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We report a comprehensive investigation into the magnetic and magnetoelectric characteristics of green phase
compounds R,BaCuOs (R = Er, Eu, Y, Tm, and Lu) through an array of experimental techniques, including dc
magnetization, specific heat, dielectric, pyrocurrent, and neutron diffraction measurements. Our study reveals
that all these compounds exhibit antiferromagnetic ordering of Cu®* ions in the range T," = 15-20 K.
Specifically, magnetic ordering of Er** ions is observed at T,'* = 5.1 K. Intriguingly, independent ordering
of Tm3* ions is not observed. Furthermore, the isothermal magnetization curves for the Er compound confirm
the metamagnetic transition at a critical magnetic field of H. = 0.9 T, reaching a saturation magnetization value
of 9 ug /f.u. Notably, above H,, this compound exhibits field-induced magnetoelectric states at 7,2, underscoring
a pronounced magnetoelectric coupling. Conversely, the compounds with R = Eu, Y, Tm, and Lu do not display
magnetoelectric coupling. The presence or absence of such coupling aligns with the magnetic symmetry derived
from neutron diffraction. Our findings conclusively establish that 4 f-3d exchange coupling is pivotal in enabling
the magnetoelectric or multiferroic properties in these well-established green phase compounds. Consequently,
our study underscores the rich and diverse magnetism and magnetoelectric properties exhibited by the green

phase family, positioning them as equally intriguing as manganites in condensed matter physics.
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I. INTRODUCTION

The intricate interplay between spin and lattice dynamics
holds a fascination within condensed matter research, both
for the captivating physics it unveils and its potential ap-
plications in memory and spintronic devices. Over the past
two decades, magnetoelectric and multiferroic materials have
been a focal point of extensive investigation [1-5]. Despite
well-established foundations in this field, the quest for novel
multiferroic materials remains a formidable challenge. Re-
cently, insights have illuminated a pathway to magnetoelectric
coupling through the interplay of 4 f-3d coupling [6,7], intro-
ducing a novel dimension to this pursuit. Notably, the family
of green phase compounds R,BaCuOs (where R ranges from
Sm to Lu, including Y) has emerged as a captivating arena for
exploration, showcasing not only intriguing magnetic proper-
ties but also manifestation of magnetoelectric coupling arising
from the intricate 4 f-3d interaction [6—12].

The green phase family of compounds R,BaCuOs (R =
Sm—Lu, Y) was found as secondary phases in the early days
of the synthesis of high-temperature RBa,Cu3;O; supercon-
ductors. The crystal structure of these compounds was first
solved by the Michael er al. showing that they crystallize
in centrosymmetric orthorhombic Pnma structure [13]. Later,
this structure has been confirmed by single crystal and neu-
tron diffraction studies by different researchers [14,15]. In
this structure, there are three cation sites (R1, R2, and Cu).
When the R ions are magnetic, the interaction between d-d,

2469-9950/2024/109(10)/104411(10)

104411-1

f+f electrons, and, most importantly, f-d electrons results in
fascinating magnetic properties [16-20]. Many of these com-
pounds exhibit two magnetic phase transitions with unusual
magnetic structures. The magnetic properties of these com-
pounds have been well studied by different techniques such
as magnetic measurements, ESR, Mossbauer, and neutron
diffraction experiments [17,19-23].

Recently, it has been demonstrated that certain green phase
compounds exhibit strong magnetoelectric coupling, stem-
ming from magnetic structures determined by the interplay
of 4 f-3d coupling. Sm;BaCuOs exhibits linear magnetoelec-
tric effect below Cu?* spins ordering temperature TNCu =
23 K [8,9] and influenced further by the ordering of Sm3*+
spins at 73™ = 5 K. Interestingly, the isostructural compound
Gd,;BaCuOs exhibits multiferroic properties below Ty =
11.9K where Cu?>* and Gd** spins order simultaneously
[6]. Further, this compound shows a lock-in phase transition
from incommensurate to commensurate with additional po-
larization at Tj,c = 6 K [6,24]. A neutron diffraction study
has revealed the presence of an elliptical cycloidal magnetic
structure with magnetic symmetry P2,mal’(0, 0, y)0s0s be-
low Ty, which is responsible for the multiferroicity. Further,
Dy,BaCuOs and Ho,BaCuOs compounds exhibit magne-
toelectric coupling, which is consistent with the magnetic
symmetry mm'm and 2'/m, respectively [7]. Therefore, it will
be very intriguing to study other members of the family,
including the nonmagnetic R ions to understand the role of
4f-3d coupling.
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FIG. 1. (a) Crystal structure of R,BaCuOs where R is rare-earth metal ion. (b) Lattice parameters with Vegard’s law fitting and (c) Unit

cell volume with respect to rare earth ionic radius.

In this paper, we present a comprehensive analysis of the
magnetic and magnetoelectric properties of centrosymmetric
R,BaCuOs with R = Er, Eu, Y, Tm, and Lu. All these com-
pounds exhibit antiferromagnetic ordering of Cu®>* ions in the
range TI\?“ ~ 1520 K. Notably, Tm** ions do not display
magnetic ordering down to 2 K. Er** ions in Er,BaCuOs
undergo magnetic ordering at 7, = 5.1 K and a metamag-
netic transition is observed above the critical field of H, ~
0.9T. Above H,, we observed field-induced electric polariza-
tion around 7" = 5.1 K. However, magnetoelectric coupling
is conspicuously absent in the remaining compounds. The
absence of magnetoelectric coupling at the magnetic order-
ing in zero applied magnetic field is consistent with our
neutron diffraction measurements. Our study on Y,BaCuOs
and Lu,BaCuOs reveal a nearly collinear magnetic struc-
ture (BNS: P,2,/c) with propagation vector (0, Y2, ¥2) and
R;BaCuOs (R = Er and Tm) exhibits a noncollinear magnetic
order (BNS: P,112;/n) with k vector (0, V2, 0). These ground
state magnetic structures are all centrosymmetric and hence
the absence of magnetoelectric coupling at H = 0T.

II. EXPERIMENT

Polycrystalline samples of R;BaCuOs (R = Er, Eu, Y,
Tm, and Lu) were made under conventional solid-state route.
Stoichiometric amounts of R,0O3;, BaCOj3;, and CuO were
mixed homogeneously and heated at 950 °C for 12 h. Our
attempts to make Tb,BaCuOs was not successful due to the
formation of the stable phase BaTbOj;. Phase purity was
checked by using PANalytical empyrean x-ray diffractometer
with monochromatic Cu-Ko radiation. Neutron diffraction
experiments were carried on D1B diffractometer at ILL with
wavelength 2.52 A. We have used FULLPROF for the analysis
of x-ray and neutron powder diffraction data [25]. Diffuse
reflectance spectra of powder samples were recorded using
a Perkin-Elmer Lambda 900 spectrometer. Background cor-
rection was performed by subtracting prerecorded reflectance
spectra of a BaSO4 disc from the compound spectra. Di-
rect current magnetization measurements were carried out
in SQUID magnetometer, Quantum Design, USA. Specific
heat was measured in physical property measurement system
(PPMS), Quantum Design, USA. Dielectric and pyrocurrent
measurements were carried out by using Agilent E4980A

LCR meter and Keithley electrometer while temperature and
magnetic field control provided by PPMS. We have obtained
the electric polarization by integrating the pyrocurrent with
respect to time.

III. RESULTS AND DISCUSSION

A. Crystal structure

The Rietveld refined x-ray diffraction and the obtained
structural parameters for R, BaCuOs (R = Er, Eu, Y, Tm, and
Lu) at room temperature are provided in Figs. S1 and S2
and Tables SI-SV, respectively [26]. All the titled compounds
crystallize in orthorhombic structure with space group Pnma
as reported earlier [13]. This structure is centrosymmetric and
does not allow ferroelectric properties. Figure 1 depicts the
crystal structure and the variation of lattice parameters for all
the green phase compounds with R-ion ionic radii. Going from
Sm to Lu, as the ionic radii decrease (lanthanide contraction),
the lattice parameters and the volume of the unit cell decrease
linearly in agreement with Vegard’s law. It should be noted
that the compound Tb,BaCuOs does not form because of
thermodynamically competing stable phase of BaTbOj;. In
this structure, R ions have two nonequivalent sites (R1 and R2)
in Wyckoff position 4c with .m. site symmetry. Both sites are
heptacoordinated by O>~ anions. The R10; and R20; capped
prisms connected by common trigonal face into to R1R20y,
units, which shares edges to form a three-dimensional net-
work. The Cu®* ions are in unusual oxygen square pyramids,
which are isolated from each other so that there are no direct
Cu-O-Cu bonds. The R1 ion is connected, through oxygens, to
three copper ions with a bond angle close to 90°. Whereas R2
ion is surrounded by six copper ions through oxygen and five
out of the six bonds are close 180°. Thus, copper molecular
fields at both R sites are different and making the compound
highly anisotropic. UV-Vis spectra of all the compounds that
was collected in reflectance mode is shown in Fig. S3 [26].
All these compounds give a strong reflectance peak in the
green range of 519-542 nm, which belongs to strong d-d
transition of CuOs square pyramid. Therefore, these samples
are green in color and hence they are called green phases. The
corresponding bandgap ranges from 2.2-2.4 eV, which is in
semiconducting region.
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FIG. 2. (a) Temperature-dependent magnetization measured under different magnetic fields in field-cooled sequence. (b) Inverse suscepti-
bility data for magnetic field 0.1 T along with Curie-Weiss fitting. (c) Isothermal magnetization curves were recorded at different temperatures.
Inset shows the dM/dH curve at 2 K. (d) Specific heat data measured at different magnetic fields; for Er,BaCuQOs.

B. Field-induced magnetoelectric states in Er,BaCuQOs

Direct current magnetization and specific heat measure-
ments for Er,BaCuOs are presented in Fig. 2 and Fig. S4
[26]. As shown in Fig. 2(a), the magnetic susceptibility reveals
an anomaly around 5.1 K due to independent ordering of
Er3* ions. However, we did not observe any anomaly for
Cu?* ordering due to dominant paramagnetic moment of Er3*+
ions. The effective magnetic moment obtained from the Curie-
Weiss fit to inverse susceptibility data in high-temperature
region [Fig. 2(b)] is 13.97 ug, which agrees with the spin-only
value 13.66 ug for both Er** and Cu* ions. The negative
sign of the Curie-Weiss temperature Ocw = —7.35 K indicates
that antiferromagnetic interactions are dominant. As the mag-
netic field increases, the magnetic anomaly became broad and
suppressed, suggesting a possible change in magnetic struc-
ture. Moreover, isothermal magnetization curves shown in
Fig. 2(c) reveal a metamagnetic transition at the critical field
H. = 0.9T and below TI\'{:r . Below H., the curves are linear as
expected for the antiferromagnetic ordering. At high magnetic
fields ~7 T, this compound exhibits ferromagnetic behavior
with a large magnetization of value ~9 ug /f.u., which is close
to saturation. Further, the long-range magnetic ordering con-
firmed by specific heat measurements is shown in Fig. 2(d). As
seen from the figure, it exhibits antiferromagnetic ordering of
Cu** spins at ;X" = 19.3 K and Er** moments at T,¥" = 5.1
K. However, under applied magnetic fields, the spin structure

below TNCu looks quite insensitive to field but the structure
below T,F" shows a significant change.

To know the ground-state magnetic structure, we have car-
ried out neutron diffraction measurements on polycrystalline
samples of Er,BaCuOs. As can be seen from the Fig. S5,
there are new reflections below 7,{* confirming the long-range
magnetic ordering [26]. We found that the k vector is (0,
15, 0) below TNC”, which remains unchanged down to 1.5 K.
The observed k vector is same as that of high-temperature
magnetic phase of Dy,BaCuOs and Ho,BaCuOs. We have
used ISODISTORT to find out the possible magnetic solutions
[27]. There are two two-dimensional (2D) irreps namely mY 1
and mY2, with order parameters of the form (a, 0), (a, a),
and (a, b), which gives the six possible magnetic models
for the k vector (0, Y2, 0) and the paramagnetic space group
Pnma.1’. We have tried the highest symmetry models to fit our
experimental data and found that P,112,/n in BNS notation
(standard setting: P,2;/c in BNS or P2;/c.1’,[P21/c] in the
newly introduced UNI notation [28]. The transformation from
our setting to the standard is: b, —c, —a —b; 0, 0, 0) is the correct
solution obtained for the irrep mY1(a, a). The refinement of
data at 1.5 K is shown in Fig. S6 and the resulting struc-
tural parameters of the refinement and the obtained magnetic
structure can be found in the file Er,BaCuOs.mcif provided
as Supplemental Material [26]. The corresponding magnetic
structure at 1.5 K is shown in Fig. 3(a) and the structure
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FIG. 3. (a) Magnetic structure of Er,BaCuOs at 1.5 K. Erl
(green), Er2 (wine), and Cu (blue). (b) Temperature evolution of
magnetic moments of Erl, Er2, and Cu. (c), (d) Magnetic moment
components behavior with temperature of the Erl and Er2 atoms.

is strongly noncollinear. Figure 3(b) shows the temperature
evolution of magnetic moments of all three ions and their
magnetic components in Figs. 3(c) and 3(d), as indicated in
the figures. It is clear from the Fig. 3(b) that the Er moments
in the range Tf" < T < T,$" behave like an induced moment
by Cu spins. Below Tl\lfr, the Er moment saturated where
Er** moments order independently. In contrast to Dy and Ho
compounds, the k vector is stable down 1.5 K indicates the
role of single-ion rare-earth anisotropy and 4 f-3d coupling in
the formation of the magnetic ground state [7]. This magnetic
point symmetry 2/m.1’ is centrosymmetric, and this implies a
null magnetoelectric tensor.

Further, we have carried out dielectric and pyrocurrent
measurements to reveal magnetodielectric effect or multi-
ferroicity. The obtained dielectric measurements results are
displayed in the Fig. 4(a). We did not observe any di-
electric anomaly at both Cu- and Er-ordering temperatures
at low magnetic fields. Interestingly, a dielectric anomaly
appears at Tx" under applied magnetic fields above H. >
0.9T. This compound exhibit magnetodielectric effect of
0.12% at 2 K and 9 T as seen from the Fig. 4(b). The
isothermal magnetodielectric curves shows anomalies indicat-
ing multiple metamagnetic transitions. We have carried out
pyrocurrent measurements to check whether the field-induced
dielectric anomaly is associated to magnetoelectricity or not.
Temperature and magnetic field variation of pyrocurrent data
are shown in Fig. 4(c). In accordance with the centrosym-
metric magnetic symmetry by the neutron diffraction, we did
not observe electric polarization at 0 T. Interestingly, this
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under different magnetic fields with the poling electric field of E,, = +6.74kV/cm. (d) The corresponding electric polarization. (e) P vs H
curves at various temperatures. (f) H-T phase diagram (where PM = paramagnetic, AFM = antiferromagnetic, FM = ferromagnetic, PE =

paraelectric, and ME = magnetoelectric): for Er,BaCuOs.
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compound exhibits a pyrocurrent anomaly at T,E" above 0.9 T.
Upon further increasing the magnetic field, we have observed
different pyrocurrent anomalies around 7" These anomalies
are suppressed at high magnetic fields. The magnetic field de-
pendent polarization is shown in Fig. 4(d) and Fig. 4(e). These
low-temperature results are similar to that reported earlier
[8]. However, we did not observe high-temperature nonpolar
to polar structural transition in our samples. Therefore, the
appearance of electric polarization above H, ~ 0.9 T confirms
the presence of a polar state arising from the change of mag-
netic structure. The maximum polarization of 4.7 uC/m? is
observed at 1.25 T and 2 K. At different magnetic fields,
the appearance of pyrocurrent anomalies reveals that this
compound may undergo different magnetic phase transitions
with different magnetic symmetries. These magnetic sym-
metries, in turn, allow magnetoelectric coupling. For brief
understanding of these results, we show the H-T phase dia-
gram in Fig. 4(f). These results demonstrate that Er,BaCuOs
shows field-induced magnetoelectric properties similar to
R,BaCuOs (R =Dy and Ho) and BaHoFeO, [7,29]. To
understand the possible mechanism responsible for the field-
induced magnetoelectric coupling and to obtain accurate
phase diagram, one must perform the neutron diffraction un-
der magnetic field on single crystals.

1. Magnetic field dependent dc bias magnetoelectric current
measurements

Temperature-dependent dc bias current measurements at
different fields shown in Fig. 5(a) confirm the intrinsic nature
of the electric polarization. In the multiferroic community,
this technique has been widely used to find the intrinsic
nature of the observed polarization and more details can
be found in Supplemental Material [30-32]. In addition to
temperature-dependent dc bias measurements, we have car-
ried out magnetic field dependent dc bias measurements [29].
The theory is same for both cases, but the main difference is
that we vary the magnetic field in the latter case whereas in the
first case we use temperature sweep. As shown in Fig. 5(b),
we have recorded the dc bias magnetoelectric current while
sweeping the field between —5 to 5 T under the presence of
dc electric field Eq. = +6.74 kV /cm. It shows small but broad
polarization and sharp depolarization peaks around the meta-
magnetic transition replicating the temperature-dependent
dc bias current. Further, we have calculated the electric
polarization by integrating the dc bias magnetoelectric current
with respect to time, which is shown in Fig. 5(c) and the
corresponding polarization is provided in Fig. 5(d). Therefore,
magnetic field dependent dc bias measurements make evident
the absence or presence of magnetoelectric coupling below
or above H., respectively, in addition to the 7-dependent dc
bias technique. We confirm that this measurement can be
used to find the field-induced ferroelectric transitions with
even small values of polarization. Additionally, to examine the
magnetoelectric effect, we have carried out the temperature-
dependent magnetoelectric current measurements. Prior to the
measurement, we have poled the sample in the presence of
electric field and magnetic field (-2 T) down to 2 K across
the transition temperature 7" Subsequently, we recorded the
current by sweeping the magnetic field between —2 to 2 T,
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FIG. 5. (a) Temperature-dependent dc bias current measured at
different magnetic fields. (b) Magnetic field dependent dc bias mag-
netoelectric current measured at different temperatures in the loop
—5T to 5 T in the presence of dc electric field £y, = +6.74kV /cm.
(c) corresponding electric polarization. (d, e, f) Sweeping of magne-
toelectric current measured against the magnetic field at 2 K after the
magnetoelectric poling under Eyq = +6.74kV/cm and H = -2T.

which is shown in Figs. 5(e)-5(f). It is evident that mag-
netoelectric current and corresponding polarization oscillates
with the magnetic field confirming the strong magnetoelectric
coupling.

C. Absence of magnetoelectric coupling in R,BaCuOQOs (R = Eu,
Y, Lu, and Tm)

The magnetic properties of green phase compounds are
rich and vary with the R ion due to the intriguing role of the
4 f-3d exchange coupling. In this view, it will be very interest-
ing to study nonmagnetic R ion (Eu, Y, and Lu) to understand
the role of the 4 f-3d coupling. The results of Eu,BaCuQs are
presented in Fig. 6. This compound exhibits antiferromagnetic
ordering of Cu*" moments at 7,{" = 16.3 K and short-range
correlations represented by broad anomaly in magnetization
data as shown in Fig. 6(a). Specific heat data [Fig. 6(a)]
shows a sharp A-type anomaly at 7,\" = 16.3 K revealing the
long-range magnetic ordering. The isothermal magnetization
curves show linear behavior indicating an antiferromagnetic
coupling as shown in Fig. 6(b). Y,BaCuOs exhibits mag-
netic ordering of Cu®" spins at ,$" = 15 K, which is further
confirmed by the heat capacity as seen from Fig. 6(c). The
broad maximum at 30 K from the magnetic data [see inset
of Fig. 6(c)] is due to presence of short-range correlations.
From the Curie-Weiss fit [inset of Fig. 6(c)], the effective
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FIG. 6. (a) Left: dc magnetization measured under 0.01 T in zero
field-cooled (ZFC) and field-cooled (FC). Right: Specific heat data
collected at O T. (b) M vs H curves at different temperatures: for
Eu,BaCuOs. (c) Temperature dependence of magnetization (under
0.01 T) and specific heat (at 0 T). Insets shows (top) ZFC and
FC magnetizations in the temperature range 2—-300 K and (bottom)
inverse susceptibility with Curie-Weiss fit. (d) Isothermal magneti-
zation curves and inset shows dM/dH curve at 2 K; for Y,BaCuOs.
(e) Left: M vs T measured under magnetic field of 0.1 T in field-
cooled protocol. Right: Heat capacity data. Inset shows the inverse
susceptibility with Curie-Weiss fit. (f) M vs H data; for Lu,BaCuOs.

paramagnetic moment is 1.786 uz, which is in good agree-
ment with the theoretical value (1.73 ug) of Cu?* ions and
the Curie-Weiss temperature 6cw = —25.27 K. The magnetic
field dependent magnetization, which is shown in the Fig. 6(d)
and its inset, confirms the antiferromagnetic behavior and
metamagnetic behavior, respectively. Lu,BaCuOs exhibits
anomaly at 7,{" = 18 K in magnetic data [Fig. 6(¢)] where
the Cu* spins order antiferromagnetically. Correspondingly,
there is a small kink in specific heat data, which further
reveals the long-range magnetic ordering. The broad peak
around 40 K is indicative of short-range correlations between
Cu spins similar to Eu and Y. This behavior is not seen
in other compounds due to high paramagnetic moment of
magnetic rare-earth metal ions. The effective magnetic mo-
ment of 1.76 uz confirmed that the Cu indeed is in oxidation
state +2. The negative value of Ocw = —29.98 K shows the
presence of dominant antiferromagnetic interactions. Further,
the isothermal magnetization curves [Fig. 6(f)] suggest an
antiferromagnetic ordering between the Cu?* spins. Our di-
electric (Fig. S7) and pyrocurrent measurements confirmed
the absence of magnetoelectric coupling in all these three
compounds [26].

LR
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FIG. 7. Schematic of the magnetic structures at 1.5 K for
Y,BaCuOs (left) and Lu,BaCuOs (right). In the case of Lu,BaCuOs,
we have fixed arbitrarily the component my to zero, giving rise to a
collinear structure.

Additionally, we have carried neutron diffraction mea-
surements on Y,BaCuOs and Lu;BaCuOs compounds to
understand the absence of magnetoelectric effect. We did not
perform neutron diffraction on Eu,BaCuOs due to high neu-
tron absorption of natural Eu. The Rietveld refined neutron
data in the paramagnetic region for Y,BaCuOs is given in
Fig. S8 [26]. Both compounds exhibit same magnetic struc-
ture with propagation vector k = (0, Y2, ¥2). We have carried
symmetry analysis by using ISODISTORT for the k vector
(0, Y2, ¥2) and paramagnetic space group Pnma.l’. There are
six possible magnetic models corresponding to the different
directions of the order parameter for the irreps mT1 and
mT?2. The possible magnetic models correspond to different
versions of the magnetic space groups: Cymc2;, P,2,/c, and
P,2, in BNS notation.

The resolution of the magnetic structure of both com-
pounds is hampered by the weakness of the magnetic
contribution of Cu?* ions (1 ug is the maximum expected
magnetic moment) and the small amount of available sample,
especially for the Lu compound that is also absorbing. The
orthorhombic solution C,mc2; (UNI: Cmc2,.1',[Pmc2,]) fits
very well the diffraction pattern of the Y compound but it
implies the splitting in two independent sites for Cu®>* ions
with different moments and, most importantly, it is noncen-
trosymmetric and should give an electrical behavior that is
not observed in the macroscopic measurements. In Figs. S8
and S9, we provide the Rietveld refined neutron data and the
magnetic structure described by the Shubnikov group Camc2,
for Y,BaCuOs [26].

An equally good fit is obtained for the group P,2;/c, com-
ing from the irrep mT1(a, a) in the ISODISTORT notation,
with the advantage that, in this case, the magnetic structure
is centrosymmetric, and no electrical polarization or mag-
netoelectricity is allowed, which agrees with the observed
macroscopic measurements. We then adopt this solution for
both Y and Lu compounds. In spite of the weakness of mag-
netic reflections, all components of the magnetic moment of
Cu®* ions can be freely refined, resulting in a noncollinear
magnetic structure. However, the standard deviation of the
m, component is higher than its value, so fixing to zero this
component results in a collinear structure with the common
axis determined by the ratio between m, and m.. Putting
m, = 0 is necessary for the case of the Lu compound in order
to obtain convergence. In Fig. 7, we represent the magnetic
structures of both compounds, and the Rietveld refinements
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FIG. 8. (a) Left: dc magnetization with respect to temperature measured with 0.01 T under ZFC and FC conditions. Right: Specific heat at
constant pressure measured in the absence of magnetic field. (b) M vs H curves recorded at different temperatures. Inset shows the x ' vs T
data; for Tm,BaCuOs. (c) Magnetic heat capacity extracted by subtracting the phonon contribution, which is obtained by the Debye-Einstein
fitting shown in the inset. (d) Magnetic change in entropy and the corresponding theoretical value are represented in red line.

are represented in Figs. S10 and S11 (see the Supplemental
Material for details of the results at 1.5 K in the mCIF files:
Y2BaCuO5.mcif and Lu2BaCuO5.mcif) [26]. In support of
this, previous spectral studies suggested the same magnetic
structures for all these three compounds [20]. In addition, the
observed spin structure does not break the inversion symmetry
to show magnetoelectric effect, which is consistent with the
pyrocurrent measurements. It is noteworthy that the obtained
magnetic structure in Y,BaCuOs is different from previously
reported findings [23,33]. The previous study proposed two k
vectors (0, 0, ¥2) and (Y2, 0, ¥2) for the ordered arrangement
of Cu sublattice [33]. However, Golosovsky et al., confirmed
the correct k vector (0, ¥2, 2) [23]. Despite this, they indicated
ambiguity in determining the spin structure and reported that
the structure could be constituted by collinear (along the ¢
axis) A-type or F-type modes within a primitive cell, and they
mentioned that these two solutions could not be distinguished
from their powder neutron diffraction data. In contrast, our in-
vestigation reveals a noncollinear AFM spin structure, of type
(Cx, Gy, A;) with dominant Gy component in the notation of
Ref. [23], unambiguously described by the Shubnikov group
P,2,/c, which aligns with the absence of magnetoelectric
effect.

Finally, we have shown the results of Tm;BaCuQOs in
Fig. 8. From Fig. 8(a), the magnetic data did not show any
anomaly until down to 2 K. However, heat capacity shows
a clear anomaly at 7,{" = 19.3 K where Cu’*" spins can
be ordered antiferromagnetically. The low-temperature broad
anomaly might be due to the Schottky effect associated with

crystal field excitations of Tm3* ions. We did not see the
corresponding anomaly in magnetic measurements, but this
can be due to the high paramagnetic moment of Tm?3* ions.
Unlike other compounds, the absence of any anomaly below
TI\?“ in magnetic data suggests that Tm®* ions did not order
until down to 2 K. This different behavior could be related
to the anisotropy of the Tm3* ions or to the tendency of this
non-Kramers ion to have a singlet ground state in the presence
of a crystal field [34,35]. In this compound, we expect that the
exchange energy between Tm ions to be lower as compared
to crystal field splitting, resulting in the absence of long-range
magnetic ordering. To observe the magnetic ordering of Tm
ions, the exchange energy must be higher than the gap be-
tween the isolated singlet ground state and the first excited
state, which may be achieved at very low temperatures. Also,
it can be possible that Cu spins would have polarized Tm3+
spins below TS” [36]. The M vs H curves [Fig. 8(b)] are not
exactly linear as expected for the antiferromagnetic behavior,
which might be due to induced moment at Tm site or Tm
orders independently below 2 K. There is no metamagnetic
transition indicating the Tm3* ions ordering is absent. The
effective magnetic moment obtained from the Curie-Weiss
fit is 10.414 ug, which is consistent with the free ion value
(10.816 ug) of Tm** and Cu?* ions. To further confirm the
absence of Tm ordering, we analyzed phonon contribution to
the heat capacity data using Debye-Einstein fitting, as shown
in inset of Fig. 8(c). The magnetic contribution to the heat
capacity was obtained by subtracting the phonon contribution,
as illustrated in Fig. 8(c). The corresponding magnetic change
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TABLE I. Summary of magnetic and magnetoelectric properties of R,BaCuOs (R = Sm — Lu, and Y) [38].

K vectors
T < T LT Magnetic
Rare earth (R) T, (K)  To¥ (K) T <TR structure Mag. Symm. Property Ref.
Sm 23 5 0,0,0) - - Linear magnetoelectric [9]
(LME)
Eu 16.3 - - - - Not ME This work
Gd 11.9 6 0,0, 2 Cycloidal 2mm.1’ Multiferroic [6]
0,0, ¥2) Noncollinear
Dy 18.5 10.7 0, Y2, 0) Noncollinear 2/m.1’ LME + Field-Induced [71
0,0,0) Noncollinear mm'm Ferroelectric
Ho 17.5 8 (0, 2, 0) Noncollinear 2/m.1 LME + Field-Induced [7]
(0,0,0) + (0,%2,0) Noncollinear 2 /m Ferroelectric
Y 15 - (0,2,%%) Quasi-collinear 2/m.1’ Not ME This work
Er 19.3 5.1 (0,%2,0) Noncollinear 2/m.1 Field-Induced This work
(0,%2,0) Noncollinear Magnetoelectric
Tm 19.2 - (0,2,0) Noncollinear 2/m.1’ Not ME [[19], This work]
Lu 18 - (0,12,%%) Quasi-collinear 2/m.1 Not ME This work

in entropy is AS = 5.57Jmol~! K~!, as depicted in Fig. 8(d),
which is close to the theoretical value RIn(2S + 1) = RIn2
(R is gas constant) of Cu®* spins (S = Y%). However, this is
only 20% of the total entropy (RIn2 + R1n 13) of the com-
pound having Cu®* (S = %) and Tm3*+ (J = 6) spins. Hence,
this suggests the absence of magnetic ordering of Tm ions.

Interestingly, Tm;BaCuOs shows no magnetoelectric
properties, which further confirms the weakness of the 4f-3d
coupling and the absence of Tm ordering. It has been sug-
gested that this compound has a k vector equal to (0, %2,
0), like that of Er,BaCuOs [19]. The neutron diffraction
experiments in the paramagnetic region confirms the cen-
trosymmetric Pnma crystal structure (see Fig. S13) [26].
Below TNC”, down to 1.5 K, visually it is difficult to see new
peaks corresponding to magnetic ordering; this is due to the
low amount of sample used in the experiment. However, if we
try to refine the magnetic ordering of Cu?* assuming a struc-
ture similar to that of Er,BaCuQs, we obtain a value of the
magnetic moment of 0.87 (13) ug with very high R factor due
to the weakness of the reflections and the noise of the experi-
mental data (see Figs. S13 and S14) [26]. The predicted peak
positions and intensities are compatible with the observed
pattern at 1.5 K. Moreover, the absence of stronger new peaks
confirms the absence of ordering of the Tm>* ions ordering.
The absence of magnetoelectric coupling in this compound
under null or finite magnetic fields suggests the absence of
Tm ordering despite the assumed same spin structure as that
of Er compound. It is then quite possible that the magnetic
structure of Tm,BaCuOs with k vector (0, Y2, 0) is similar to
that (P,2;/n) of Dy, Ho, and Er, which is centrosymmetric
and does not allow the magnetoelectric coupling (provided
Tm2BaCuO5.mcif file as Supplemental Material) [26].

In the discussion, as mentioned earlier, the Er compound
exhibits a metamagnetic transition that is absent in other
compounds. R,BaCuOs (R = Eu, Y, and Lu) displays an-
tiferromagnetic ordering, where the outermost d electrons
of Cu ions participate in the exchange interaction. This
exchange is strong and does not change with applied mag-
netic fields, hence no metamagnetic transition is observed.

Tm,BaCuOs does not show magnetic ordering of Tm3*
ions, and Cu’* ions alone are responsible for the strong
antiferromagnetic interaction, resistant to external magnetic
fields. In contrast to these compounds, Er ions undergo
ordering due to interactions involving f-f electrons interactions
and coupled to d electrons through the magnetic interaction
path (Cu**-O?~-Er**-0?~-Cu®*). However, the interactions
among the f electrons are weak compared to d-d interaction.
Therefore, applied magnetic fields influence the magnetic
structure through the f-d coupling resulting in the metamag-
netic transition.

We summarized all the magnetic and electrical properties
of the studied green phases in Table I. From the table, it can be
noted that these compounds exhibit a wide variety of magnetic
properties along with magnetoelectric coupling. Moreover, R
ions did not order down to 2 K in isostructural compounds
R;BaZnOs [37]. This suggests the interaction between Cu and
R ions is necessary for the ordering of R ions. In most of
the green phases, ordering of the magnetic rare-earth metal
ion in turn changes the magnetic symmetry and allows the
magnetoelectric effect. However, the symmetry below TI\?“
does not allow the coupling between magnetic and electric
orders except for R;BaCuOs (R = Sm and Gd). In addition,
there are important differences in the ground states for the
Dy, Ho, and Er compounds. The low-temperature structure
changes to (0, 0, 0) for Dy and (0, 0, 0) + (0, Y2, 0) for Ho from
high-temperature structure with k vector (0, Y2, 0) upon R-ion
ordering. Both compounds exhibit linear magnetoelectric ef-
fect up to magnetic field of ~1 T and ferroelectric states above
their respective metamagnetic transitions. Whereas the struc-
ture with k = (0, %2, 0) is the same across the Er ordering till
down to 1.5 K. This compound shows magnetoelectric states
only above H. = 0.9 T. Surprisingly, Tm ions did not order
down to 2 K. Though the ground-state magnetic structure of
Tm;,BaCuO:s is like that of Er, it did not show magnetoelectric
properties under applied magnetic field. This is due to the
absence of Tm order and the absence or weak 4f-3d cou-
pling. This indicates the importance of R ion and its ordering.
Unlike these compounds, the Gd,;BaCuQOs case is completely
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different where it shows the simultaneous ordering of Gd and
Cu ions. This is because Gd ground state is S state and the
crystalline electric field effects are negligible for this. These
compounds have two different sites for R ions and the crys-
talline electric fields at both sites are different. Each R ion has
significant crystal field splitting, which can lead to different
magnetic structures. The variation of the number electrons in
the 41 shell for different R ions leads to a suppression of in-
teractions and ordering in some cases. Therefore, these results
suggest the important role of 4f-3d coupling and single-ion
anisotropy of R ions in the observation of magnetoelectric
effect.

After examining the magnetic structures of each com-
pound, we can infer that the fundamental microscopic
mechanism responsible for magnetoelectricity or multifer-
roicity likely stem from established phenomena such as
exchange striction and/or inverse Dzyaloshinskii-Moriya in-
teraction [2,3]. For instance, in compounds such as R;BaCuOs
(where R = Dy and Ho), the linear magnetoelectric effect is
likely attributed not only to single-ion anisotropy but also to
the influence of exchange striction [7]. Similarly, considering
symmetry principles, the magnetoelectric coupling observed
in SmyBaCuOs is likely driven by single-ion anisotropy [9].
However, comprehending the precise mechanism behind the
magnetoelectric effect in Sm;BaCuOs necessitates a deeper
understanding of its spin structure. On the other hand, the
multiferroicity observed in Gd,BaCuQOs, characterized by
an elliptical cycloidal structure, is likely governed by the
inverse Dzyaloshinskii-Moriya interaction [6]. To gain a com-
prehensive understanding of the mechanisms governing the
field-induced multiferroic properties in compounds such as
R;BaCuOs (where R = Dy, Ho, and Er), it becomes imper-
ative to conduct neutron diffraction experiments on single
crystals under varying magnetic fields [7].

IV. CONCLUSION

In summary, we have systematically investigated the mag-
netic and magnetoelectric properties of R,BaCuOs (R = Er,
Eu, Y, Tm, and Lu). Er,BaCuOs exhibits metamagnetic transi-
tion at a critical field of H. ~ 0.9 T and a large magnetization
of Qug/fu. at 7 T and 2 K. Moreover, above Hc, it shows
field-induced electric polarization indicating the presence of
magnetoelectric coupling. Further, magnetic field dependent
dc bias magnetoelectric measurements illustrated to confirm
the magnetoelectric effect. In all other compounds, Cu** or-
dered antiferromagnetically at 7,X" = 15-20 K and did not

show magnetoelectric properties. Neutron diffraction mea-
surements revealed a strongly noncollinear magnetic structure
obtained from k vector (0, Y2, 0), with magnetic symmetry
P,1121 /n for Er and collinear structure obtained from (0, %2,
%), with magnetic symmetry P,2; /c for Y and Lu compounds.

Finally, a comparative analysis of the magnetic and magne-
toelectric characteristics of Ry,BaCuOs compounds (where R
ranges from Sm to Lu, including Y) [6,7,9,38] reveals intrigu-
ing insights. Specifically, Sm;BaCuOs demonstrates a linear
magnetoelectric effect below the Cu-ordering temperature.
Compounds such as Dy,BaCuOs and Ho,BaCuOs exhibit
a linear magnetoelectric effect below the magnetic order-
ing temperature of Dy/Ho ions and above the metamagnetic
transition, displaying multiferroic properties. Gd,BaCuOs
showcases multiferroic properties due to an elliptical cy-
cloidal spin structure, where Gd and Cu moments order
at the same temperature. Er,BaCuOs displays multiferroic
properties above the metamagnetic transition. Conversely,
R,BaCuOs compounds with R being Eu, Y, Tm, and Lu do
not display magnetoelectric coupling.

These findings suggest that 4f-3d coupling plays a cru-
cial role in determining the diverse magnetic structures and
magnetoelectric properties within the green phase family of
compounds. The variety of magnetic structures underscores
the range of multiferroic and magnetoelectric phenomena in
this compound family. Notably, the significance of 4f-3d
interactions in dictating the ground-state magnetic structure
implies that these materials may garner similar renown to
orthorhombic rare-earth manganites RMnO3; and manganates
RMn,0Os, known for their diverse electric polarization direc-
tions and magnetic field-induced reorientations.

Furthermore, it is noteworthy that while Mn-O-Mn (d-d)-
exchange interactions are solely responsible for multiferroic
properties in later compounds, magnetoelectric coupling in
green phases results from f-d electron interactions. This un-
derscores the importance of f-d coupling as a novel avenue for
designing magnetoelectric and multiferroic materials. Hence,
our study confirms the potential of f-d coupling as a promising
pathway for developing new magnetoelectric and multiferroic
materials.
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