,15 and magnetocaloric effects,16,17

recently have been found to be a plausible platform for
exploring ME effects and multiferroicity.18−20 The ambient-
pressure annealing usually generates a zircon-type phase with
space group I41/amd for most RCrO4 compounds, whereas a
further high-pressure treatment can change the structure to be
a scheelite-type phase with space group I41/a.

21−25 In
scheelite-type DyCrO4, for example, the antiferromagnetic
(AFM) ordering around 23 K with the magnetic point group
2′/m allows a nonzero ME tensor and both linear magnetic-
field-induced P (linear ME effect) and electric-field-induced
magnetization (inverse linear ME effect) have been observed.20

The origin of the linear ME effect can be explained by the
interactions of chromium spins as well as the spin−orbital
coupling.26 Meanwhile, dysprosium ions with a large magnetic
moment significantly enhance the effective magnetic field on
the spins of chromium ions and thus amplify the ME response.
This scenario has led to the speculation of the general
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existence of the ME effect in the RCrO4 family, stemming from
the similar crystal structure and magnetism.
As one of the members of the RCrO4 family, scheelite-type

HoCrO4 has been reported to have an AFM ordering around
7.6 K and a metamagnetic transition with a critical magnetic
field of 1 T is revealed at 2 K.27 Since the Ho3+ ion possess a
large effective theoretical magnetic moment of 10.6 μB,
scheelite-type HoCrO4 may be a promising candidate to
study considerable ME effects analogous to that of the
isostructural DyCrO4. In addition to the specific magnetic
and electric properties, the ME coupling may also be related to
strain or magnetostriction.28,29 In the well-studied ME
multiferroic TbMn2O5,

30 the magnetostrictive (MS) effect
due to the Tb3+ spin alignment plays an important role in the
low field ME coupling.31 It is worth noting that even without
long-range magnetic order, the ME effect can be achieved by
magnetostriction of rare-earth ions.32,33 In Tb2(MnO4)3, P can
be actuated largely by a pulse magnetic field through the MS
effect,33 where the anisotropic 4f-electron cloud of terbium
ions, tied to the magnetic moment via the strong spin−orbital
coupling, perturbs the crystal lattice and thus changes the
spontaneous P. The single-crystal holmium shows a gigantic
MS effect with the coefficient, defined as the fractional change
in length under an applied magnetic field, up to 3500 ppm at
45 K as a result of the strong spin−orbital and spin−lattice
coupling.34 Also, in the canted AFM HoMn2O5,

35 the MS
coefficient reaches 1800 ppm at 4.2 K.36 Therefore, both the
possibly large ME and MS effects deserve to be investigated for
scheelite-type HoCrO4.
In this work, a polycrystalline HoCrO4 with a scheelite-type

structure was prepared by a high-pressure method. Magnetic,
specific heat, permittivity, electric polarization, and MS
properties were investigated in detail. The results reveal that
in scheelite-type HoCrO4, the onset of AFM transition would
be determined at 23 K instead of 7.6 K as reported before.27

This material displays a linear ME effect resulting from the
AFM spin ordering composed of Ho3+ and Cr5+ ions. A
metamagnetic transition is found to occur with the field up to
μ0H ≈ 1.1 T. Under a higher magnetic field, considerable
ferromagnetic (FM) components are found to couple with the
induced ferroelectric polarization. In addition, a large negative
MS effect up to 300 ppm related to Ho3+ has been observed at
2 K and 9 T. Scheelite-type HoCrO4 thus provides an
interesting platform where P and mechanical strain can be
tuned simultaneously by an external magnetic field.

2. EXPERIMENTAL SECTION
As the first step to obtaining scheelite-type HoCrO4, the zircon-type
precursor phase was synthesized by solid-state reaction methods at
800 K for 1 h as described elsewhere.15 Then, the zircon-type
polycrystalline powders were sealed into a golden capsule with a
diameter of 3 mm and height of 4 mm and further treated at 8 GPa
and 700 K for 30 min on a cubic anvil-type high-pressure apparatus.
The structure characterization was carried out by powder X-ray
diffraction (XRD) technique using a Huber diffractometer (Cu Kα1
radiation) equipped with a G670 Guinier camera. Diffraction data
were collected at room temperature in the angle (2θ) range from 10
to 100° with steps of 0.005° and analyzed by the Rietveld refinement
using the GSAS software.37 The magnetic susceptibility (χ) and
magnetization measurements were performed by a Magnetic Property
Measurement System (MPMS-3, Quantum Design). The temper-
ature-dependent relative dielectric constant (εr), P, specific heat (CP),
and MS effects were measured on a Physical Property Measurement
System (PPMS-9T, Quantum Design). To conduct electrical

measurements, the specimen was polished into a thin plate with a
thickness of 0.3 mm and a surface area of 2−3 mm2. The εr was
measured at selected magnetic fields and temperatures using an
Agilent E4980A Precision LCR meter. The pyroelectric current was
measured by a Keithley 6517B electrometer from 2 to 50 K at a rate
of 2 K/min after cooling in a poling electric field Ep = 0.8 or −0.8
MV/m. The magnetic-field-dependent current was measured also by a
Keithley 6517B electrometer with a magnetic field rate of 0.01 T/s.
Before the measurement, the sample was cooled in an Ep (=0.8 or
−0.8 MV/m) and a magnetic field of 9 T. The polarization was
determined by integrating current with respect to time. Specific heat
was measured by a standard relaxation method. A capacitance
dilatometer38 was used to measure the MS effects.

3. RESULTS AND DISCUSSION
Figure 1a shows the XRD pattern measured at room
temperature and the Rietveld refinement for the high-pressure

product of HoCrO4. All the diffraction peaks can be indexed
with a tetragonal lattice. As shown in Table 1, the Rietveld
analysis based on a scheelite-type structure model with space
group I41/a results in a well-refined profile with satisfactory
goodness-of-fit parameters as characterized by Rwp = 3.41% and
Rp = 2.77%. The refined lattice parameters are a = 5.0079(1)
and c = 11.2680(4) Å, which are located at the intermediate
between those of scheelite-type DyCrO4 (a = 5.0155 and c =
11.3109 Å)20 and ErCrO4 (a = 4.9989 and c = 11.2332 Å),39

following the systematic variation of the A-site ionic size.40 As
shown in Figure 1b, the crystal structure of scheelite-type
HoCrO4 can be sketched as alternating CrO4 tetrahedra and
HoO8 dodecahedra by sharing the corner O atoms along the a-
axis. Two edge-sharing HoO8 dodecahedra form a dimer, and

Figure 1. (a) Refined X-ray powder diffraction pattern for scheelite-
type HoCrO4 measured at room temperature. The observed (black
circle), calculated (red line), difference (blue line), and allowed
reflections (ticks) with the I41/a space group are presented. (b)
Perspective view of the structure. The edge-sharing HoO8
dodecahedra and isolated CrO4 tetrahedra are shown.
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the dimers also connect with CrO4 by sharing the corner O
atoms along the c-axis.
Figure 2a depicts the temperature dependence of magnetic

susceptibility measured at 50 mT for scheelite-type HoCrO4.

One finds that the zero-field cooling (ZFC) and field cooling
(FC) susceptibility curves start to separate from each other as
the temperature decreases to about 23 K (see the inset), which
can be determined as the critical temperature (TN) for a long-
range AFM phase transition as will be further confirmed by
specific heat measurement shown later. Below TN, the
upturned susceptibility may be attributed to the strong
paramagnetism of rare-earth Ho3+ ions. Above 50 K, the
inverse magnetic susceptibility can be well fitted by the Curie−
Weiss law with the formula χ−1 = (T − θ)/C. The fitted

negative Weiss temperature (θ = −8.12 K) agrees with the
AFM interaction. According to the fitted Curie constant [C =
15.03 emu/K−1(mol−1·Oe−1)], the effective magnetic moment
is calculated to be 10.97 μB/f.u., which is comparable to the
theoretical value (10.74 μB/f.u.) if one considers the spin−
orbital contribution of Ho3+ and the spin-only contribution of
Cr5+. Therefore, both Ho3+ and Cr5+ would simultaneously
participate in the AFM ordering around 23 K, as observed in
many other RCrO4 compounds.

24,25,39,41 An analysis of the
crystal structure shows that the CrO4 tetrahedra are isolated
from each other by HoO8 units. The superexchange interaction
pathway Ho3+-O2−-Cr5+ should be responsible for the AFM
ordering.27

To further investigate the AFM transition, temperature-
dependent specific heat was measured at different fields for
scheelite-type HoCrO4. As shown in Figure 2b, a sharp λ-type
anomaly is found to occur around TN in the zero-field specific
heat curve, confirming the presence of a long-range AFM
ordering. Moreover, with the increasing magnetic field, the CP
anomaly gradually shifts to a lower temperature, in agreement
with the AFM feature as observed in the isostructural TbCrO4
and DyCrO4.

20,24 In addition to the sharp anomaly at TN, the
specific heat also displays a field-suppressed broad feature
around 8 K. Such a feature can be ascribed to a Schottky
anomaly, which is often observed in rare-earth magnets.24,42−45

Note that the long-range AFM ordering temperature of
scheelite-type HoCrO4 determined in this study (23 K) is
different from that claimed in ref 27 (7.6 K). This may be
attributed to the effect of the HoCrO3 impurity phase
presented in the literature, since the impurity experiences a
magnetic transition at 7.5 K arising from Ho3+ ions.46,47

Figure 3a represents the relative dielectric constant
measured at different magnetic fields for scheelite-type
HoCrO4. At zero field, the εr changes smoothly with
temperature and no anomaly is observed around TN. However,
once a magnetic field is applied, a sharp dielectric peak
emerges near the AFM transition temperature. Moreover, with
increasing field, the induced dielectric peak becomes more and
more prominent and slightly shifts to lower temperatures. In a
fixed field, however, the position of the dielectric peak is
independent of frequency (see Figure 3b). These features
indicate that the magnetic field may induce P in scheelite-type
HoCrO4. The temperature-dependent P at selected magnetic
fields was thus obtained by measuring the relative pyroelectric
current. As shown in Figure 3c, corresponding to the above-
mentioned permittivity, although no P is found to occur at the
zero field, applying a magnetic field can induce the presence of
polarization at the onset of TN. The induced polarization
gradually increases to 130 μC/m2 with the magnetic field up to
6 T. Above this field, the magnitude of P decreases slightly.
Moreover, P is reversible if one changes the sign of the poling
electric field (see Figure 3d). These results confirm the
occurrence of field-induced polarization at the spin-ordered
state in scheelite-type HoCrO4.
Considering the remarkable magnetic anisotropy, the

magnetic state of rare-earth ions is usually variable under an
external magnetic field. This motivates us to dig into the
magnetic field dependence of magnetization as depicted in
Figure 4a. Above TN, the linear magnetization behavior is
observed in agreement with the paramagnetism. Below TN, e.g.
at 2 K, the magnetization deviates from the linear relationship
and undergoes a sharp increase at a critical field μ0HC ≈ 1.1 T,
as characterized by the derivative of magnetization shown in

Table 1. Refined Structure Parameters for Scheelite-
HoCrO4

a

parameters Scheelite-HoCrO4

a (Å) 5.0079(1)
c (Å) 11.2680(4)
V (Å3) 282.59(2)
Ox 0.2567(4)
Oy 0.1099(6)
Oz 0.0501(2)
Ho−O(×4) (Å) 2.3336(28)
(×4) (Å) 2.4233(26)
Cr−O(×4) (Å) 1.6898(23)
∠Ho−O−Ho (deg) 104.79(9)
∠Ho−O−Cr (deg) 131.98(16)

122.51(14)
Rwp (%) 3.41
Rp (%) 2.77

aSpace group: I41/a; atomic sites: Ho 4b (0, 1/4, 5/8); Cr 4a (0, 1/4,
1/8); and O 16f (x, y, z)

Figure 2. (a) Temperature dependence of magnetic susceptibility χ
and inverse susceptibility (blue circles) measured at 0.05 T for
scheelite-type HoCrO4. The blue line shows the Curie−Weiss fitting
in 50−300 K. The inset indicates the onset of deviation between the
ZFC and FC curves. (b) Specific heat data collected at various
magnetic fields.
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Figure 4a. This observation indicates a field-induced
metamagnetic transition from the initial AFM state to an
FM-like state. The magnetic moment observed at 2 K and 7 T
is 8.5 μB/f.u., which is slightly less than the theoretical
saturated magnetic moment of HoCrO4 (10.0 μB/f.u.) by
considering the spin and orbital contributions for Ho3+ (J = 8)
and the spin-only contribution for Cr5+ (S = 1/2). The
magnetic-field-induced variation of dielectric constant, i.e., the
so-called magnetodielectric (MD) effects as defined by MD
(%) = 100% × [εr(μ0H) − εr(0)]/εr (0), were investigated at
2, 10, and 20 K. As shown in Figure 4b, the compound displays
considerable positive MD effects. At 20 K, for example, the
value of MD reaches 11.4% at 9 T. This value is comparable to

the large MD effect (12%) observed in the polycrystalline
Co4Nb2O9,

48 implying possible strong coupling between spins
and electric dipoles in current HoCrO4.

49

To get a deep insight into the field-dependent electric
characteristics, P measured at fixed temperatures as a function
of the magnetic field is shown in Figure 4c. At lower fields
(μ0HC), the linear ME behavior is found to occur due to the
AFM ground state. Once the field reaches the critical value for
the metamagnetic transition, the induced polarization experi-
ences a sharp increase and almost becomes saturated with the
field up to 6 T. If one looks at the magnetoelectric coefficient
as defined by the formula α = dP/dH, the maximum value of α
is about 100 ps/m at 2 K near the μ0HC (see Figure 4d). Due

Figure 3. Relative dielectric constant measured at (a) 100 kHz and different magnetic fields and (b) at 3 T and different frequencies for scheelite-
type HoCrO4. The data in (b) were shifted vertically for clarity. Electric polarization was measured at different magnetic fields after cooling under
(c) a positive and (d) a negative poling electric field. The data are collected with the μ0H⊥Ep configuration.

Figure 4. Magnetic field dependence of (a) magnetization, (b) magnetodielectric coefficient, (c) polarization, and (d) magnetoelectric coefficient
measured at different temperatures for scheelite-type HoCrO4. The right axis in (a) shows the magnetization derivative dM/dH at 2 K. The data in
(b−d) are collected with the μ0H⊥Ep configuration.
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to the limitation of the field region for the linear ME effect, one
cannot find a well-defined linear ME coefficient for scheelite-
type HoCrO4; however, such a value roughly fluctuates around
40 ps/m between −1 and 1 T at 10 K. Above μ0HC, the α
coefficient monotonously decreases with field and nearly
reaches naught at 6 T, since the induced polarization becomes
saturated at this field.
The current HoCrO4 exhibits similar AFM phase transition

as well as metamagnetic transition with those observed in the
isostructural scheelite RCrO4 (R = Gd, Tb, Dy, and
Er).20,24,25,39 According to the neutron diffraction studies for
the later four compounds,20,24,25,39,50 two kinds of distinct spin
structures are proposed. One is that the spin moments are
parallel to the c-axis as determined for TbCrO4. The other is
that the moments lie in the ab plane as suggested in GdCrO4,
DyCrO4, and ErCrO4. The magnetic point group is 2/m′ and
2′/m for these two spin models, respectively. In both cases, the
twofold rotation is along the c-axis and the mirror is
perpendicular to the c-axis. According to symmetry require-
ments, nonzero components in the linear ME tensor defined in
Pi = αij Hj (i, j = 1, 2, 3) are allowed as follows13
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When an external magnetic field μ0H is applied along a specific
axis, in principle, the nonzero diagonal terms in eq 1 with the
2/m′ magnetic point group allow the induced P to be parallel
to μ0H; in contrast, only the P perpendicular to μ0H can be
induced based on the linear ME tensor of 2′/m shown in eq 2.
To distinguish which of the two magnetic point groups is
possible for scheelite-type HoCrO4, the measurements of
pyroelectric current with μ0H∥EP and μ0H⊥EP configurations
are performed at 0.9 T (below μ0HC), and then the relative P is
obtained as shown in Figure 5a. Obviously, the intensity of P
detected with μ0H∥EP configuration is significantly reduced

compared to that of the μ0H⊥EP configuration, suggesting that
the magnetic point group 2′/m with the spins aligning in the
ab plane is most probably for the AFM ground state of
scheelite-type HoCrO4, as shown in Figure 5b. Note that
neutron diffraction is needed to confirm the proposed spin
structure in the future. In addition, due to the polycrystalline
nature of the current sample, the induced P along μ0H cannot
be exactly zero.20,51

It is well known that applying an external magnetic field to a
material containing anisotropic Ho3+ ions with a nonzero
orbital angular momentum is prone to affect the crystal
construction and thus generate an MS effect. To examine the
MS behavior of scheelite-type HoCrO4 and elucidate the
possible relationship between ME and MS effects, we
measured the relative length change λ = ΔL/L0 = [L(μ0H,
T) − L0]/L0 at various temperatures and magnetic fields,
where L0 is the length of the sample at 2 K and μ0H = 0 T. As
shown in Figure 6a, the thermal expansion exhibits no anomaly
as the temperature crosses the TN, indicating the negligible
magnetostructural correlation at the AFM ground state in

scheelite-type HoCrO4. However, applying a magnetic field
favors the presence of the MS effect. When the relative length
change as a function of the field was measured at some fixed
temperatures as represented in Figure 6b, the slightly changed
λ within ±μ0HC starts to sharply decrease at fields above μ0HC
below TN such as at 2 and 20 K. Specifically, at 2 K and the
AFM ground state (field < μ0HC), a nearly zero MS is found to
occur. When a larger field (>μ0HC) is applied to induce the
metamagnetic transition with the presence of FM-like
moments along the field direction, a large negative MS effect
can be observed. For instance, the MS detected at 2 K and 9 T
is about 300 ppm, indicating a strong magnetoelastic coupling.
This behavior is similar to the longitudinal MS effects reported
in other Ho3+-containing oxides such as HoMnO3 (40 ppm),
Ho2Ti2O7 (160 ppm), and HoMn2O5 (1800 ppm).35,52,53

Moreover, the MS effect looks unsaturated with the field up to
9 T, and a larger value is expected at higher magnetic fields.
Since the chromium oxides usually show smaller deformations
with weak MS effects,54 the anisotropic Ho3+ thus would
dominate the large negative MS effects in HoCrO4.
As shown in the inset of Figure 6b, the directions of field-

induced ΔL and ΔP are, respectively, parallel and perpendic-
ular to the external magnetic field. One can infer that the field-
induced mechanical strain by the spin−lattice coupling may
affect the polarization by rotating the polarized domains, as
demonstrated by the Yb3+ complex and Tb2(MoO4)3
compounds.32,33 For scheelite-type HoCrO4, the domain
switching coupling is nearly absent below μ0HC. However,
the induced P emerges even though the deformation is
negligible. It means that P and length variation have different
field-dependent features. For example, at 2 K, the polarization
starts to decrease at fields above 6 T, while the absolute value
of MS monotonously increases with the field up to 9 T. In

Figure 5. (a) Temperature dependence of electric polarization
measured at μ0H = 0.9 T with μ0H∥EP and μ0H⊥EP configurations for
scheelite-type HoCrO4. (b) Schematic illustration of the magnetic
structure composed of Ho3+ and Cr5+ moments.
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comparison, the strain derivative dλ/dH, which can be
considered as a piezomagnetic coefficient,55 exhibits similar
field-dependent behavior to that of the dielectric constant at 2
K as shown in Figure 6c, implying possible coupling between
elastic and dielectric terms under magnetic fields.

4. CONCLUSIONS
In summary, we have synthesized scheelite-type HoCrO4 using
high pressure to treat the zircon-type precursor. Magnetic
susceptibility and specific heat measurements indicate a long-
range AFM ordering of Ho3+ and Cr5+ at TN ≈ 23 K. Below
TN, there is a considerable linear ME effect resulting from the
AFM spin ordering. With the increase in field up to μ0HC ≈ 1.1
T, a metamagnetic transition is found to occur, accompanied
by the presence of a large ferromagnetic component.
Moreover, the induced P experiences a sharp increase at

μ0HC. A large negative MS effect along the external field has
been observed because of the strong anisotropy of Ho3+. At 2
K and 9 T, the MS coefficient reaches 300 ppm. Although the
MS effect has little influence on field-induced P, piezomagnetic
coefficient calculated by the derivative of strain, has a similar
variation to the dielectric constant under a magnetic field,
implying possible coupling between dielectric and elastic
properties. Thus, the current HoCrO4 provides an avenue to
study interesting interactions among magnetic, electric, and
elastic properties.
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Figure 6. (a) Temperature-dependent thermal expansion at selected
magnetic fields for scheelite-type HoCrO4. (b) Relative length change
as a function of the magnetic field at selected temperatures. For
comparison, the contribution of thermal expansion among different
temperatures was removed. The inset shows relative directions for the
external field, length change, and induced polarization. (c)
Comparison of piezomagnetic (left axis) and magnetodielectric
(right axis) coefficients as a function of the magnetic field from −9
T to 0 at 2 K.
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