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Abstract. We have investigated the magnetic and magnetoelectric properties of solid solutions in the green phase region
of the 211-cuprate system Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6). These compounds crystallize in the centrosymmetric
orthorhombic (Pnma) structure. Upon substitution of Nd, the antiferromagnetic ordering temperature of Cu2? ions
(TN1 = 24 K) and Sm3?/Nd3? ions (TN2 = 5 K) remain unchanged. Dielectric anomalies appear at TN1 under applied
magnetic field, whose magnitude increases with field, and at TN2 = 5 K under zero magnetic field for all three compounds.
Applied magnetic fields induce electric polarization at TN1 that vary linearly with magnetic fields. While the polarization
decreases below TN2 in x = 0 and 0.2, it is enhanced for the samples with x = 0.4 and 0.6. Interestingly, an additional
anomaly is observed in dielectric and electric polarization data at 23 K for the composition x = 0.4 under the magnetic
fields. Our study reveals that the substitution of Nd significantly modifies the electrical properties due to changes in the
interactions between 4f–3d moments.
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Introduction

Magnetoelectric effect involves the coupling between
magnetism and electric polarization in materials [1–5].
The possibility of tuning the electric polarization (magnetization) by external magnetic (electric) fields open up
an alternate perspectives in the basic understanding of the
interesting materials for the design of functional devices,
such as magnetoelectric memory and sensitive magnetic
field sensors by their cross-coupling effects [6–9]. Besides
application potential, the fundamental physics of magnetoelectric materials is rich and fascinating. However,
materials with simultaneous magnetic and electric order
parameters are rare, as a consequence of the conflicting
requirements required to stabilize both states concurrently
which involves the simultaneous breaking of time and
spatial inversion symmetries [4].
Several investigations have been devoted to 211-cuprates of general formula R2BaCuO5 (R = rare-earths) for
their interesting magnetic properties arising from f–d coupling [10–12]. These cuprates crystallize in two different
structural types, depending upon the size of the rare-earth
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cations. For R2BaCuO5 cuprates with R = Sm–Lu including Y, also called green phases, the structure is described
by the centrosymmetric orthorhombic symmetry with
space group Pnma, showing the existence of isolated,
distorted square pyramids CuO5 as the prime structural
feature where Cu2? ions are located at the local noncentrosymmetric site [11]. On the other hand, the R2BaCuO5
cuprates with R = La, Nd and Pr exhibit a tetragonal
symmetry with space group P4/mbm and often called as
the brown phase, with the copper atoms located at the
local centrosymmetric site with an isolated square planar
environment CuO4, forming a quasi-bi-dimensional
arrangement [13]. In the brown phase oxides, the rareearth element plays a crucial role in defining magnetic
behaviour as reported from the magnetic measurements
and neutron diffraction data [14,15]. In this sense, it has
been reported that La2BaCuO5 behaves as a ferromagnet
with a Curie temperature (TC) of 5.7 K [15] while
Nd2BaCuO5 and Pr2BaCuO5 compounds align antiferromagnetically with a Néel temperature (TN) of 7.8 and
20 K, respectively [16,17]. Similarly, in the green phase
compounds, the different rare-earths describe various
magnetic properties demonstrating strong 4f–3d magnetic
interactions, showing possible magnetoelectric effect
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[18,19]. Recently, it has been reported that the compound
Sm2BaCuO5 exhibits a linear magnetoelectric effect below
TN1 = 23 K [18]. Considering that both the end members,
Nd2BaCuO5 and Sm2BaCuO5, adopt different structures,
we thought it will be interesting to study the effect of Nd
substitution in Sm2BaCuO5. Therefore, we have investigated the compositions of Sm2-xNdxBaCuO5 and found
that solid solutions in the green phase exist for x = 0.2,
0.4 and 0.6. Thus, we have studied the magnetic and
magnetoelectric properties of Sm2-xNdxBaCuO5 (x = 0.2,
0.4 and 0.6). All the three compounds crystallize in
orthorhombic structure and exhibit magnetic ordering at
TN1 = 24 K and TN2 = 5 K corresponding to copper and
Sm/Nd ordering, respectively. While the polarization is
suppressed upon Nd substitution just below TN1, it is
enhanced below TN2 due to the changes in the magnetic
ordering brought out by the Nd substitution particularly
the modified 4f–3d coupling.

2.
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System (PPMS) (Quantum Design, USA). Electrical
measurements were made by applying the silver paste on
both sides of the cylindrical disc samples. Dielectric
constant as a function of temperature under various
magnetic fields at a frequency 50 kHz was measured by
using an LCR meter (Agilent E4980A). Electric polarization was obtained by integrating the pyroelectric
current measured by using an electrometer (Keithley
6517A). The pyroelectric current measurements were
carried out under magnetoelectric cooling sequence
where the sample was poled across the magnetic ordering temperature (35–2 K) under an applied electric field
of ?7.35 kV cm-1 and various magnetic fields. Then the
electric field was turned off and the electrodes were kept
short at the lowest temperature for 15 min to remove
stray charges and then the current was recorded while
warming with a rate of 10 K min-1. The dielectric and
pyroelectric current measurements were performed in the
PPMS that provide temperature control and external
magnetic field.

Experimental

Samples of Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6) were
prepared via standard solid-state reaction method. The
starting materials used were Sm2O3, Nd2O3, BaCO3 and
CuO; the rare-earth oxides Sm2O3 and Nd2O3 were dried at
950°C for 12 h before use. Stoichiometric mixture of the
starting materials was heated at 950°C in air to decompose
the carbonates. The samples were then pressed into pellets
and heated with intermittent grinding at final temperatures
of 1020, 1050 and 1100°C in air for x = 0.2, 0.4 and 0.6,
respectively. The phase purity of the synthesized materials
was examined by X-ray powder diffraction (XRD) using the
PANalytical Empyrean diffractometer with Cu Ka1
radiation.
DC magnetization and specific heat measurements
were carried out in the Physical Property Measurement

Figure 1. Rietveld refined room temperature XRD pattern of
Sm1.8Nd0.2BaCuO5. The second Bragg lines correspond to the
impurity phase Sm2CuO4.

Table 1. Structural parameters obtained from Rietveld refinement of room temperature XRD data of Sm1.8Nd0.2BaCuO5.
Atom
Sm1/Nd1
Sm2/Nd2
Ba
Cu
O1
O2
O3

x

y

z

0.2885(2)
0.0736(2)
0.9066(2)
0.6590(5)
0.4330(9)
0.2225(13)
0.0938(19)

0.2500(0)
0.2500(0)
0.2500(0)
0.2500(0)
-0.0182(26)
0.5033(30)
0.2500(0)

0.1134(3)
0.3935(3)
0.9307(3)
0.7098(11)
0.1727(17)
0.3473(23)
0.0716(28)

Space group: Pnma; a = 12.42058(6) Å, b = 5.76705(3) Å, c = 7.28361(3)
Å, a = b = c = 90°, V = 521.725(4) Å3; v2 = 4.87(%).

Figure 2. Variation of the unit cell volume (V) as a function of
x in Sm2-xNdxBaCuO5.
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3.
3.1

Results and discussion
Crystal structure

The results of XRD of all the three samples are consistent
with that of the parent green phase compound Sm2BaCuO5.
Rietveld refined room temperature XRD pattern of
Sm1.8Nd0.2BaCuO5 is shown in figure 1 which confirms that
these compounds crystallize in the centrosymmetric
orthorhombic crystal structure (space group Pnma). In
addition to the main phase, a small amount of Sm2CuO4
impurity phase is present which is included in the refinement. The structural parameters obtained from the refinement for x = 0.2 is given in table 1. For the other two
compositions, the refined XRD (figures S1 and S2) patterns
and structural parameters (tables S1 and S2) are provided in
the supplementary material. The increase of unit cell volume with x, as shown in figure 2, confirms the substitution
of Nd at the Sm site. The orthorhombic structure consists of
two monocapped trigonal prisms SmO7 joined by a triangular face forming Sm2O11 blocks, which are linked by
common edges to form a three-dimensional network. The
copper ions are situated in distorted square pyramids CuO5,
connected by Sm2O11 blocks. The Ba2? ion is coordinated

Figure 3. (a) Magnetic susceptibility as a function of temperature measured under FC protocol at a magnetic field of 100 Oe.
(b) Specific heat capacity in the low temperature region for x = 0.4
at zero magnetic field.
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by 11 oxygen atoms, giving rise to a very irregular polyhedral as reported earlier. It can be noted that the parent
compound Sm2BaCuO5 has a single Cu site and two different Sm sites of equal occupancy [11].

3.2

Magnetic properties

The temperature-dependent magnetic susceptibility data
v(T) for all three compositions Sm2-xNdxBaCuO5 (x = 0.2,
0.4 and 0.6) measured under a magnetic field of 100 Oe in

Figure 4. (a–c) Variation of magnetization with magnetic field
for Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6) at different
temperatures.

305

Page 4 of 7

field cooled (FC) process is shown in figure 3a. In all these
samples, two clear peaks are observed around 24 and 5 K
indicating the antiferromagnetic ordering of Cu2? and rareearth ions, respectively. Further, the long-range magnetic
ordering is confirmed by the k shape anomalies around TN1
and TN2 in specific heat Cp(T) data measured under zero
applied field for x = 0.4 as displayed in figure 3b. Similar
features are expected in specific heat Cp(T) data for x = 0.2
and 0.6. For all the samples, the isothermal magnetization
M(H) loop at different temperatures is shown in figure 4a–c.
The M(H) curves are consistent with the antiferromagnetic
ordering of both Cu- and rare-earth ions. The non-linear
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behaviour suggests possible metamagnetic transition associated with the rare-earth moments.

3.3

Electrical properties

Temperature-dependent dielectric constant measured for all
three samples at a constant frequency of 50 kHz with different magnetic fields and the corresponding dissipation
factor is presented in figure 5a–f. However, no dielectric
anomaly is observed at the onset of the magnetic ordering
temperature of Cu2? ions (TN1) in the absence of an applied

Figure 5. (a–f) Temperature variation of dielectric constant and dielectric loss for Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6) at
selected magnetic fields with a constant 50 kHz frequency.
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magnetic field. But when an external magnetic field is
applied, a dielectric anomaly is observed whose magnitude
increases with the increasing magnetic field as shown in
figure 5a–c, indicating the magnetodielectric coupling.
Correspondingly, the dielectric loss data also display a peak
at TN1 in the presence of a magnetic field which can also be
observed in figure 5d–f. The dielectric peak at TN1 induced
by external magnetic fields is observed for all three samples
however, a double peak feature is observed for x = 0.4.
Also, for all three compositions, we observed another broad
dielectric anomaly at the rare-earths ordering temperature
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(TN2) in zero fields which increased with increase in applied
magnetic fields. Also, these dielectric peaks shift towards
lower temperatures with an increase in magnetic field which
is possibly due to the modification in the spin structures of
Cu and rare-earths upon the application of the magnetic
field.
To delve whether these magnetic field-induced dielectric
peaks are associated with field induced electric polarization,
pyroelectric current measurements have been executed
which is a requisite for magnetoelectric effect. Pyroelectric
current as a function of temperature recorded with a poling

Figure 6. (a–f) Pyroelectric current as a function of temperature under different magnetic fields and poling electric field
E = ?7.35 kV cm-1 and corresponding polarization obtained by integrating pyroelectric current with respect to time for
Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6).
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electric field E of ?7.35 kV cm-1 in the presence of different applied magnetic fields, are shown in figure 6a–c for
x = 0.2, 0.4 and 0.6, respectively. In the absence of a
magnetic field, no pyroelectric current peak is exhibited at
the magnetic ordering temperatures for all the samples.
However, it is intriguing to note the behaviour of pyroelectric current peaks under applied magnetic fields at TN1
and TN2. The appearance of pyroelectric current at TN1
under the magnetic fields demonstrate the magnetoelectric
effect in Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6). The
electric polarization is calculated by integrating the pyroelectric current with respect to time and is displayed in
figure 6d–f where the electric polarization increased linearly with an increase in magnetic field. However, for all
three compositions, the polarization is suppressed just
below TN1 in magnitude as compared to Sm2BaCuO5 [18].
In addition to the pyroelectric current peak at TN1, we also
observe another pyroelectric current peak at TN2. However,
the nature of the pyroelectric current peak is different for
different samples. For x = 0.2, the second pyroelectric
current peak is opposite to the direction of the peak at Cu
ordering temperature, similar to that observed for
Sm2BaCuO5 [18]. This indicates the suppression of polarization as seen in figure 6d. As reported by Yanda et al,
there are a few probabilities for the decrease of polarization
below TN2. One of the possibilities is that the rare-earth
ordering affects the magnetic structure of copper causing a
decrease in polarization or they induce an electric polarization of their own which is opposite to that of the copper.
Also, it is quite possible that because of the induced
ordering of rare-earths at TN1, we get an additional polarization from the rare-earths which alters below TN2. However, unlike Sm2BaCuO5, we find a monotonous increase of
electric polarization at rare-earth ordering temperatures for
x = 0.4 and 0.6 as indicated by the appearance of both the
pyroelectric current peaks in the same direction as seen in
figure 6b and c. Though overall polarization was suppressed
upon Nd substitution, we have observed an increase in
polarization at rare-earth magnetic ordering temperatures.
Hence, the substitution of Nd has more influence on Cumagnetic structure than Sm at rare-earth ordering temperature. Moreover, we have observed another pyroelectric
current peak at 23 K for the composition x = 0.4. There
may be a possibility that the magnetic structure changed
upon Nd substitution and the new magnetic symmetry also
allows the magnetoelectric effect.
Further for all the samples, we have shown the magnetic
field dependence of electric polarization at 10 K in figure 7,
which shows that the polarization increases linearly with the
magnetic field demonstrating the linear magnetoelectric
effect in Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6). The
magnetoelectric coefficient is calculated from the slope of
the linear fit of the P vs. H data. The values of magnetoelectric coefficient (a) are 2.61, 1.75 and 1.86 ps m-1 for
all the compositions Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and
0.6), displayed in figure 7. This indicates the strong
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Figure 7. Polarization as a function of magnetic field measured
at 10 K for Sm2-xNdxBaCuO5 (x = 0.2, 0.4 and 0.6).

magnetoelectric coupling in Sm2-xNdxBaCuO5 (x = 0.2,
0.4 and 0.6).
It can also be noted that upon reversing the poling electric
field, the electric polarization gets switched for all three
samples indicating the intrinsic nature of ferroelectricity,
for example, figure 8a shows the switching of polarization
for x = 0.4. For x = 0.6, the switching of polarization upon
reversal of poling electric field is given in supplementary
figure S3. Further, we have carried out the dc bias measurements on all the three samples with magnetic fields of 5
and 9 T and an electric field of EBias = ?7.35 kV cm-1
[20]. It is observed that for all the samples, dc bias current
exhibits both the positive polarization and negative depolarization peaks at Cu2? ions ordering temperature, shown
for x = 0.4 compositions in figure 8b. For the other two
compositions x = 0.2 and 0.6, it is given in the supplementary figure S4. However, for x = 0.4, two ferroelectric
transitions are observed which is rather unusual. These
results are consistent with the pyroelectric current measurements and further these observations confirm the magnetoelectric effect.
According to our experimental results, the observation of
magnetic field induced dielectric anomaly and electric
polarization ensure that all the samples Sm2-xNdxBaCuO5
(x = 0.2, 0.4 and 0.6) are linear magnetoelectric similar to
the parent compound Sm2BaCuO5. However, the electric
polarization was suppressed upon Nd substitution compared
to the parent compound Sm2BaCuO5. It is important to
mention here that in the brown phase compound Nd2
BaCuO5, although we observe dielectric anomaly, we did
not see any pyroelectric current at the magnetic ordering
temperature, as shown in supplementary figures S5 and S6.
The absence of a magnetoelectric effect in the brown phase
may be due to the local centrosymmetric environment of
copper ions.
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Figure 8. (a, b) Electric field switching of electric polarization
and dc bias signal recorded at different magnetic fields under
poling electric field E = ?7.35 kV cm-1 for x = 0.4 composition.

4.

Conclusions

In summary, we have systematically investigated the effect
of Nd substitution in the well-known green phase
Sm2BaCuO5 on its magnetic and magnetoelectric behaviour. The magnetic properties are affected by Nd substitution suggesting that Cu2? ions and rare-earths order
antiferromagnetically around 24 and 5 K and another
transition at 23 K for x = 0.4. The dielectric and pyroelectric current measurements establish the occurrence of
electric polarization at the magnetic ordering temperature
of Cu2? ions under the applied magnetic field. However,
the electric polarization is suppressed in magnitude as
compared to Sm2BaCuO5. It is seen that there is an
enhancement in polarization at the rare-earth ordering
temperature for x = 0.4 and 0.6. Interestingly, we have
observed two ferroelectric transitions at 24 and 23 K for
x = 0.4. From these results, one can see that the effect of
Nd on polarization suggests the strong 4f–3d magnetic
interaction below TN1.
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