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Magnetic-field-induced ferroelectric states in centrosymmetric R,BaCuQOs (R = Dy and Ho)
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The linear magnetoelectric effect and multiferroicity phenomena occur independently due to breaking in-
version symmetry below the magnetically ordered state of either transition metal or rare-earth ions. Here,
we report the occurrence of a linear magnetoelectric effect and magnetic field-induced ferromagnetism and
ferroelectricity below 7,¥ in the orthorhombic green phases R,BaCuOs (R = Dy and Ho). They undergo a
long-range antiferromagnetic ordering of Cu®* (I,{" = 18.5 and 17.5 K) and R** ions (T” = 10.7K and
TH° = 8 K). The neutron diffraction study reveals that these compounds undergo a first-order magnetic tran-
sition from the high-temperature centrosymmetric antiferromagnetic phase (P,112;/n) to the low-temperature
noncentrosymmetric phases Pnm’a (Dy) and P112)/a (Ho), which allow linear magnetoelectric coupling. This
is consistent with field-induced electric polarization, below T;¥, which varies linearly up to ~1.2 T. Above a
critical field (H, > 1.2T), both compounds exhibit metamagnetic transitions with magnetization close to the
saturation value M; ~ 10.1 ug/f.u. (Dy) and ~11.8 ug/f.u. (Ho) at 7 T. Above the metamagnetic transition,
a new polar state appears with large electric polarization, indicating field-induced ferroelectricity. We discuss
the important role of 4f-3d coupling in determining the ground state magnetic structure responsible for the

1,%

magnetoelectric coupling in both compounds.
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I. INTRODUCTION

The magnetic interaction between 4 f and 3d electrons has
been a key research topic in condensed matter physics. It plays
a pivotal role in deciding the properties of materials, such
as magnetoresistance, superconductivity, magnetoelectricity,
and most importantly, a wide variety of magnetic orderings. It
is known that the interplay of 4 f and 3d electrons of rare-earth
(R) and transition metals (TMs), respectively, plays a crucial
role in the magnetic properties and associated magnetoelectric
coupling [1-5]. Furthermore, research on linear magneto-
electric and multiferroic materials has been a subject of
interest because of the fundamental physics of strong coupling
between spin and lattice degrees of freedom and their applica-
tion potential, such as nonvolatile magnetoelectric memory,
spintronic devices, etc. [1,6-12]. Such a cross-coupling in
materials started with the theoretical and experimental ob-
servation of linear magnetoelectric effect in Cr,O3 [13,14].
In linear magnetoelectric materials, the induced electric po-
larization (magnetization) linearly increases with the applied
magnetic field H (electric field E), which can be expressed
as P = oH (M = oFE), where o denotes the magnetoelectric
coupling coefficient [7,12,15]. Later, this field evolved into
multiferroics where spontaneous magnetization and electric
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polarization coexist with a varying degree of coupling, de-
pending on the origin of ferroelectricity [1,2,16,17]. Several
materials have been reported to be linear magnetoelectric
where TM or R ions are solely responsible for the magneto-
electricity [18-27]. However, only a few materials are known
to exhibit the linear magnetoelectric effect or ferroelectricity
resulting from the 4 f-3d coupling [3,28,29].

The R,BaCuOs family of compounds, where R = Sm-Lu
and Y, so-called green phases, exhibit various magnetic
structures depending on the R ion due to 4f-3d exchange
interaction and R ion magnetic anisotropy [4,30-38]. The
ground state magnetic structures possess different propaga-
tion vectors for each compound, for example, ke = (0, 0, 0)
for R = Sm, Dy; kci = (0, 1,0) + ko = (0,0, 0) for Ho;
ke = (0, %, %) forR=Y; ke = (0, %, 0) for R = Er and Tm;
and kc = (0,0, 3) for R = Gd [4,38-41]. In the viewpoint
of magnetic symmetry analysis, these compounds might be
promising candidates to exhibit either magnetoelectric or mul-
tiferroic properties [42]. Recently, a linear magnetoelectric
effect has been reported below 7,{* = 23K in SmyBaCuOs
[38]. Below the independent ordering of Sm (7{™ = 5K),
the electric polarization decreases. The scenario is completely
different in Gd,BaCuOs, where both copper and Gd moments
order at the same temperature (7y = 11.8K). It exhibits
an incommensurate magnetic structure (elliptical interpene-
trated cycloids) possessing a modulation vector k = (0, 0, g),
with g = 0.4446 below Ty = 11.8K, and undergoes lock-
in transition at 7j,c = 6 K to a commensurate structure with
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ke = (0,0, %) [4]. Moreover, this compound shows sponta-
neous electric polarization at the magnetic ordering temper-
ature. Dy,BaCuOs exhibits a magnetoelectric effect, but the
microscopic mechanism responsible for magnetoelectric cou-
pling is unknown [37]. On the other hand, there are no reports
on the electrical properties of Ho,BaCuOs, to the best of our
knowledge.

Here, we report the observation of a linear magnetoelectric
effect, magnetic field-induced ferromagnetism, and ferroelec-
tricity in the compounds R,BaCuOs (R = Dy and Ho). These
isostructural compounds crystallize in the centrosymmetric
orthorhombic structure (Pnma), containing an unusual dis-
torted CuOs square pyramid. Dy,BaCuOs and Ho,BaCuOs
show long-range antiferromagnetic ordering of copper ions
at 18.5 and 17.5 K, and Dy** and Ho** moments order at
10.7 and 8 K, respectively. The applied magnetic field induces
electric polarization at the Dy>*/Ho>* ordering temperatures.
Both compounds exhibit metamagnetic transitions above a
critical field with a large magnetization and electric polariza-
tion. Our results demonstrate that the R,BaCuOs (R = Dy and
Ho) compounds represent magnetoelectric materials where
the 4 f-3d interactions play a crucial role.

II. EXPERIMENT

Polycrystalline samples of R,BaCuOs (R = Dy and Ho)
were prepared by heating a stoichiometric mixture of high-
purity R,O3 (preheated), BaCO3, and CuO at 950 °C in air.
The elemental composition was probed with energy dispersed
x-ray analysis (EDS) equipped with ZEISS GEMINI 500
FESEM. X-ray powder diffraction patterns were recorded
using a PANalytical Empyrean diffractometer with Cu Ko 1
radiation. Neutron diffraction measurements on Dy,BaCuOs
were carried out on the WISH instrument at ISIS [43]. Two
different samples of Ho,BaCuOs have been used in this paper;
the sample used on D1B, ILL was free of impurities and
was synthesized and measured a long time ago (1993) using
thermal scans between 2 and 32 K. Another sample containing
< 1% of cubic Ho,O3 was measured on the WISH instru-
ment, ISIS. Magnetization measurements were performed by
a superconducting quantum interference device magnetome-
ter (MPMS, Quantum Design). The specific heat (C,) was
measured in a physical property measurement system (PPMS,
Quantum design). To measure the dielectric and pyrocurrent
(electric polarization), the silver paste was applied on both
sides of the sample pellet while a PPMS provided the tem-
perature and magnetic field control. The dimensions of the
pellets were t = 0.279 mm and A = 20 mm? for Dy,BaCuOs
and r = 0.33mm and A = 50 mm? for Ho,BaCuOs. The di-
electric constant as a function of temperature under different
magnetic fields was recorded using an Agilent E4980A LCR
meter. Before pyroelectric current measurement, the sample
was subjected to magnetoelectric poling, where an electric
field and magnetic field were applied while cooling across Ty
and then short-circuited for 15 min to remove stray charges.
The temperature dependence of pyrocurrent was measured
with a Keithley 6517A electrometer, and electric polarization
was obtained by integrating the pyrocurrent with respect to
time.

(b)

FIG. 1. (a) Crystal structure of Dy,BaCuOs at 25 K. (b) Dy,Oy;
blocks are formed by triangular face-shared DyO; polyhedrons. (c)
Inequivalent Dy sites with Dy-O-Cu bond angles.

III. RESULTS AND DISCUSSIONS

The results of EDS analysis, as shown in Figs. S1 and S2
in the Supplemental Material [44], reveal the stoichiometric
composition of both compounds. Rietveld refinement of room
temperature x-ray diffraction data (see Figs. S3 and S4 in the
Supplemental Material [44]) confirmed that R,BaCuOs (R =
Dy and Ho) crystallize in orthorhombic nonpolar structure
(space group: Pnma). The corresponding structural parame-
ters are provided in Tables SI and SII in the Supplemental
Material [44]. To check whether these compounds undergo
any structural phase transition, we carried out neutron diffrac-
tion at low temperatures. A careful analysis of these data (see
Figs. S5 and S6 in the Supplemental Material [44]) confirmed
that the centrosymmetric crystal structure (Pnmal’) is stable
down to the lowest temperature measured in the paramagnetic
state. The crystal structure and structural parameters obtained
from the refinement of neutron data (WISH) of Dy,BaCuOs
at 25 K are shown in Fig. 1 and Table I, respectively. For
the Ho,BaCuOs compound, the structural data obtained from
neutron data (WISH) refinement at 20 K are provided in
Table II. The crystal structure (except the change of cell
parameters with temperature) is quite close to the room tem-
perature data published earlier [45]. The crystal structure of
Dy,BaCuOs given in Fig. 1 is equally valid for R,BaCuOs

TABLE I. Structural parameters of Dy,BaCuOs obtained from
Rietveld refinement of neutron data collected at 25 K. Space group:
Pnmal’; a = 12.2025(2) A, b = 5.6733(1) A, ¢ = 7.1379(1) A, Vol:
494.14 (1) A%; global x2 = 5.64; Rp = 1.90, wRp = 2.25.

Atom  Site x y z Biso(A2)
Dyl  4c 0.2889(1)  0.2500 0.1172 (1)  0.047 (8)
Dy2  4c 00743(1)  0.2500 03968 (1)  0.047 (8)
Ba 4¢ 090752  0.2500 0.9288 (3)  0.230 (5)
Cu 4¢ 0.6600 (1)  0.2500 0.7115(2)  0.790 (1)
o1 8d 04332(2) —0.0082(2) 0.1686(2) 0.490 (2)
02 84 02282(1) 05057 (3) 0.3552(3) 0.490 (2)
03 4¢ 0.1005(2)  0.2500 0.0837 (3)  0.490 (2)
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TABLE II. Structural parameters of Ho,BaCuOs obtained from
Rietveld refinement of neutron TOF data collected at 20 K using the
two highest resolution banks (20 = 152° and 121 °). Space group:
Pimal’; a = 12.1668(5) A, b = 5.6553(2) A, ¢ = 7.1135(3) A, Vol:
489.46 (4) A3; global x? = 9.99; Bragg R-factor: (152°) = 2.32;
(121°) =3.11.

Atom  Site X y z Bio (A2)
Hol 4¢  0.2880 (1) 0.2500 0.1152(2) 0.344)
Ho2 4¢  0.0740 (1) 0.2500 0.3952 (2) 0.50(4)
Cu 4c¢  0.6601 (1) 0.2500 0.7110 (2) 0.77 (4)
Ba 4c¢ 09057 (2) 0.2500 0.9286 (3) 0.34(5)
(0] 8 04324(1) —-0.0076 (3) 0.1670(1) 0.93 4)
02 8d  0.2278 (1) 0.5061 (3) 0.3557(2) 0.854)
03 4c  0.1011 (2) 0.250 0.0811 (3) 0.79 (5)

(R = Sm-Lu and Y). The structure consists of monocapped
trigonal prisms RO; connected by trigonal faces to form
R,0; blocks, whose cavities are occupied by Cu?>* and Ba>*
ions. The Cu* ions are in isolated square pyramids CuOs and
Ba’* ions found in BaO,; polyhedrons. It is important to note
that all the cations occupy the fourfold sites (Wyckoff position
4c in Pnma) with mirror symmetry, and there are two inequiv-
alent sites for rare earth R3* ions, as shown in Fig. 1(b). The
oxygen coordination polyhedrons of R** in both sites differ
slightly, but the local environment varies significantly. The
R3* ions at the R2 site are connected through oxygen atoms
to six Cu®* ions, and five of six R2-O-Cu bond angles are
~180°, while the R3T ions in the R1 site are connected only
to three Cu®* ions with R1-O-Cu bond angles ~90 °, as shown
in Fig. 1(c).

Based on synchrotron and pyrocurrent measurements, it
has been reported that Dy,BaCuQOs exhibits a nonpolar
(Pnma)-to-polar (Pna2;) transition at 232 K [37]. However,
as discussed earlier, our neutron diffraction experiments re-
vealed that the nonpolar Pnma structure is stable down to
the lowest temperature measured. Further, our heat capac-
ity measurements did not show any evidence for structural
phase transition in this compound, as shown in Fig. S7 in the
Supplemental Material [44]. Moreover, our pyrocurrent mea-
surements showed a monotonous increase of current without
any anomaly (see Fig. S7 in the Supplemental Material [44]).
We believe that the pyrocurrent anomaly reported earlier at
high temperature might be due to thermally stimulated free
charge carriers which are of extrinsic origin and sample de-
pendent [37,46]. Also, the absence of hysteresis in PE loop
measurements at 77 K for both compounds (Fig. S8 in the
Supplemental Material [44]) is consistent with the centrosym-
metric crystal structure.

The temperature dependence of magnetization of
R,BaCuOs (R =Dy and Ho), measured under different
magnetic fields, and specific heat measured under zero
magnetic field are displayed in Fig. 2. As seen in Fig 2(a),
Dy,BaCuOs exhibits long-range magnetic ordering of Cu*"
and Dy** moments at ;" = 18.5 K and T3¥ = 10.7 K,
respectively. At the same time, the Ho compound exhibits
long-range magnetic ordering at T,X" =17.5 K and
TI\}I{O =8 K, as seen in Fig. 2(d). In DC magnetization,

we do not observe any anomaly at 7,$" due to the high
paramagnetic moment of Dy*™ and Ho’" ions. The
possible magnetic interaction path in these compounds
is Cu’T-0>-Dy’*-O>-Cu®* because each copper ion is
isolated, and there are no Cu-O-Cu bonds. The effective
magnetic moment is in good agreement with the theoretical
value of the R** and Cu®* ions (Fig. S9 in the Supplemental
Material [44]). The negative sign of the Curie-Weiss constant
indicates the dominating antiferromagnetic interactions in
these compounds. Upon increasing the applied magnetic
field, the anomaly at T¥ = 10.7 K and T{¥* = 8 K in DC
magnetization (M/H vs T) is suppressed, indicating possible
metamagnetic transitions or changes in magnetic structure
[Figs. 2(b) and 2(e)]. Indeed, below Tl\f, the isothermal M(H)
curves exhibit field-induced steps, which is the signature of
the metamagnetic nature of the phase transitions, as shown
in Figs. 2(c) and 2(f). This behavior can be seen from the
dM/dH curves, given in insets of Figs. 2(c) and 2(f) and
S10 in the Supplemental Material [44]. These data show
an initial linear behavior below a critical field (H, ~ 1.2 T)
due to the antiferromagnetic ordering. Above the critical
field, both compounds show field-induced metamagnetic
transitions leading to large magnetization with values up
to ~10.1 ug/f.u. (Dy) and ~11.8 ug/f.u. (Ho) at 7 T and
2 K. Upon increasing the temperature, the metamagnetic
transitions shift to lower fields.

To check the possibility of linear magnetoelectric effect,
we have performed the electrical measurements on both
compounds in E1LH and E || H configurations [47]. Fig-
ures 3(a) and 3(b) show the temperature-dependent dielectric
constant at different magnetic fields for Dy,BaCuOs and the
corresponding dissipation factor measured under £ LH con-
figuration. An apparent dielectric anomaly is seen at TI\? Y
under zero magnetic field, but there is no noticeable feature at
copper ordering temperature. With increasing magnetic fields,
the dielectric anomaly develops into a peaklike feature. In
addition, a small dielectric peak appears ~4.5 K above the
magnetic field of 2 T, which is suppressed >3 T. A notable
magnetodielectric (MD) effect is observed around TI\],) Y with
the value of 0.16%, as can be seen in Fig. S11 in the Sup-
plemental Material [44]. Moreover, MD curves also show
signatures of metamagnetic transitions under magnetic fields.
The appearance of the dielectric peak at the Dy magnetic
ordering indicates a possible ferroelectric transition. To check
this, we have recorded the pyroelectric current as a function of
temperature and magnetic field after magnetoelectric poling in
E | H configuration, which is shown in Fig. 3(c). We have not
observed the pyrocurrent anomaly under a zero magnetic field.
Howeyver, a clear asymmetric pyrocurrent peak appears at Tr\? Y
under applied magnetic fields. At magnetic fields >1.2 T, the
pyrocurrent peaks continue to be present. However, the py-
rocurrent peaks start decreasing with further increasing of the
field. In addition to this, we have observed another pyrocurrent
peak at 4.5 K between 2 and 3 T, as observed in dielectric data,
indicating another field-induced change in magnetic structure.

The corresponding electric polarization is shown in
Fig. 3(d). Unlike Sm;BaCuOs, where the polarization appears
at the copper ordering temperature, Dy,BaCuQOs shows the

polarization at dysprosium ordering TI\]I) ¥ under magnetic field
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FIG. 2. (a) and (d) Left axis: Temperature-dependent DC magnetization measured under 100 Oe in field-cooled (FC) condition. Right
axis: Specific heat measured under zero magnetic field. (b) and (e) DC magnetization measured under different magnetic fields. (c) and (f)
Isothermal M(H) curves for Dy,BaCuOs and Ho,BaCuOs, respectively. Insets show dM/dH vs H.

[38]. With increasing magnetic field, electric polarization in-
creases linearly up to metamagnetic transition, as shown in
Fig. S12(a) in the Supplemental Material [44], demonstrating
the linear magnetoelectric effect. Above the metamagnetic
transition, electric polarization becomes nonlinear and finally
suppressed at high fields, as seen from the inset of Fig. 3(d).
The nonlinear behavior indicates the symmetry of the new
magnetic phase above the metamagnetic transition might be
polar. Similar linear magnetoelectric effect and field-induced
magnetoelectric coupling are reported in DyCrQOy4, where the
presence of polar symmetry above the metamagnetic transi-
tion is confirmed by neutron diffraction [29]. As indicated
by the pyrocurrent peak, there is an additional polarization
between 2 and 3 T at 4.5 K [see Figs. 3(c) and 3(d)]. However,
one must perform single-crystal neutron diffraction experi-
ments under magnetic fields to understand the nature of the

field-induced magnetic structures. The maximum polarization
observed is ~14.6 uC/m? at magnetic field H = 2.5 T and
2 K. The intrinsic nature of the linear magnetoelectric effect
and field-induced ferroelectric transitions is further supported
by switching polarization and DC bias measurements, as de-
picted in Figs. 3(e) and 3(f). The calculated magnetoelectric
coefficient o of Dy,BaCuOs is 3.47 ps/m (1 T and 10 K) and
7.37 ps/m (2.5 T and 2 K), which is higher than that of the
isostructural compound Sm,;BaCuOs [38].

The outcome of the electrical measurements measured in
the E L H configuration for Ho,BaCuOs is provided in Fig. 4.
Unlike the Dy,BaCuOs, this compound exhibits multiple
metamagnetic transitions and associated dielectric properties
under applied magnetic fields. The temperature-dependent
dielectric constant and the corresponding dissipation factor
for Ho,BaCuOs are shown in Figs. 4(a) and 4(b). It is
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FIG. 3. (a) and (b) Temperature-dependent dielectric constant and corresponding loss measured under different magnetic fields and
frequency f = 50kHz, respectively. (c) T dependence of pyrocurrent recorded for different magnetic fields with the poling electric field
E = 4+8.96kV/cm. (d) Polarization is obtained by integrating the pyrocurrent with respect to time. The inset shows magnetic field-dependent
polarization. (e) Switching of polarization by changing the direction of the poling electric field measured under 1 and 5 T magnetic fields. (f)

Direct current (DC) bias at 1 T, measured in E_LH for Dy,BaCuOs.

evident from the figure that there is an anomaly at 71° in
the absence of a magnetic field. The anomaly increases under
applied magnetic fields and finally disappears at >3 T. Inter-
estingly, there is a second dielectric anomaly below 73° at 1
T, which shifts to low temperatures with further increasing of
the magnetic field. In addition, there are new anomalies at high
fields (H > 5T) at very low temperatures. The temperature-
dependent pyrocurrent measured at selected magnetic fields
and the corresponding electric polarization are shown in
Figs. 4(c) and 4(d). No polarization is observed at H =0T
at temperatures down to 2 K. However, the external magnetic
field induces an electric polarization, at TI\II'I", that varies lin-
early up to 1 T, as seen from Fig. S12(b) in the Supplemental
Material [44] and inset of Fig. 4(d), demonstrating the linear
magnetoelectric effect. In addition, it is clear from the py-
rocurrent data [see Fig. 4(c)] that there is a broad anomaly
~4 K under the magnetic field. At H > 1 T, pyrocurrent
anomalies near T° show two peak features indicating that the
second dielectric anomaly is associated with ferroelectricity.
This second transition can be related to the metamagnetic tran-
sition. A maximum polarization of 32.9 .C/m? is observed at
2 K and 1 T. The calculated magnetoelectric coefficient « of
Ho,BaCuOs at 5 K is 41.4 ps/m for ~1 T, higher than that of
the isostructural compounds Sm;BaCuOs, Dy,BaCuOs, and
most of the known magnetoelectrics. Further, DC bias mea-
surement and switching nature of electric polarization, as seen
from Figs. 4(e) and 4(f), confirm the intrinsic nature of electric
polarization and demonstrate the two transitions discussed
above. The results obtained under E || H configuration for
Dy,BaCuOs and Ho,BaCuOs are shown in Figs. S13 and S14
in the Supplemental Material [44], respectively. The observed
electric polarization in E_L H configuration is higher than that

of E || H configuration, indicating nonzero off-diagonal mag-
netoelectric tensors for both compounds [47].

The magnetic field dependence of magnetization, relative
dielectric constant, magnetoelectric current, and electric po-
larization at 5 K for polycrystalline Ho,BaCuOs are shown in
Fig. 5. The derivative of the magnetization [Fig. 5(a)] shows
an anomalous behavior that indicates field-induced metam-
agnetic transitions under applied magnetic fields. Similarly,
the dielectric constant displays a corresponding anomalous
behavior with the magnetic field, as seen from Fig. 5(b). The
magnetoelectric current [Fig. 5(c)] was recorded from —1 to
9T at 5 K, after poling the sample with 6.7 kV/cm and mag-
netic field of —1 T, and the corresponding polarization is given
in Fig. 5(d). As shown in Fig. 5(d), there is no polarization
at zero magnetic fields, and upon increasing the magnetic
field, electric polarization appears with a linear increase up
to ~1 T and reaches a maximum at ~1.3 T. With further
increase of the magnetic field, polarization shows anomalous
behavior and finally vanishes >7 T. These results demonstrate
that Ho,BaCuOs exhibits linear magnetoelectric effect and
field-induced ferroelectric transitions.

To examine further the linear magnetoelectric effect in both
compounds, we carried out magnetic field-dependent magne-
toelectric current measurements in the linear magnetoelectric
region (<1 T). In this measurement, we have poled the sample
in the presence of an electric field and magnetic field (—1 T)
across TI\If to 2 and 5 K for Dy,BaCuOs and Ho,BaCuOs,
respectively. Subsequently, we have recorded the current in
response to the sweeping of the magnetic field from —1 to
+1 T at fixed temperatures, which are presented in Fig. 6.
As seen from the figure, the magnetoelectric current changes
periodically with the applied magnetic field. However, the
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FIG. 4. (a) and (b) Dielectric constant against temperature measured with frequency f = 50kHz under different magnetic fields and
corresponding loss, respectively. (¢) and (d) 7-H-dependent pyrocurrent and electric polarization. (e) The obtained DC bias signal under
different magnetic fields. (f) Switching of polarization at 1 and 5 T, for Ho,BaCuOs.

corresponding polarization oscillates linearly with the mag-
netic field, providing evidence of the linear magnetoelectric
effect.

A. Magnetic structure of R,BaCuQs (R = Dy and Ho)

We have carried out the neutron diffraction measurements
below and above the magnetic ordering temperatures on both
compounds to understand the observed linear magnetoelec-
tric effect. From our neutron data (WISH) of Dy,BaCuOs,

we obtained the k-vectors (0, % 0) at TI\]I) V< T < TI\?“ and
(0,0,0) at T < Tl\? ¥ by using the k_SEARCH program in
the FULLPROF SUITE [48]. Knowing the crystal structure
(Pnmal’) and k-vector, we have used ISODISTORT to de-
termine the possible magnetic modes and associated magnetic
space groups [49]. We found six possible magnetic models,
which correspond to two two-dimensional (2D) irreducible
representations (irreps) with different order parameters. In the
temperature interval TI\],) V< T < TNC“, the correct solution is
found to be centrosymmetric with the magnetic space group
symbol P,112;/n (transformation to standard-setting P,2;/c

can be performed by b, a, —b-¢; 0, 0, 0) which represents
irrep mY1: (a, a) (see Fig. S15 in the Supplemental Material
[44]). The equivalent Hall symbol [50] is P2,1/, in which the
presence of a center of symmetry is explicit by the bar on
top of the primitive lattice symbol. From the symmetry, it is
evident that the corresponding point group (2/m1’) imposes
a null magnetoelectric tensor consistent with the absence of
the magnetoelectric effect. The obtained magnetic structure is
commensurate but noncollinear, as illustrated in Fig. 7(a). We
have fixed the z component of the Dyl moment to zero be-
cause there are correlations between the z components of Dyl
and Cu in the refinement, resulting in high errors, and the Dy
moment was close to zero. From Fig. 7(a), the Cu and Dy2
moments lie in the ac-plane, and Dyl moments are pointed
along the x axis. The moment of the Dy?2 is considerably high
compared with Dyl on account of the higher molecular field
on Dy2, which is surrounded by six Cu** ions, whereas Dy is
surrounded by three Cu?* ions. The Dyl moments are aligned
along the Dy1-O3 bond and this is not the case for Dy2. This
different behavior is due to the different single-ion anisotropy
of both sites.
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FIG. 5. Magnetic field dependent (a) derivative of magnetization
obtained from M vs H curve at 2 K. (b) Relative dielectric constant
measured at f = 50 kHz. (c) Magnetoelectric current recorded after
poling the Ho,BaCuOs sample under electric and magnetic fields. (d)
Electric polarization is obtained by integrating the magnetoelectric
current.

We have solved the ground state structure from the data
(WISH) collected at 1.5 K (below T < 7”) with the k =
(0, 0, 0). There are eight possible solutions corresponding to
eight one-dimensional (1D) irreps, out of which the follow-
ing four irreps mGM| (Pn'm'a’), mGM; (Pnma’), mGM3
(Pn'ma), and mGM, (Pnm’a) allow the linear magnetoelec-
tric effect. We have systematically tested all eight possible
solutions, and the preferred solution is Pnm’a, which belongs
to irrep mGM, (see Fig. S16 in the Supplemental Material
[44]). The corresponding magnetic structure is illustrated in
Fig. 7(b). In this structure, Cu moments lie in the ac-plane,
Dyl and Dy2 moments are preferentially oriented along the
a and c axes, respectively. There are small components of
the magnetic moment along the ¢ axis for Dyl and along
the a axis for Dy2. The moment projections with respect to
temperature for all three magnetic cations Dy1, Dy2, and Cu
are presented in Fig. 8. At 7,$", there is an induced moment

in Dy sublattices which indicates the importance of exchange
paths of type Cu’**-0%-Dy>*-0?-Cu?* and the strong 4 f-3d
coupling present in this compound. The deduced magnetic
point group mm’'m allows the linear magnetoelectric effect.

The magnetic phase transitions in Ho,BaCuOs are like
those of the Dy,BaCuOs compound. However, the ground
state of the Ho compound conserves the two propagation
vectors ke = (0, %, 0) and ke, = (0, 0, 0), as it is seen
in the diffraction patterns (see the upper panel of Fig. S17
in the Supplemental Material [44]). The first transition, on
cooling, takes place at TNCu = 17.5 K; like Dy,BaCuOs, the
propagation vector is k¢; = (0, %, 0), and the magnetic space
group is monoclinic P, 112, /n, which is allowed by the irrep
mY1 (a, a). From the symmetry, it is evident that the magnetic
point group (2/m1’) imposes a null magnetoelectric tensor,
which is consistent with our electrical measurements. The
refined diffraction patterns at 8.3 K (D1B) and 12 K (WISH)
are given in Fig. S18 in the Supplemental Material [44], and
the results of these refinements are provided in Tables SIII
and SIV in the Supplemental Material [44]. The magnetic
structure obtained from the refinement at 12 K (WISH) and
8.3 K (D1B), displaying only magnetic atoms, are depicted
in Figs. 9(a) and S19 in the Supplemental Material [44],
respectively.

Below T{H° = 8 K, the magnetic structure possesses two
propagation vectors, namely, k¢; = (0, %, 0) and k-, = (0, 0,
0), as can be seen from the bottom panel of Fig. S17 in the
Supplemental Material [44]. The magnetic structure may be
analyzed in two ways; one way is to consider two magnetic
phases corresponding to the two propagation vectors and an-
other with a single magnetic phase, which can be obtained
by studying the isotropy subgroups associated with the mix-
ture of irreps of the two propagation vectors. The refinement
with two magnetic phases P,112,/n (kcy) and Pnm'a (Kca)
gives an excellent fit to the experimental data. The details
of this refinement are provided in the Supplemental Mate-
rial [44]. In the case of a single magnetic phase model, two
possibilities (type-3 orthorhombic and monoclinic magnetic
groups) are close to explaining the experimental results. The
orthorhombic group P2im'n [standard setting Pm'n2}, No.
31.125, 1D-kc; irreps: mGM, and 2D-kc; irreps: mY: (a,
0)] gives a relatively good refinement of the D1B data at 2.3
K, as shown in Fig. S22 in the Supplemental Material [44].
Nevertheless, the fit is worse than that of the two magnetic
phases case, and then it corresponds to a false minimum [44].

Whereas the refinement with monoclinic magnetic group
P112}/a, which we discuss later, gives an excellent fit com-
parable with that of two magnetic phases refinement, thus
making it difficult to distinguish between these two solutions,
the temperature evolution of (0 % 0)and (0 % 1) reflections (see
Fig. S20 in the Supplemental Material [44]) suggests that the
single magnetic phase with the monoclinic magnetic structure
is the plausible model. The reflection (0 % 0) behaves like
an induced moment and (0 % 1) that relates primarily to Cu
positions clearly shows a jump at 7. In phase coexistence
(two magnetic phases), such a different behavior between re-
flections belonging to the same propagation vector is unlikely.
Therefore, the coherent superposition of the modes (single
magnetic phase) with monoclinic P112]/a is the correct so-
lution [51].
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FIG. 6. Magnetoelectric current measured against the magnetic field for both compounds. Left panel: Dy,BaCuOs. Right panel:

HOzBaCUO5 .

The monoclinic magnetic group P112]/a [standard setting
P2} /c,No. 14.77, 1D-Kc; irreps: mGMj, and 2D-Kc; irreps:
mY: (a, a)] gives a splitting into two sites for each one of the
initial three sites (4c¢) in the paramagnetic state. This splitting
has been previously observed from spectroscopic studies [36].
The number of magnetic free parameters for this group is 3
x (3 + 3) = 18. Nullifying the b-axis components (which
are close to zero) of the magnetic moments corresponding to
the contribution of the secondary mGM; irrep, one obtains
the 12 free parameters. We have performed a symmetry mode

(b)

O Dy1
o Dy2
O Cu

o

FIG. 7. Representation of magnetic structure of Dy,BaCuOs at
(a) 13 K and (b) 1.5 K (orange = Dy, purple = Dy2, and blue =
Cu). The magnetic moments of Dy1 and Cu atoms for 13 K and Cu
for 1.5 K have been multiplied by 2 for display purposes.

refinement in P112}/a (primary order parameter constituted
by the irreps mY; and mGM,, secondary order parameter
mGMy) as described in the literature using the most recent
version of FULLPROF [44,52]. The results of the refinement
are given in Fig. S21 and Table SV in the Supplemental
Material [44]. The contribution of the different irreps through
the amplitude of the magnetic modes are explicit in the evo-
lution of the magnetic structure of Ho,BaCuOs, which can
be seen in Fig. S23(a) in the Supplemental Material [44]. To
simplify the representation, in Fig. 10, we show the magnetic
moments and their components, deduced from the values of
the amplitudes of symmetry modes, as a function of tem-
perature, for the case in which we consider that there is no
contribution to the mGM; irrep (moments along b are set to
zero). The complete magnetic moments with the contribution
of all modes are provided in the Supplemental Material [44].
Notice that the magnetic moment of Hol, contrary to Ho2,
in the region 7 > 8K is relatively small; this is because
the molecular field at the Ho2 site (surrounded by six Cu?*
ions) is higher than that of the Hol site (surrounded by three
Cu* ions), like Dy,BaCuQs. The scheme of the magnetic
structure with all magnetic free parameters can be seen in
Fig. 9(b). The magnetic structure of Ho,BaCuOs differs from
that of Dy,BaCuOs at low temperatures. The presence of the
two propagation vectors in the former case and the strong
reorientations of magnetic moments as a function of temper-
ature make Ho,BaCuOs possess a relatively labile magnetic
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structure sensitive to magnetic and thermal perturbations. As
in the case of the Dy compound, the magnetic moments of
Ho2 sites experience a drastic reorientation, making the cou-
pling along the b axis ferromagnetic below 7. The Hol site,
which interacts weakly with the surrounding magnetic atoms,
experiences the stronger changes with temperature.

(a) (b)
’ © Hol

Q Ho2
Q Cu

L. L.

FIG. 9. Representation of the magnetic structures of Ho,BaCuOs
at (a) T = 12.0 K (WISH) and (b) 2.3 K (DIB). The magnetic
moments of Hol and Cu atoms at 12 K and Cu at 2.3 K have been
multiplied by 2 for display purposes.

N

The magnetic structures of Dy,BaCuQOs and Ho,BaCuOs
are unusual and complex. The presence of two magnetic
sublattices formed by Cu?* and R** ions and two different
sites for the R3* ions are responsible for this behavior. At
TI\?”, spin ordering occurs with k = (0, % 0) under the in-
fluence of the Cu-Cu exchange interaction through the path
Cu’>*-0*-Dy**-0*-Cu?* in both compounds. The Dy and
Ho magnetic moments become weakly polarized by Cu’*
moments below 7,{". Upon lowering the temperature, inde-
pendent ordering of Dy and Ho spins occur with different
k-vectors, as mentioned earlier. Rl magnetic moments point
along the R-O bonds in both compounds due to a strong
single-ion anisotropy together with isotropic and anisotropic
exchanges [36]. However, theoretical calculations on crystal
field splitting of R** ions and single-crystal study would help
understand the role of anisotropy and the unusual magnetic
structures of R;BaCuOs (R = Dy and Ho).

Finally, below 7,{", the P, 112 /n spin structure preserves
the inversion center in both compounds and does not allow
a magnetoelectric effect due to the magnetic point group
2/ml’, whereas below the TI\’f, the observed magnetic sym-
metry Pnm'a (magnetic point group mm'm) for Dy and
P112} /a (magnetic point group 2’'/m) for Ho allow the linear
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FIG. 10. Magnetic moments and their components for atoms Hol, Ho2, and Cu as a function of temperature for Ho,BaCuOs. The
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magnetoelectric effect [15]. The respective magnetoelectric
tensors, in the standard setting, are given by [15]

0 0 13 0 a1 0
a=|10 0 O Jand|axy O axn
az; 0 0 0 a3 0

The presence of nonzero off-diagonal magnetoelectric co-
efficients allows the magnetoelectric terms corresponding to
P_1H [47]. Indeed, this is confirmed by the large polarization
in the E_LH configuration. The nonzero polarization observed
in E || H is due to the polycrystalline nature of the samples.
The presence of R ions with high spin-orbit interaction can
introduce strong spin-lattice coupling in both compounds.
Therefore, the observed magnetoelectric effect can be signif-
icantly large for these compounds. Moreover, the magnetic
jons (Cu®* and R*") are located on local noncentrosymmetric
sites with the point group (m), and their spins predominantly
lie in the ac-plane, as confirmed by the neutron diffraction.
This implies that local electric dipole moments exist for all
the magnetic ions lying in the ac-plane. Thus, magnetic sym-
metries in both cases allow the single-ion contributions to

the magnetoelectric effect with large polarization due to rare-
earth ions [38,42]. However, it requires theoretical work to
understand the microscopic mechanism of the magnetoelec-
tric effect.

In these compounds, there are no direct Cu-Cu, Cu-O-Cu,
or Cu-O-0-Cu bonds. Thus, the possible magnetic exchange
path is Cu-O-R-O-Cu. Due to this, the magnetic interactions
between R and Cu (4f-3d coupling) play a crucial role in
green phase compounds. However, R ion magnetic anisotropy,
crystal field effects, and the strength of the 4 f-3d interaction
decide the ordering of the R ion along with the Cu spins. In the
green phase compounds, only Gd orders simultaneously with
Cu because of the absence of crystal field effects due to the
ground S-state term of Gd ion. However, from our neutron
diffraction measurements, it was clear that the Dy and Ho
spins are ordered below 7,¢" due to induced moment by the Cu
moments. The independent ordering of Dy and Ho spins at T,¥
induces reorientation of Cu spin moments and linear magneto-
electric effect. Also, the absence of R ion magnetic ordering in
isostructural compounds R,BaZnOs suggests the importance
of the magnetic exchange path (Cu-O-R-O-Cu) in the green
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phase family [34]. Moreover, this behavior is different in
Sm;BaCuOs and Gd;BaCuOs, where linear magnetoelectric
effect and multiferroicity are observed at Cu ordering temper-
ature [4,38]. Therefore, we believe that the 4 f-3d interaction
plays a pivotal role in determining the magnetic structure
and the associated magnetoelectric coupling in this family of
compounds.

Under applied magnetic fields, both compounds exhibit
field-induced metamagnetic transitions below 7,¥. Due to
the remarkable magnetic anisotropy, applied magnetic fields
can change the R sublattices spin structure and affect the
Cu spin structure due to strong 4 f-3d interaction, resulting
in metamagnetic transitions. The resulting new spin states
should be associated with nonlinear electric polarization with
a magnetic field indicating the ferroelectric nature at high
magnetic fields (H > 1.2T). At fields (~7 T), though the po-
larization decreased, there is a finite ferroelectric polarization.

This allows the control of the magnetization (polarization)
by using an electric field (magnetic field) essential for the
applications. From these results, we have illustrated the H-T
phase diagram for R,BaCuOs (R = Dy and Ho) in Fig. 11.
Single-crystal neutron diffraction studies are required for a
better understanding of the magnetoelectric coupling in these
compounds.

IV. CONCLUSIONS

In conclusion, we have systematically investigated the lin-
ear magnetoelectric effect and field-induced ferromagnetism
and ferroelectricity in the well-known green phase compounds
R,BaCuOs (R = Dy and Ho). Both exhibit long-range an-
tiferromagnetic ordering of Cu** (TI\?u = 18.5 and 17.5 K)
and R3* ions (Tl\]I)y = 10.7K and TI\I,{O = 8 K) for Dy and Ho
compounds, respectively. The applied magnetic field induces
electric polarization at 7,¥, which varies linearly up to a crit-
ical field, confirming the linear magnetoelectric effect. The
observed linear magnetoelectric effect is consistent with the
magnetic symmetry. Under applied magnetic fields > 1.2T,
they show field-induced metamagnetic transitions with a large
magnetization and ferroelectric polarization. The 4 f-3d inter-
action plays a vital role in governing the magnetic structure
and associated magnetoelectric properties. This paper opens
a route to design multiferroic or magnetoelectric materials by
tuning the f-d exchange interaction.
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