




Debye model by 
=234NkB /�D
3 , where N is the number of

ions/mole and �D is the Debye temperature. The nonmag-
netic �electronic+lattice� contributions are fitted from 2 to 45
K �excluding the region of the Schottky anomaly� using CP

=�T+
T3, as indicated by the solid line in Fig. 7�a�. The
fitting results are plotted as Cp /T versus T2 �Fig. 7�b�� in

order to examine each contribution to the specific heat. The
parameter � extracted from the fitting is quite small, which
indicates the existence of a very small amount of free elec-
trons. The Debye temperatures �D, estimated by the term 
,
are 436 K, 473 K, and 544 K for the x=0.0, 0.5, and 1.0
samples, respectively. The overall magnitude �380–600 K� of

FIG. 7. �Color online� Thermal properties for selected samples �x=0.0, 0.5, 1.0� below 20 K: �a� heat capacity as function of temperature �open symbols�. The
solid line is the nonmagnetic contribution to CP. �b� Temperature dependence of the nonmagnetic heat capacity plotted as CP /T vs T2. The solid lines are fits
to CP�T�=�T+
T3. �c� Schottky anomaly of the samples extracted by subtracting electronic and lattice contributions from the heat capacity. �d�–�f� are the fits
to the Schottky anomaly from a modified Schottky model at low temperature for x=0.1, 0.5, and 0.0, respectively. The open circles in the plots show the
experimental results.
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the �D is the typical for ABO3 type perovskite oxides.34–36

The magnetic contribution CP
Mag�T�, therefore, can be evalu-

ated by subtracting the nonmagnetic contribution �solid line
in Fig. 7�a�� from CP. The temperature dependence �2 K

T
20 K� of the magnetic contribution CP

Mag�T� is plotted
in Fig. 7�c�. It demonstrates that the magnetic contribution
CP

Mag�T� decreases as the x value increases. This can be un-
derstood through the fact that nonmagnetic La3+ substitution
reduces the total magnetic contribution to the Nd1−xLaxCrO3

system. To separate the Nd3+ and Cr3+ contributions to
CP

Mag�T� at low-T is a complicated task. Note that for x
=1.0 �LaCrO3�, only Cr3+ ions carry magnetic moment. The
Schottky anomaly at low-T therefore can only be attributed
to Cr3+ ions. CP

Mag�T�, therefore, can be fitted by a modified
Schottky form:29

CP
Mag�T� = 
 n

NCr
�R
 �E

kBT
�2�0

�1

exp��E/kBT�

�1 + 
 �0

�1
�exp��E/kBT�
2 ,

�5�

where n /NCr is the fraction of Cr sites contributing to CP, R
is the molar gas constant, �E is the energy level splitting,
and �0 /�1 is the degeneracy ratio of ground state splitting.
The equation indicates that the CP-T curve at very low tem-
perature is not symmetric, falling off rapidly on the low-
temperature side and slowly on the high-temperature side.
The equation also predicts a peak in the vicinity of the char-
acteristic temperature �E /kBT. Figure 7�d� shows the tem-
perature dependence of the magnetic heat capacity for the
x=1.0 sample. With the exception of the tail at T�20 K,
this model provides a good fit �as shown by the solid line in
Fig. 7�d�, with �0 /�1=1 /2, �E=1.2 meV�. The value of
n /NCr is found to 0.14%. Based on this very small n /NCr

value, we conclude that a small amount of Cr3+ ions in the
sample are trapped in finite spin states, even at low tempera-
ture. This Schottky anomaly has also been reported for the
other perovskite oxides.37–40 The possible reason is that the
defects �e.g., O2− point defects41� cause the unpaired elec-
trons of Cr3+ ions to be stabilized in a finite spin state. In the
samples with x
1.0, Nd3+ ions provide a magnetic contri-
bution to CP

Mag�T�, which can be obtained after subtraction of
the Cr3+ contribution. Considering that all the Nd3+ ions con-
tribute to the anomaly and �0 /�1=1 for the Nd3+ ground state
splitting, the Schottky form can be applied to fit the contri-
bution of Nd3+ ions:

CP
Mag�T� = NNdkB
 �E

kBT
�2 exp��E/kBT�

�1 + exp��E/kBT��2 , �6�

where NNd is the number of Nd3+ ions. The results of fitting
for the x=0.5 and x=0.0 samples are plotted in Figs. 7�e�
and 7�f�, respectively. The Tmax is found to be 11.2 K and 7.9
K in the sample with x=0.0 and 0.5, respectively. Calculated
�E /kB for Nd3+ ions in this work gives a value of the energy
splitting of �27 K, in excellent agreement with neutron in-
elastic experiments ��28 K�.28 The energy splitting �E /kB

is reduced in the La doped samples, which is attributed to the
weaker Cr–RE interactions. The splitting of the Cr3+ 3d or-
bital and the Nd3+ ground state in Nd1−xLaxCrO3 are shown

in Fig. 8. We propose that these doped La3+ ions dilute the
concentration of magnetic Nd3+ ions, which is associated
with the reduction in Cr–Nd interactions. Well-fitted plotting
for low-T total CP

Mag�T� therefore can be performed by col-
lecting the magnetic contributions from both Cr3+ and Nd3+,
as shown in Figs. 7�d�–7�f�.

In order to understand the doping effect on the Cr–Nd
interaction, the Zeeman splitting of the ground doublet of
Nd3+ can be expressed as

�E = 2�− �NdHNd–Cr + JNd�� , �7�

where �Nd is the effective moment of Nd3+, HNd–Cr is the
effective exchange field, JNd is the exchange constant of the
Nd–Nd interaction, and � is a dimensionless mean-field pa-
rameter describing the magnetically induced order of Nd in
the �1 mode. Because of its relatively small value, as con-
firmed by neutron diffraction,42 � can be neglected at TSRPT.
In addition, HNd–Cr can be treated as a temperature indepen-
dent parameter, due to the fact that the Cr sublattice is fully
locked at very low temperature. Thus, the effective exchange
field can be obtained as 89.6 kOe for the x=0.0 and 81.8 kOe
for the x=0.5 samples from the Curie–Weiss and Schottky
anomaly fittings. Therefore the Nd–Cr mean-field interaction
parameters can be calculated from nNd–Cr=HNd–Cr /�Cr as
27.89 kOe /�B and 25.46 kOe /�B for x=0.0 and x=0.5, re-
spectively.

IV. CONCLUSION

This work has verified the strong influence of La doping
on the physical properties of NdCrO3. Comparison of the
structure of pure phase material and Nd1−xLaxCrO3 shows
that the expanded lattice volume is a result of La substitu-
tion. Cr–O–Cr bond lengths and angles varied sequentially
according to the doping level, which was confirmed by XRD
and Raman studies. The increasing TN and decreasing TSRPT

from La doping can be attributed to the enhanced Cr–Cr
magnetic exchange interaction and depressed Nd3+–Cr3+

coupling, respectively. Two components of magnetization
�antiferro- and ferro-� in magnetic field were observed in
Nd1−xLaxCrO3, which is ascribed to canted antiferromagnetic
ordering of Cr3+. The electron configuration of both Cr3+ and
Nd3+ were found to be HS state by the Curie–Weiss fitting.
The heat capacity study revealed that the Debye temperature
for the samples was increased by La doping. The lattice,
electronic, and magnetic contributions to heat capacity have
been quantified. The low-T Schottky anomaly indicates in-
creasing energy level splitting of Cr3+ and Nd3+ from doping.
The Cr–Nd interaction is also depressed by La doping, which
was confirmed by calculation of mean-field interaction pa-
rameters.

FIG. 8. �a� Cr3+ 3d and �b� Nd3+ ground state splitting schemes of
Nd1−xLaxCrO3.
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