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ABSTRACT

The dynamic magnetoelectric (ME) effect of the scheelite-type DyCrO,4 has been investigated by measurements of the temperature and mag-
netic field dependence of the dynamic magnetoelectric coefficient (o = dE/dH). A high dynamic ME coefficient oy is obtained in the multi-
ferroic phase after a poling process under both electric and magnetic fields. The maximum of oy appears at the critical field of a
metamagnetic transition where spin fluctuation becomes the most significant. The dynamic ME effect for H L E is much stronger than that
for H || E, consistent with the spin current model. Moreover, the sign of oy is reversed when the direction of electric polarization is reversed

by a negative electric field. Therefore, the state of o can be used to store information in single-phase multiferroics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0315219

The magnetoelectric (ME) effects are characterized by the appear-
ance of electric polarization P (magnetization M) under the application
of a magnetic field H (electric field E), which has attracted wide
attention in terms of both fundamental science and potential applica-
tions.'” In the past decades, significant research efforts have been
devoted to discovering ME materials and understanding the underly-
ing physics of ME phenomena. Especially, multiferroic materials stand
out as the mainstream in the study of the ME effects.

Multiferroicity refers to the coexistence of two or more ferroic
properties: ferroelectricity, ferromagnetism, and ferroelasticity.”” The
type-II multiferroics, where ferroelectricity is induced by specific
magnetic orders, are the most promising materials for achieving larger
ME effects.” For example, transition metal oxides with spiral magnetic
structures such as manganites,” ~ and hexaferrites'”'* have been
found to exhibit significant ME effects. While the static ME effect and
the direct ME coefficient o = dP/dH have been intensively investi-
gated for single-phase multiferroics, the dynamic ME effect and the
ME voltage coefficient ay = dE/dH remain less studied in single-phase
ME materials. The measurement and calculation of op are usually
complicated because the detection of AP is not straightforward in
experiments but determined by integrating the released current with
time. In contrast, oy can be directly measured by a dynamic method in
which an ac magnetic field induces an ac voltage on the sample due to

the ME effect.'”'* As a matter of fact, the dynamic ME voltage coeffi-
cient o has been generally measured in multiferroic composites, but
little attention has been paid to that in single-phase multiferroics.

The chromates RCrO,4 (R is a rare earth element) family has
drawn considerable interest in recent years for their unusual physical
properties."” *° These compounds crystallize in a tetragonal zircon-
type structure with the space group I4,/amd under ambient condi-
tions.'”'? Nevertheless, the structure of the RCrO, family is sensitive
to external pressures.”’ ** Under high pressure, the zircon-type RCrO,
compounds, such as DyCrO,4, undergo an irreversible structural phase
transition to a scheelite-type phase with space group [4,/a.”* This tran-
sition is characterized by a substantial volume collapse of approxi-
mately 10%. Notably, the magnetic properties of these RCrO,
compounds are highly dependent on their crystalline structure.”” >
The zircon-type DyCrO, exhibits long-range ferromagnetic ordering
below ~23 K, whereas the scheelite-type DyCrO, displays antiferro-
magnetic (AFM) behavior. DyCrO, is an ideal model system for study-
ing 3d-4f electronic interactions as it contains two distinct magnetic
ions, Dy’ and Cr’*, which give rise to competing spin interactions.”’
Furthermore, both the zircon- and scheelite-type polymorphs of
DyCrO, exhibit remarkable physical properties, such as metamagnetic
transitions,” and magnetic field-induced sign change of thermal
expansion.”” Moreover, in the scheelite-type DyCrO,, the magnetic
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point group 2’/m allows for a non-zero linear ME tensor, indicative of
a linear ME effect.

Although spin-induced ferroelectricity and a large linear ME
effect were experimentally confirmed in the scheelite-type DyCrO,,”*
its dynamic ME effect has not been reported yet. In this Letter, we pre-
sent a systematic investigation on the temperature and magnetic field
dependence of the dynamic ME coefficient (ag) of the scheelite-type
DyCI’O4.

Polycrystalline zircon-type DyCrO, samples were synthesized
from stoichiometric mixtures of Dy(NOs);-6H,0O and Cr(NO3);-9H,0.
The detailed synthesis procedure has been described in previous
reports.”* Subsequently, black scheelite-type DyCrO, was obtained
from a green zircon-type DyCrO, precursor by treatment under
3.0GPa and 850K for 15min using a cubic anvil-type high-pressure
apparatus. The magnetic properties were measured by using a
Magnetic Property Measurement System (MPMS-3, Quantum Design).
The specific heat (Cp), dielectric permittivity &, and the dynamic ME
coefficient o were measured in a Physical Property Measurement
System (PPMS-9 T, Quantum Design). The dielectric permittivity was
measured using an LCR meter (Agilent E4980A). The linear ME volt-
age coefficient o =dE/dH was measured by the dynamic method
using a home-made probe.'”'* An ac current supplied to a solenoid
generates a small ac magnetic field (H,.) at a frequency of 997 Hz, and
the induced ac ME voltage on the sample, V,.= V, + iV, (where V
and V,, represent the in-phase and out-of-phase signals, respectively)
was detected by a lock-in amplifier. The dynamic ME coefficient oy was
calculated as op = V,/(H,d), where d is the distance between the up
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and down electrodes. Prior to the measurements of oy, a pre-poling
process was performed to drive the sample into the ferroelectric state. A
poling electric field and magnetic field were simultaneously applied at
50K, then the sample was cooled from 50 to 2K at a rate of 2 K/min.
Upon stabilizing at 2K, the poling electric field was removed and the
sample was short-circuited for 30 min. Subsequently, ox was measured
during warming from 2to 50K at a rate of 2K/min under zero or
applied magnetic fields.

Figure 1(a) shows the temperature dependence of magnetic sus-
ceptibility measured in H = 100 Oe after zero-field cooling and specific
heat (Cp) under zero magnetic field between 10 and 50 K. Both mea-
surements indicate an AFM phase transition at Ty ~24 K, consistent
with previous reports.”**® At T=50K (above Ty), the magnetization
shows a nearly linear dependence on the magnetic field in accordance
with the paramagnetic phase. At T=2 K, the magnetization exhibits
nonlinearity, and a metamagnetic transition occurs around poH ~ 3 T.
At 10K, the critical field for the metamagnetic transition shifts to
approximately 3.1 T, in agreement with the phase diagram reported in
previous studies. Neutron diffraction experiments reveal that DyCrO,4
adopts a collinear AFM structure at low temperatures, as illustrated in
Fig. 1(c).”* When the applied magnetic field exceeds the critical value,
the magnetic configuration transforms into the canted AFM structure
illustrated in Fig, 1(d).”* The observed spin canting may arise from the
combined contributions of both Dy>* and Cr’* spin sublattices, or it
may be predominantly attributed to the Dy>* sublattice alone.

The temperature dependence of the relative dielectric permittivity
&, of the scheelite-type DyCrOy, is presented in Figs. 2(a)-2(d). While

FIG. 1. (a) Temperature dependence of
magnetic susceptibility and heat capacity
of the scheelite-type DyCrO,. The dashed
vertical line indicates the antiferromagnetic
transition temperature Ty. (b) Isothermal
magnetization at selected temperatures.
Crystal and antiferromagnetic spin struc-
tures of the scheelite-type DyCrO, in (c)
zero field and (d) high fields.
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no dielectric anomaly is observed in zero magnetic field, a clear dielec-
tric peak emerges near 24 K upon the application of a magnetic field. It
is worth noting that for both H L E and H || E configurations, the
dielectric peak shifts progressively toward lower temperatures.
However, a pronounced enhancement of the peak with increasing
magnetic field is observed in the H L E configuration, whereas this
effect is considerably less evident in the H || E configuration.

This dielectric behavior is independent of frequency. The mag-
netic field-induced dielectric peak is strong evidence of spin-induced
ferroelectricity in the scheelite-type DyCrO,.”* The collinear AFM
phase belongs to the magnetic point group 2'/m. Under an applied
magnetic field, this symmetry is lowered from the initial non-polar
group 2'/m to the polar group m, thereby giving rise to a spontaneous
ferroelectric polarization. The symmetry of the induced magnetic point
group permits non-zero ME tensor components, such as o3 (231) and
023 (0135) in the following equation:

0 0 %13
O = 0 0 03 . (1)
oz oz 0

This indicates that an electric polarization P can be generated per-
pendicular to the direction of the applied magnetic field H. A compari-
son of the dielectric response under different magnetic field
orientations reveals the mechanism of spin-induced ferroelectricity.
Specifically, the response for H || E [Figs. 2(b) and 2(d)] is substantially
weaker than that for H L E [Figs. 2(a) and 2(c)], which suggests that
the spin-induced electric polarization is mainly perpendicular to
applied magnetic fields, in accordance with the spin current model in
type-II multiferroics.””

The dynamic ME coefficient oy as a function of temperature is
shown in Fig. 3(a). After the pre-poling process under both an

10 15 20 25 30 35 40
T'(K)

electric field (E,q = 0.6 MV/cm) and a dc magnetic field (uoH =0, 1,
2,3,4,6,9T), o was measured with increasing temperature. In the
case of zero magnetic field, oy remains negligible at all temperatures.
When a 1T magnetic field is applied in plane (H L E), oz becomes
significant below Ty ~24K. It is noteworthy that a negative peak in
the ME coefficient emerges at high temperatures when the applied
magnetic field exceeds 2T. This negative peak shifts toward lower
temperatures with increasing magnetic field, similar to the behavior
of the dielectric peak near Ty. Previous studies have suggested that
strong spin fluctuations in the vicinity of magnetic phase transitions
would lead to the emergence of a maximum in the dynamic ME
coefficient.'*'* Therefore, the negative peak in the vicinity of Ty is
likely due to strong spin fluctuation and spin-induced electric polari-
zation in DyCrO,.

At low temperatures, op exhibits a distinct plateau-like
region. The amplitude of oy increases with increasing magnetic
field until 3T because spin-induced electric polarization grows
with magnetic field.”* Then, the amplitude of o decays with fur-
ther increasing magnetic field and becomes negligible for yoH > 6
T as spin-induced ferroelectricity is weakened under higher mag-
netic fields. This result suggests that a significant dynamic ME
effect appears in the spin-induced multiferroic phase, and its
amplitude is dependent on the strength of ferroelectricity. The
close correlation between the amplitude of oy and electric polari-
zation is more evident in Fig. 3(b). When the poling electric field
increases under a constant pioH =3 T, the amplitude of ap grows
from 450 uV/cm Oe for Eyq=0.6MV/m to 770 uV/cmOe for
Epo1=1.06 MV/m. Since a higher poling electric field would
induce a larger net electric polarization, the enhancement of oy
under a higher poling electric field reveals a proportion between
o and electric polarization.
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FIG. 3. (a) Temperature dependence of the dynamic ME coefficient oz measured
with increasing temperature under different magnetic fields (H L E) after a poling
process. (b) Temperature dependence of o measured with increasing temperature
under a fixed magnetic field of uoH=3 T (H _L E) after a poling process with differ-
ent poling electric fields.

We also measured the dynamic ME coefficient o, under reversed
poling electric fields. As shown in Figs. 4(a) and 4(b), the sign of oy
becomes negative after a negative electric field poling. This result sug-
gests that the value of oz depends on not only the amplitude but also
the direction of electric polarization. This feature enables a nondestruc-
tive reading of ferroelectric memory because the direction of electric
polarization in the ferroelectric memory cell can be detected by mea-
suring the sign of ap. Moreover, the dynamic ME effect for H L E is
much stronger than that for H || E. As seen in Figs. 4(a) and 4(b),
the amplitude of oy for H L E is about five times higher than that for
H || E under the same poling condition. This behavior is consistent
with the mechanism of spin-induced electric polarization in DyCrOy,
where the spin-induced electric polarization is perpendicular to the
spin plane.”

To elucidate why the dynamic ME effect is the most significant
around 3T, we measured the magnetic field dependence of oy at
fixed temperatures (2 and 10K) after the field-poling process. As
shown in Figs. 5(a)-5(c) at 2K, ap is quite small at high magnetic
fields, then it grows with decreasing magnetic field and reaches the
maximum at 3 T. The sharp peaks of o at £3T are consistent with

pubs.aip.org/aip/apl
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FIG. 4. Temperature dependence of the dynamic ME coefficient o measured with
increasing temperature under a fixed magnetic field of upH=3 T (H L E or H || E)
after a poling process with (a) a positive poling electric field and (b) a negative pol-
ing electric field. The sign of ag is reversed when the electric polarization is
reversed. The amplitude of og for H L E is much higher than that for H || E.

the M-H curve, where the metamagnetic transition occurs at +3T.
When the poling electric field is negative, the sign of oy is reversed
and the peaks become dips [Fig. 5(b)]. Similar behaviors are observed
at 10K, as shown in Figs. 5(d)-5(f). These results confirm that the
dynamic ME effect is maximum at magnetic phase transitions, where
spin fluctuation is the most significant. We note that the magnetic
field dependence of the dynamic ME coefficient is identical to the
behavior of the static ME coefficient obtained by dP/dH in a previous
study.”

In summary, we have investigated the dynamic ME effect in
the scheelite-type DyCrO,4. A high dynamic ME coefficient oy is
obtained in the multiferroic phase after a poling process under
both electric and magnetic fields. The maximum of «g appears
at 3T, where a metamagnetic transition occurs. Moreover,
the dynamic ME effect for H | E is much stronger than that for
H || E. These results suggest that a significant dynamic ME
effect can be achieved at the phase boundaries in spin-induced
type-II multiferroics. The sign of oy depends on the direction of
electric polarization controlled by the electric field. Therefore,
the state of oy can be used to store information in single-phase
multiferroics.
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