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Role of rare earth ions in the magnetic,
magnetocaloric and magnetoelectric properties
of RCrO3 (R = Dy, Nd, Tb, Er) crystals†

L. H. Yin,*a J. Yang,a P. Tong,a X. Luo,a C. B. Park,b K. W. Shin,b W. H. Song,a

J. M. Dai,a K. H. Kim,b X. B. Zhua and Y. P. Sun*acd

We report a systematic study on the magnetic, magnetocaloric (MC), specific heat and magnetoelectric

(ME) properties of the single crystals of rare-earth orthochromites, RCrO3 (R = Dy, Nd, Er, Tb). Interesting

stair-like metamagnetic transitions were observed for the first time in TbCrO3 crystals. Intrinsic large

anisotropy in the magnetic and ME properties were also revealed in all of the RCrO3 crystals. The

reorientation/ordering of the rare earth R3+ spins was observed to be accompanied with large MC, rotating

MC and ME effects. These behaviors are found be closely related to the R–R and R–Cr interactions in

these chromites. In particular, the ME effect can be ascribed to the spin–phonon coupling. All these

results suggest the essential and unique role of 4f electrons of rare earth ions in these chromites.

1 Introduction

Rare earth elements R with 4f electrons are vital to modern
technologies due to their unique magnetic, luminescent and
electrochemical properties.1,2 The electrons in the partially occupied
4f shell contribute to the unique magnetic moment of rare earth
ions and enable compounds containing rare earth elements to show
various intriguing physical properties. Nd and Sm are usually used in
permanent magnets.3 Gd metal or Gd-based alloys are the typical
working materials used for magnetic refrigeration based on large
magnetocaloric (MC) effects.2,4 It has also been found that the
magnetic interaction between rare earth ions and 3d transition
metal ions plays an important role in the MC, magnetoelectric (ME)
effect and multiferroic properties in the rare earth orthoferrites,
RFeO3, and manganites, RMnO3 (R = Dy, Gd, etc.).5–7

Among the rare earth based compounds, the rare earth
orthochromites RCrO3, with a simple perovskite structure, in which
R–R, R–Cr and Cr–Cr magnetic interactions coexist, exhibit unique
interesting phenomena. The typical crystallographic and spin struc-
tures following Bertaut’s notation8 for RCrO3 systems are shown in
Fig. 1. In fact, exotic magnetism, like temperature induced magne-
tization reversal and temperature induced magnetization jump, has
been observed in RCrO3 and doped RCrO3 systems.9–12 ME and
multiferroicity arising from R–Cr interactions or disorder effects were
also reported in RCrO3 and YCr1�xMxO3 (M = Fe, Mn) systems;13,14

however, later reports on the multiferroicity in LuCrO3 with non-
magnetic rare earth Lu suggest a contrasting origin of

Fig. 1 Schematic view of the crystal structure and typical spin configura-
tions for the RCrO3 systems.
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multiferroicity in these chromites.15 Recently, it was reported that
the ferroelectricity even survived at a temperature much higher than
the antiferromagnetic (AFM) ordering temperature TN of the Cr
sublattice in both HoCrO3 ceramics and films.16 Furthermore, the
RCrO3 systems also show a large MC effect at low temperatures.9,17

However, most of the above mentioned properties were reported for
polycrystalline samples synthesized using solid state reaction,13

hydrothermal18 or solvothermal10 methods, in which the magneto-
crystalline anisotropic effect is not considered and the existence of a
grain boundary may also bring in the grain size effect or other
extrinsic effects.19 Therefore, a single crystal is needed to clarify
these problems. Furthermore, the ME properties at temperatures
below the ordering of rare-earth spins are still lacking in chromites
as compared to isostructural multiferroic RFeO3 systems.5,6

In this article, we report the magnetism, MC and ME effects in
the RCrO3 (R = Dy, Nd, Er, Tb) chromite single crystals synthesized
via the flux method. We observed new interesting phenomena like
stair-like metamagnetic transitions and reorientation/ordering of
rare earth spins. Strong anisotropic magnetism, MC and ME effects
related to the R–R and R–Cr magnetic interactions were also
observed in these chromite crystals.

2 Experimental

The RCrO3 (R = Dy, Tb, Er) single crystals were grown using the flux
method as reported previously.20 The initial materials R2O3, Cr2O3,
PbF2, PbO, and B2O3 were mixed in a molar ratio of 1 : 1 : 8 : 2 : 1,
placed into a platinum crucible, covered with a lid, and heated at

1200 1C for 4 days. After this, the mixture was cooled slowly to
1000 1C at a rate of 5 1C h�1, and then the furnace was turned off.
The GdCrO3 crystals are the crystals used in our previous work9

and detailed information on the growth of the GdCrO3 and
NdCrO3 crystals is described in ref. 9.

The phase purity and structure of the obtained single crystals
were confirmed using powder X-ray diffraction (XRD) (Philips
diffractometer with Cu Ka radiation) at room temperature. The
orientation of the crystals was determined according to the XRD of
the natural major crystal faces, magnetic measurements and the
results of previous reports.21 The chemical composition of the
crystals was analyzed using an energy dispersive spectroscopy
(EDS) technique. The result agrees well with those expected from
the chemical formula.

The magnetic measurements were carried out in a Quantum
Design superconducting quantum interference device (SQUID)
magnetometer. Temperature dependent magnetization data were
collected in the field-cooled cooling (FCC) and field-cooled warming
(FCW) processes. The dielectric measurements were performed
using an LCR meter (TH2828S) at a frequency of 300 kHz with the
temperature and magnetic field regulated by the Quantum Design
Physical Property Measurement System (PPMS). The temperature
dependent specific heat CP(T) was measured using the Quantum
Design PPMS using a thermal relaxation method.

3 Results and discussions

Fig. 2 shows the temperature dependent magnetization (M–T)
under the FCW mode along three major crystallographic axes

Fig. 2 Temperature dependence of magnetization and the corresponding schematic spin structure evolution along different axes for RCrO3 crystals.
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for the RCrO3 (R = Dy, Nd, Tb, Er) single crystals. It is clear
that all the crystals show strong magnetic anisotropy below the
AFM ordering temperature TN1 of the Cr3+ spins. The magnetic
field dependent magnetization (M–H) along the three different
axes (Fig. 3) also exhibits strong anisotropy with the largest
moment along the a axis for R = Dy, Nd, Tb and along the c axis
for R = Er, which are in agreement with the spin configuration
of the Cr3+ sublattice below the TN1 reported previously for
these crystals.21 The spins of rare earth R = Dy3+ and Tb3+ were
ordered at low temperatures TN2 B 3.8 K and 5.0 K, respec-
tively, while Nd3+ and Er3+ showed no long-range ordering at
temperatures as low as 2 K, as shown in Fig. 2. Among all the
titled compounds, long-range spin reorientation of the Cr3+

sublattice below the TN1 was only observed in NdCrO3 and
ErCrO3 at TSR1 B 33.5 K and 10.2 K, respectively, consistent
with a previous report.21 The AFM transition temperature TN1,
together with the other characteristic magnetic phase transi-
tion temperatures for these crystals, are listed in Table 1.

In addition to the above-mentioned magnetic transitions
reported previously, we also found some new features in these
crystals. For the DyCrO3 crystal, it was reported that the Dy3+

spins were polarized to be along the a axis below TN1 and lay in
the basal plane at an angle of �631 relative to the a axis below
TN2.22,23 In the present work, we observed an additional, rather
strong magnetic peak at TSR1 B 39.2 K and TSR2 B 24.8 K along
the a and c axes, respectively, as shown in Fig. 2a. This behavior
was not reported previously, which might be due to different
sample preparation conditions. To obtain knowledge about the
origin of these two magnetic peaks, the M–T curves along the a
(Ma) and c (Mc) axes at different H were also recorded and are

displayed in Fig. 4. Both peaks become weaker and tend to vanish
at high H. The specific heat Cp(T) does not show any anomaly
around either TSR* or TSR, indicating the absence of long-range spin
ordering or structure transitions (Fig. S1 of ESI†). Another feature is
that the magnetizations Ma and Mc begin to decrease and increase,
respectively, at TSR1 simultaneously, and Mc reaches a maximum at
TSR2. These results clearly show that the two peaks should be
related to the reorientation of Dy3+ spins induced by the internal
effective field of the Cr3+ sublattice. The Dy3+ spins begin to reorient
from the a axis to the c axis at TSR1 and end in an AFM arrangement
along the c axis at TSR2. The evolution of the spin configuration for
both the Cr3+ and Dy3+ sublattices are schematically plotted in
Fig. 2a.

Similar to the case of DyCrO3, an induced reorientation/
ordering of the Nd3+ and Er3+ spins were also observed for the
NdCrO3 and ErCrO3 crystals around TSR B 17.1 K and 6.0 K
(Fig. 2b and d), respectively, near which no anomaly was
observed in specific heat (see Fig. S1 of the ESI† and ref. 24).
The corresponding spin evolution of the R3+ and Cr3+ ions with
the temperature for NdCrO3 and ErCrO3 is shown in Fig. 2b and
d, respectively. For NdCrO3, the decrease in Mc and increase in
Ma occur simultaneously near TSR2, and the peak at TSR2 in the
Mc–T curve did not vanish even at H B 3 T (Fig. 5), in contrast to
that in DyCrO3. Another rather interesting phenomenon is the
multi-step rise in the M–H curves along the a axis in TbCrO3

(see Fig. 3c and 6), which was not reported previously. The
initial M–H curve was recorded after cooling from above TN1 to
130 K under zero H (see Fig. 6). The overlap between the initial
curve and the following hysteresis loop implies that the step-
rise behavior is intrinsic rather than the domain effect. The
multi-step behavior can be explained as the relative orientation
variation of the Tb3+ and Cr3+ spins under H, which is schema-
tically shown in Fig. 6.

For ErCrO3, the anomaly around TSR2 in the Mc–T and Ma–T
curves becomes weak at high H (Fig. S2 and S3 of ESI†),
consistent with the H-induced phase transition from G1 to
G4.24 Another feature for ErCrO3 is the relatively broad peak
in the Mb–T and Ma–T curves at low H in the vicinity of T* B
34.7 K, while no obvious anomaly near T* was observed in Mc–T
and specific heat (Fig. 2d and Fig. S1 of ESI†). This behavior is
an indication of the possible induced reorientation of Er3+

spins near T*. It should be noticed that the relative broad peak
in the M–T curves around T B 22 K is usually observed in
polycrystalline samples and wrongly ascribed to the SR of
Cr3+,13,25,26 which should actually be the combined and average

Fig. 3 Isothermal magnetic field dependence of magnetization along
different axes for RCrO3 crystals.

Table 1 Magnetic parameters including magnetic phase transition temperatures, maximum values of the MC effect, refrigerant capacity and rotating MC
effect for RCrO3 crystals. Some of the data for GdCrO3 was adapted from ref. 9

Materials TN1 (K) TN2 (K) TSR1 (K) TSR2 (K)

�DSM (J kg�1 K�1)

RC (J kg�1)

�DSR
M (J kg�1 K�1)

Rotation modeDH = 2 T DH = 4.5 T DH = 2 T DH = 4.5 T

DyCrO3 140.0 3.8 39.2 24.8 11.5 15.2 300 11.4 14.8 From c to b
NdCrO3 222.5 — 33.5 17.1 �0.2 �1.1 — — — —
TbCrO3 156.0 5.0 — — 5.0 12.2 125 0.7 5.4 From c to b
ErCrO3 132.8 — 10.2 6.0 10.1 20.6 276 9.5 16.9 From b to c
GdCrO3 166.0 — 7.0 — 14.1 31.6 — 4.3 3.8 From a to c
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effect of the SR at TSR1 and the anomaly near T* observed in the
single crystal in the present work.

Now let’s turn to the MC effect. For the M obtained at a
constant temperature at discrete H intervals, the magnetic
entropy change �DSM can be estimated by using the following
equation based on the Maxwell relation:

DSMðT ;HÞ ¼
ðH
0

@M

@T

� �
H

dH ¼
X
i

Miþ1 �Mi

Tiþ1 � Ti
DHi (1)

where Mi+1 and Mi are the experimental values of magnetization
measured with a field Hi at temperatures Ti+1 and Ti, respec-
tively. Here the M–H curves were corrected by considering the
demagnetization factor of the crystal. �DSM along different
axes for different field variations DH can be derived from the
isothermal M–H curves and is displayed in Fig. 7. Here, the MC
effect for the a axis is not shown due to the fact that its value is
between that of the b and c axes. The largest value of �DSM with
DH = 2 T is 11.5 J kg�1 K�1 at T = 4.5 K for the DyCrO3 crystal
among all the titled compounds. The largest values of �DSM

with DH = 2 T and 4.5 T for RCrO3 (R = Dy, Nd, Er, Tb)
crystals are listed in Table 1. For comparison, the �DSM for
GdCrO3 crystals along different axes are also listed in Table 1

(see also Fig. S4 of the ESI†). It can be seen that the strong
anisotropy in the M–H curves usually gives rise to a large
anisotropic �DSM, as shown in Fig. 7. This anisotropic �DSM

suggests a large rotating MC effect in these crystals. The rotating
MC effect can be expressed by the equation,27

�DSR
M = �(DSM(y) � DSM(901)) (2)

where y is the angle between the easy magnetic axis and H,
y = 901 denotes H applied along the hard axis. Therefore, in the
case of the DyCrO3 crystal, if H is initially applied along the
c axis, and then the crystal is rotated isothermally by 901 to
the b axis at a constant H; then this process will give rise to
the isothermal rotating MC effect, which can be expressed as
�DSR

M = DSM(HJc) � DSM(HJb) at a certain temperature. The
largest value of �DSR

M thus obtained reaches 11.4 J kg�1 K�1 at
4.5 K and 14.8 J kg�1 K�1 at 8.5 K for DH = 2 T and 4.5 T,
respectively (Table 1). And an even larger �DSR

M B 16.9 J kg�1 K�1

for DH = 4.5 T was obtained in the ErCrO3 crystal. These values are
much larger than those for manganite crystals such as DyMnO3

28

and HoMn2O5,29 and are even larger than those for the KEr(MoO4)2

crystals,30 although smaller than those for the DyFeO3 crystals.31

Another important factor for magnetic refrigeration is the
magnetic cooling efficiency of a magnetic refrigerant material,
i.e., refrigerant capacity (RC). The RC is a measure of the
amount of heat transfer between the hot and cold sinks in an
ideal refrigeration cycle, and it can be evaluated by considering
the magnitude of DSM and its full-width at half-maximum as4

RC ¼
ðT2

T1

DSMj jdT (3)

where T1 and T2 are the temperatures corresponding to both
sides of the half-maximum value of the peak, respectively. The
maximum values of RC for a field change of 4.5 T for all the
titled crystals are listed in Table 1. The largest RC of B300 J kg�1

was obtained for the DyCrO3 crystal along the b axis, which is
also larger than those of the rare-earth manganite crystals such
as DyMnO3

28 and HoMn2O5.29

It should be noted here that all the titled compounds
experience a peak in the vicinity of the ordering or induced

Fig. 4 Temperature dependence of magnetization along the a and c axes
under different H for DyCrO3 crystals.

Fig. 5 Temperature dependence of magnetization along the a and c axes
under different H for NdCrO3 crystals.

Fig. 6 Isothermal magnetization along the a axis at 130 K and the
corresponding schematic spin structure evolution for TbCrO3 crystals.
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ordering of R3+ spins in the temperature dependent �DSM

(Fig. 7), indicating a dominating role of the R–R or R–Cr
magnetic interactions in the MC effect at low temperatures.
In addition, an anomaly around the temperature TSR1 of spin
reorientation of Cr3+, where the Er3+ or Nd3+ spins also begin to
rotate as a result of the R–Cr interaction, was also observed in
ErCrO3 or NdCrO3 (Fig. 7). The sharp anomaly in the �DSM–T
curves around TSR1 and TN2 in ErCrO3 and NdCrO3, respectively,
is consistent with the first order nature of these two magnetic
transitions, as clearly indicated by the sign change of the slope
of the Arrott plot in Fig. S5 and S6 (ESI†).

Similar to RFeO3 and RMnO3,5,7 the isostructural RCrO3

polycrystalline samples were also reported to show ME and
multiferroic behaviors.13,14,16 In the present work, we focused
on the possible ME effect around the magnetic transitions of
the R3+ sublattice in the RCrO3 single crystals. Fig. 8a shows the
temperature dependent dielectric constant e0 along different
axes for the DyCrO3 crystal. The dielectric constant is normalized
by the data at 30 K. It is clear that ec

0 shows a rapid upturn
below TSR2, while ea

0 and eb
0 decrease continuously. With

further cooling, the e0 along all three axes exhibit a peak near
the ordering temperature TN2 of the Dy3+ spins. The dielectric
peak around TN2 along the c axis is much stronger than along
the other two axes. This strong anisotropy in the ME effect
resembles the magnetic anisotropy in the M–T curves induced
by the R–Cr magnetic interaction (Fig. 2a). Below TN2, ec

0 varies
obviously with the applied magnetic field H (Fig. 8b). For the

magnetodielectric measurement shown in Fig. 8(b) and the
inset in it, the direction of the electric field is the same as that
of the applied H. In the temperatures (e.g., 12 K) between TN2

and TSR2, the magnetodielectric effect becomes weaker
(Fig. 8b). The smaller variations in eb

0 and larger variation in
ec
0 with magnetic field are in contrast to the step-rise and linear

behaviors in the Mb–H and Mc–H curves, respectively, below
TSR2. The larger magnetodielectric effect along the c axis than
that along the b axis might be related to two factors. First, the
electrical dipole induced by the Dy–Cr and/or Dy–Dy interaction
at low temperatures might be parallel to the c axis. Second, the
contribution to e0 from the Dy–Cr and/or Dy–Dy interactions
along the c axis dominates over the interactions in the ab plane
below TSR2. As for the different behavior in H dependent Mc and
ec
0, it might be due to the fact that the dielectric constant is

more sensitive than the magnetization to the H-induced transi-
tion of the Dy–Cr and/or Dy–Dy interactions.

The steep upturn below TSR2 and sharp peak around TN2 in
ec
0–T can be significantly suppressed by applying a field of 3 T

(inset in Fig. 8b). Note that the ordering (at TN2) and induced
ordering (at TSR1/TSR2) of the Dy3+ spins were also simultaneously
suppressed by applying a high H (Fig. 4). These results clearly
reveal an intrinsic ME effect in the DyCrO3 crystal. Similarly,
RCrO3 with R = Nd, Tb also show a dielectric anomaly in the
vicinity of the ordering (R = Tb) or induced ordering (R = Nd)
temperature of R3+ spins (Fig. 9a and Fig. S7 in the ESI†). While
in ErCrO3, a dielectric anomaly occurred around the TSR1 at

Fig. 7 Isothermal magnetization along different axes at different temperatures and the corresponding MC effect on RCrO3 crystals.
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which the Cr3+ spins reorient (Fig. 9b). These results clearly
demonstrate a close relationship between the ME effect and the
R–R or R–Cr magnetic interactions in the chromites.

However, the ME coupling in these chromites was not
accompanied with multiferroicity below TSR1 or TN2, as revealed
by the absence of pyroelectric current (not shown here), while
the ferroelectric transition around TN1 still needs further
clarification due to the leakage problem. This behavior is very
different from the isostructural RFeO3 (R = Gd, Dy, etc.)
systems,5,6 and is also in contrast with previous results on
polycrystalline chromites.13,14 Now, we focus on the low tem-
perature ME effect. According to the Lyddane–Sachs–Teller
relation,32 phonons with optical frequencies contributing
much to e0 are coupled to a spin–spin correlation function.
And indeed, the ME effect in chromites becomes stronger when
R–R or R–Cr magnetic interactions are enhanced at low tem-
peratures, and the close relationship between the ME effect and
these interactions is clearly revealed as discussed above. There-
fore, it is reasonable to ascribe the ME effect at low tempera-
tures to the spin–phonon coupling in these chromites.32,33

4 Conclusions

In summary, we investigated in detail the magnetic, specific
heat, ME, and MC properties in rare earth orthorchromite
RCrO3 (R = Dy, Nd, Tb, Er) single crystals synthesized using
the flux method. We found some especially interesting new
magnetic phase transitions related to the induced reorienta-
tion/ordering of rare earth spins in RCrO3 (R = Dy, Nd, Er) and a
multi-step like behavior in H-dependent M related to the
relative spin orientation of Tb and Cr sublattices in the TbCrO3

crystal. Large MC and rotating MC effects were observed in the
vicinity of ordering or induced ordering temperatures of R3+

spins in the studied crystals. In addition, obvious ME effects
related to the R–R, R–Cr, and Cr–Cr magnetic interactions were
also observed in these RCrO3 crystals. All the results suggest an
important role of rare earth ions in the magnetic, MC and ME
properties in the RCrO3 systems.
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