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Materials with strongly coupled magnetic and electronic degrees of freedom provide new possibilities for practical
applications. In this paper, we have investigated the structure, magnetic property, and magnetodielectric (MD) effect in
Ho,Cu,05 and YbyCu,Os polycrystalline samples, which possess a non-centrosymmetric polar structure with space group
Pna2,. In HopCu;0s, Ho3t and Cu®* sublattices order simultaneously, exhibiting a typical paramagnetic to antiferro-
magnetic transition at 13.1 K. While for Yb,Cu,Os, two magnetic transitions which originate from the orderings of Yb3*
(7.8 K) and Cu?t (13.5 K) sublattices are observed. A magnetic field induced metamagnetic transition is obtained in these
two cuprates below Néel temperature (7). By means of dielectric measurement, distinct MD effect is demonstrated by
the dielectric anomaly at 7. Meanwhile, the MD effect is found to be directly related to the metamagnetic transition.
Due to the specific spin configuration and different spin evolution in the magnetic field, a positive MD effect is formed in
Ho,Cu,0s5, and a negative one is observed in YbyCuyOs. The spontaneous dielectric anomaly at Ty is regarded as arising
from the shifts in optical phonon frequencies, and the magnetoelectric coupling is used to interpret the magnetic field in-
duced MD effect. Moreover, an H-T phase diagram is constructed for HooCuyO5 and Yb,Cu,Os based on the results of

isothermal magnetic and dielectric hysteresis loops.

Keywords: magnetic ordering, metamagnetic transition, magnetodielectric effect

PACS: 75.47.Lx, 75.85.+t, 77.22.—d, 61.05.cp

1. Introduction

Multiferroic materials with coexisted ferroelectric and
magnetic properties have been widely studied because of po-
tential application prospects in spintronic devices. However,
combining ferroelectricity and ferromagnetism in one mate-
rial is still challengeable, as ferroelectric polarization arises
from cations with d° or s> lone pair electron configuration
and ferromagnetism arises from cations with partially filled
d or f electrons.!!) Additionally, there is a strict symmetry
requirement for magnetoelectric (ME) effect in multiferroic
materials.?! Because of these constraints, the number of mul-
tiferroic materials are very limited, and it is necessary to ex-
plore other forms of ME effect. The magnetodielectric (MD)
effect, which is revealed by the change of dielectric polar-
ization in the magnetic field, is usually observed in multi-
ferroic materials, and it has also been found in single phase
ferromagnetic (FM) materials without multiferroic property.
Thus, exploring the MD effect would provide a certain de-
gree of impetus to understand the intrinsic mechanism of ME
effect, and materials with large MD effect may meet the re-
quirement of application. In the past two decades, large MD
effect has been discovered in magnetic field induced mul-
tiferroic materials,>* and this effect even retains at room
temperature.>-81 However, the drawbacks of these materi-
als which include the extreme low transition temperature and
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weak MD coupling make them unable to meet the require-
ments of practical applications, and the physical mechanism
of the MD effect has not been clearly explained. In the pro-
cess of exploring MD materials, it is found that the dielec-
tric constant (€) in some intrinsic MD materials is sensitive to
the spin structure, and large MD effect may occur in materials
with magnetic field induced change of spin configuration and
spin—phonon coupling.[®!%1 Therefore, the study of MD ma-
terials with rich spin structures is expected to understand the
physical mechanism and obtain large MD effect.

The R,Cuy05 (R =Y, Sc, In, and Tb-Lu) cuprates have
attracted great attention due to the multiple exchange in-
teraction paths and complex spin configurations.!!!=26] They
crystallize in orthorhombic structure with polar space group
Pna2;."Y In the unit cell, both of Cu?T and R3** have two dif-
ferent positions. The Cu; and Cu; are strongly coupled, form-
ing a zigzag chain along a axis.[°! Pseudo-planes are formed
by adjacent chains, and they are separated by the R3*.[13.14]
Due to the strong competition between the crystal field and
R3T—_Cu?t exchange interaction, the magnetic moments of
R** are polarized under the local effective field generated by
the ordered Cu®* spins,!”! and the spin arrangement of R>*
and Cu”* differs strongly with different R3* 11317 Tn most
cases, the Cu?* shows a similar spin arrangement: FM chains
parallel to a axis, and FM or antiferromagnetic (AFM) cou-
pling along b axis.!'”! Usually, the low temperature magnetic
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order of Cu?* and R3* sublattices occurs simultaneously, but
a second ordering temperature is detected in Er,CuyOs and
Yb,Cu,0s.1'!1 One of the most interesting effects for these
cuprates is the metamagnetic transition.['>!313] The metam-
agnetic transition is characterized by a sudden change in mag-
netization caused by an applied magnetic field. Such transition
usually takes place in AFM materials at a critical magnetic
field (Hc). Most of the cuprates exhibit one metamagnetic
transition, while cuprates with Y and Sc exhibit two transi-
tions, and YbyCuyOs has four transitions in pulse magnetic
field.['?! As there are fruitful spin configurations and magnetic
field induced spin fluctuations, the MD effect is expected in
R>Cu;05. Up to date, the MD effect has been investigated in
Y,Cu;05 and Dy;Cu,Os. 19231 The & shows sudden changes in
the spin-flop/flip process, and it is analyzed in terms of mag-
netostriction and magnon—phonon coupling.! As the R3* es-
sentially changes the spin configuration and modifies the char-
acteristic of metamagnetic transition, the dielectric property
would be distinctive in the rest RyCuyOs compounds. In this
paper, we have studied the magnetic and dielectric properties
in HopCuy0s and YbyCuyOs polycrystalline samples. A mag-
netic ordering induced MD effect is demonstrated, and the
possible coupling mechanism is discussed.

2. Experiment

Polycrystalline Ho,Cu,Os and Yb,CuyO5 samples are
synthesized by a conventional solid-state reaction method.
High purity reagents of Ho,O3 (99.999%), Yb,03 (99.999%),
and CuO (99.99%) are selected as the starting materials. To
obtain the final products, the stoichiometric mixture of the
starting materials is pressed into pellets and then heated at
1000 °C for 24 h after intermediate grinding. The crystal struc-
ture of the products is checked by using an x-ray diffractome-
ter (XRD, SmartLab, Rigaku) with Cu-K, radiation. The mor-
phology and elemental analysis are carried out on a scanning
electron microscope (SEM, JSM-ITSO0HR, JEOL) equipped
with energy dispersive x-ray spectroscopy (EDX). The magne-
tization is measured by using a vibrating sample magnetome-
ter (VSM) on a superconducting quantum interference device
magnetometer (SQUID, Quantum Design). The € is measured
using a precision LCR meter (E4980AL, Keysight Technolo-
gies). The resistivity (p) is measured by using a source meter
(6517B, Keithley). The magnetic field and the low tempera-
ture environment in the € and p measurements are provided by
a commercial physical property measurement system (PPMS,
Quantum Design). The direction of the magnetic field is set
paralleling to that of the electric field.

3. Result and discussion

The powder XRD patterns and the Rietveld refinements
for Ho,Cuy05 and Yb,CuyOs are shown in Figs. 1(a) and
1(b), respectively. High quality of the products is indicated
by the small values of the confidence factors (Rwp = 0.0600,

R, = 0.0457, x% = 1.8280 for Ho,CuyOs; Ryp = 0.0578,
Ry, =0.0424, 2% = 2.9480 for Yb,Cu,0s) and the minor dif-
ference between the observed and calculated patterns. The re-
sults suggest that both samples crystallize in polar orthorhom-
bic structure with space group Pna2. The obtained lattice pa-
rameters are 10.8067(8) A, 3.4955(7) A, and 12.4660(5) A for
Ho,CuyOs, and 10.7673(8) A, 3.4477(4) A, and 12.3969(1) A
for Yb,CuyOs. These values are in good agreement with pre-
vious reported results. (14] Figures 1(c) and 1(d) show the EDX
spectra and the corresponding SEM surface morphologies for
Ho,Cuy05 and YbyCuyOs. The atomic ratio of R, Cu, and
O is estimated to be 21.98:24.66:53.36 for Ho,Cu,;05 and
21.93:24.99:53.08 for Yb,Cu,0s, which is close to 2:2:5, in-
dicating the compositional homogeneity.

To give a basic insight of the magnetic behavior for the
prepared samples, temperature dependence of magnetization
both in zero-field-cooling (ZFC) and field-cooling (FC) modes
for Ho,CuyO5 and YbyCuyOs with H = 100 Oe is measured,
and the results are shown in Figs. 2(a) and 2(b), respectively.
For Ho,Cu,0s, a sharp peak is observed at Néel tempera-
ture (7y) ~ 13.1 K due to that the Ho’* and Cu?>* mag-
netic sublattices order at the same temperature.'!’->) While
for Yb,Cu,Os, the magnetic ordering of Yb>* and Cu?* sub-
lattices does not occur simultaneously, which is suggested by
the two peaks in magnetization curves around 7y; ~ 13.5 K
and Tyy ~ 7.8 K. The Cu2* sublattices order first at Ty, and
the Yb3* sublattices become ordered through a first-order-like
transition at Tnp. The intermediate transition indicates the
competitive and unsatisfied interaction between the Yb3* and
Cu’" sublattices.!!”) Above Ty, there exists short-range mag-
netic ordering in these two compounds, leading to the recip-
rocal susceptibility deviating from linear relation (the data are
not shown). To quantitative discuss the magnetic behavior, a
nonlinear fitting is performed based on the Curie—Weiss law

x=C/(T-8), (1

where ¥ is the magnetic susceptibility, C is the Curie constant,
and 0 is the Weiss temperature. The data far above 7y is se-
lected for the fitting, and the results are shown in Figs. 2(a)
and 2(b). The effective magnetic moments (U¢) are deter-
mined to be 13.26 ug/f.u. and 5.43 ug/fu. for HopCuyOs5
and Yb,Cu;0s, which are obviously larger than that of free
rare earth ion values of Ho’" (10.61 ug) and Yb>T (4.54 up),
respectively.[!®27] The excess value can be attributed to the
magnetic order of the Cu®>* (1.98 up) sublattices. The corre-
sponding values of 0 are obtained to be —11.2 K and —7.9 K.
The negative values of 6 indicate the AFM ground state for
both compounds. The insets of Figs. 2(a) and 2(b) show the
FC curves with various magnetic fields for Ho,Cu,;O5 and
YbyCuyOs. When the magnetization is recorded with larger
magnetic fields, the cusp for the AFM transition is suppressed,
and it moves to lower temperature gradually, indicating en-
hanced paramagnetic property.
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Fig. 1. Room-temperature powder XRD pattens for (a) Ho,Cu,Os and (b) Yb,Cu,Os, respectively. The black circles represent the observed

data, the red curves are the calculated data, the blue curves indicate the difference between the observed and calculated data, and the green

vertical bars indicate the Bragg position. (c) and (d) The EDX spectra for Ho,Cu;Os and Yb,CuyOs. The insets of (c) and (d) show the SEM

surface morphology.
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Fig. 2. Temperature dependence of ZFC and FC magnetization for (a) Ho,Cu,Os and (b) YbyCu,Os with H = 100 Oe, respectively. The blue
curves indicate the nonlinear Curie—Weiss fitting. The insets of (a) and (b) show the FC curves with various magnetic fields. (c) and (d) The
isothermal magnetic hysteresis loops for Ho,Cu,;Os and Yb,Cu;,Os at different temperatures. For clarity, the curves are shifted upward except
for the loops with 7 = 3 K. The inset of (c) shows the representative curve measured at 3 K, and the red line shows the dM/dH curve.
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Fig. 3. The magnetic structures and their projections onto ac and bc planes for (a)—(c) HopCuyOs and (d)—(f) Yb,Cu,Os. In the ac projections,
the directions of the moments are represented. In the bc projections, only y components of moments are shown. The symbols of 4+ and —
indicate the orientations of the moments in ac plane. Spins in adjacent cells are inverted according to the propagation vector k = (0,1/2,0) for

Ho,Cuy0s5 and k = (0,1/2,1/2) for YbyCu;Os.

Figures 2(c) and 2(d) show the magnetic hysteresis loops
for Hop,Cu;05 and YbyCu;0Os, respectively. For Ho,Cu,Os,
the magnetization increases linearly with the increase of mag-
netic field at first, and a steep jump in magnetization is ob-
served at Hc, suggesting magnetic field induced metamagnetic
transition. The value of H¢ obtained from the maximum value
of dM/dH curve approaches 16 kOe at 3 K [inset of Fig. 2(c)].
With increasing temperature, it decreases gradually. Above
Tn, the Hc becomes indistinguishable, and nonlinear hystere-
sis loops are observed due to the short-range magnetic order-
ing. At the maximum magnetic field of 70 kOe, no saturation
of magnetization is achieved. For Yb,Cu,Os, the field induced
metamagnetic transition can also be found, but regular meta-
magnetic feature of slop change is observed [Fig. 2(d)]. The
metamagnetic transition indicates that some of the AFM ex-
change interaction is suppressed by the external magnetic field
in these cuprates. In the simplest case, the spin-flip/flop of
Cu?* along b axis is response for the metamagnetic transition
in Y,Cuy05.112131 For R,Cuy 05 with magnetic R3*, the spin
evolution becomes complex. To understand the metamagnetic
transition for HooCuOs and Yb,Cu,Os, the magnetic struc-
tures and their projections onto ac and bc planes are given in
Figs. 3(a)-3(c) and 3(d)-3(f) based on the neutron diffraction
data in Ref. [17]. Below Ty, it is reported that Ho,Cu,Os ap-
pears to be commensurate with the crystal lattice, having prop-
agation vectors k = (0,1/2,0), and the magnetic cell is dou-
bled along b axis.?”! The Ho?* moments in the same ab plane
are basically AFM coupled, and the moments in adjacent Ho>*
planes are noncollinear.!!”] As shown in Fig. 3(c), the spin flip
of y components of Ho>* moments is more likely to induce the

metamagnetic transition in the hysteresis loop below Ty. Sim-
ilar behavior is also found in Er,Cu,0Os, in which the field in-
duced metamagnetic transition results from the flip of m, com-
ponents of Er atoms.!!7! For Yb,Cu;0s5, the neutron diffrac-
tion data suggest that it possesses a low temperature magnetic
structure with a propagation vector k = (0,1/2,1/2), and the
moments of Cu?>" in Yb,CuOs keep the same arrangement
with that in Y,Cu,Os but the spins are inverted in neighbor
cells along b and ¢ axes.!'”! It should note that the metam-
agnetic transition remains above Typ, and it disappears above
Ty in YboCu,Os [Fig. 2(d)]. Thus, the spin-flop/flip of Cu®*
moments along b axis maybe response for the metamagnetic
transition in YbyCu,Os [Fig. 3(f)].

To evaluate the dielectric property, temperature depen-
dence of € with various magnetic fields for Hop,Cu,Os5 and
Yb,Cuy0s5 is measured at low temperatures, and the results
are shown in Figs. 4(a) and 4(b). For Ho,Cu,;0s, a sponta-
neous anomaly in €-T curves is observed at 13.1 K, and this
temperature is in accordance with the AFM ordering temper-
ature, suggesting distinct MD effect. With the increase of the
magnetic field, the transition moves to lower temperature, and
the anomaly is depressed gradually. For Yb,Cu,Os, similar
behavior in the e-T curves is observed, excepting that a broad
dielectric peak is observed between Ty; and Tno [Fig. 4(b)].
The broad dielectric peaks may arise from the different mag-
netic ordering temperature of Yb>* and Cu”>*. The insets of
Figs. 4(a) and 4(b) show the temperature dependence of € with
different frequencies. It is obvious that the anomaly in € is in-
dependent with the measurement frequency, and the dielectric
relaxation is ruled out in this temperature region. It should
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note that the dielectric anomaly does not originate from fer-  tivity, a)E and a)% are the long-wavelength longitudinal and
roelectric polarization by means of pyroelectricity measure-  transverse optical-phonon mode frequencies, respectively.[!%!
ments (the data are not shown here). Two physical mecha-  The second one is the direct magnon—phonon coupling. In

nisms are usually used to interpret the spontaneous dielectric ~ this case, the phonon frequency () can be affected by the
anomaly at the magnetic ordering temperature. The first oneis  spin-correlation according to the equation @ = wy+ A (S;-S;),
the magnetostriction effect, which leads to the variation of lat-  where @y is the phonon frequency in the case of absent spin—
tice parameter during the magnetic transition.[”8! The changed ~ phonon coupling, and A is the coupling constant.!?®! Based
lattice gives rise to an increase or decrease in phonon energies ~ on the LST formula, £ would be modified.!'’! Further stud-

of modes, and € will be changed according to the Lyddane—  ies such as Raman scattering are needed to provide a more
Sachs-Teller (LST) formula & /€. = a)E / a)% where & and  complete understanding of the dielectric anomaly in present
&. are the permittivity at zero frequency and optical permit- samples.
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Fig. 4. Temperature dependence of € with various magnetic fields with the measurement frequency of 300 kHz for (a) Ho,Cu;Os and (b)
Yb,Cu,Os, respectively. The insets of (a) and (b) show the € with different frequencies. (c) and (d) The magnetic field dependence of MD
coupling parameter with the measurement frequency of 300 kHz for Ho,Cu,Os and Yb,Cu,Os, respectively. For clarity, the curves are shifted
upward except for the data with 7 = 3 K. (e) and (f) The magnetic field dependence of MD coupling parameter with measurement frequencies
of 10 kHz, 50 kHz, 100 kHz, and 300 kHz at 3 K for Ho,Cu,05 and Yb,Cu;Os, respectively.

To further investigate the character of MD effect, the (ew — &)/ €, where gy is the € in the presence of a magnetic
magnetic field dependence of € is measured at various tem-  field, and & is the € without magnetic field. For clarity, the
peratures, and the results are shown in Figs. 4(c) and 4(d).  curves are shifted upward except for the data with 7 =3 K.
The calculated MD coupling parameter is defined as MD =  For Ho,Cu;Os, € initially increases with the increase of mag-
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netic field. After that, a dramatic increase in € is observed
at Hc below Ty. Eventually, € tends to be stable. The Hc
gets smaller with the increase of temperature, and a positive
MD effect is formed in the entire temperature range. While
for YbyCu,0Os, a completely different MD effect is observed.
As shown in Fig. 4(d), € remains stable with small magnetic
field, and it decreases suddenly at Hc. An obvious hysteresis
is observed in the MD curves. The variation of Hc is similar
with that in Ho,Cu,Os, but a negative MD effect is formed.
The type of MD effect exhibits close correlation with the rare
earth ions and the spin configuration. Based on the magnetic
structures data, we have concluded that the spin flip of y com-
ponents of Ho>* moments and the spin-flop/flip of Cu?>* mo-
ments along b axis are response for the metamagnetic transi-
tion in HopCuy05 and Yb,Cu;Os, respectively. The differ-
ent magnetic ordering induced dielectric anomalies in these
two compounds may lead to this different MD properties. To
study the influence of measurement frequency on the MD ef-
fect, the magnetic field dependence of MD coupling parameter
with frequencies of 10 kHz, 50 kHz, 100 kHz, and 300 kHz is
measured, and the data for Ho,CuyO5 and Yb,Cu,05 at 3 K
are shown in Figs. 4(e) and 4(f), respectively. It is obvious
that the data measured with different frequencies almost over-
lap together for Ho,Cu;Os and YbyCuyOs samples, indicat-
ing that the MD coupling parameter is independent with the
measurement frequency. In multiferroic materials, the MD ef-
fect can be understood in terms of magnetoelectric coupling
effect.3%31] The free energy (F) of multiferroics under elec-
tric field (E) and magnetic field (H) can be expressed as

F = (1/2&))P? — PE — aPM + BPM*> +yP’M?*,  (2)

where g is the bare permittivity, a, 3, and ¥ are the coupling
constants, P and M are the polarization and magnetization,
respectively. 32331 As the ferroelectric polarization is excluded
by the pyroelectricity measurement, we can just focus on the
term yP>M?, which solely gives rise to the MD effect. £ can
be determined by taking the second derivative of F' concern-
ing P, and it should be proportional to yM?. We have plot-
ted the MD coupling parameter as a function of M2 and find
that all the curves deviate from linear relation. This may be
due to the abrupt change of magnetization at Hc. Lawes et
al. have pointed that the expression of Eq. (2) is not suffi-
cient to describe the MD coupling in AFM materials, and they
suggested that yP>M? can be replaced by X,g(q)P*(M;M_,),
where (M;M_,) is the g dependent magnetic correlation func-
tion, and g(g) is the spin—lattice coupling constant.>*33! ¢ is
given by € = &/[1 +2e0X,8(q) (MyM_,)].*°! In this model,
the g-dependent spin—spin correlations change the value of €.
Using the anomaly transition points in the magnetic and di-
electric measurements, we have constructed an H-T phase
diagram for HopCu,Os5 and Yb,CuyOs, and the results are

shown in Fig. 5. Below Ty, the phase boundary derived from
the distinguishable results in Figs. 2(c), 2(d) and 4(c), 4(d) al-
most overlaps. It means that the dielectric anomaly is directly
related to the metamagnetic transition. We note that the MD
effect still exists above Ty, which may arise from the short-
range magnetic ordering in these two compounds. The dielec-
tric loss (tan &) in this range is less than 1073, Additionally, p
increases with the decrease of temperature and reaches up to
10'9 Q.m in the measurement accuracy, and no magnetoresis-
tance effect is observed (see Fig. S1 in supplementary material
for details). These insulating properties further indicate the in-
trinsic MD effect in present samples.>*!

30F —— M—-H ]
r —v—ec—H
25} YbyCusO5 1
20 20 .
T 15F .

. = M-H
10k —eo—c—H |
HOQCUQOE,
5 1 1 1 1
2 4 6 8 10 12

T (K)

Fig. 5. The H-T phase diagram of Ho,Cu;Os and Yb,Cu,0s. The data
are derived from the isothermal magnetic and dielectric hysteresis loops.

4. Conclusion

We have investigated the structure, magnetic property,
and MD effect in HopCuyOs5 and Yby,CuyOs5. In HopCu;Os,
Ho’* and Cu’" sublattices order simultaneously at 13.1 K.
While for Yb,Cuy0Os5, two magnetic transitions originated
from the orderings of Yb3* (7.8 K) and Cu®* (13.5 K) sub-
lattices are observed. A magnetic field induced metamagnetic
transition is found in these compounds. Although the lattice
possesses a polar space group, no macroscopic ferroelectric
polarization can be detected. By means of dielectric mea-
surement, distinct MD effect is demonstrated by the dielec-
tric anomaly at 7. Meanwhile, the MD effect is found to
be directly related to the metamagnetic transition. Due to the
specific spin configuration and different spin evolution in the
magnetic field, a positive MD effect is formed in HooCuyO5
and a negative one is observed in Yb,CuyOs. The sponta-
neous dielectric anomaly at 7y is regarded as arising from the
shifts in optical phonon frequencies, and the magnetoelectric
coupling is used to interpret the magnetic field induced MD
effect. Further studies such as the neutron diffraction and Ra-
man scattering are needed to provide a clearer spin evolution
in the presence of magnetic field and understand the relation

between the spin configuration and the dielectric anomaly.
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