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a b s t r a c t

In this work we compare resistivity, susceptibility, magnetization and heat capacity of single crystals
of PrCrSb3 and NdCrSb3. Both of them exhibit ferromagnetic ordering of Cr moments at 112 K and 100 K,
respectively. Pr and Nd moments order at low temperatures (TPr

N = 12 K and TNd
C = 10 K) leading to moment

compensation effects, even though bulk ferromagnetism of Cr moments persists down to the lowest tem-
perature. The transport studies on PrCrSb3 show existence of gap in the spin-wave spectrum which seems
to be absent in NdCrSb3. Moreover, the observed anisotropy in bulk properties and the ferromagnetic
ordering of Cr moments are found to decrease with decrease in the size of the rare earth ion.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

RCrSb3 crystallizes in orthorhombic structure, space group
bcm [1]. It has a quasi two-dimensional structure with RSb and
rSb2 layers stacked perpendicular to a-axis. RCrSb3 is one of
he few systems where one could study the interplay of 3d and
f moments resulting in an interesting magnetic phase diagram.
oreover, it is conjectured that Cr has both local and itinerant

haracter in LaCrSb3 [2]. The itinerant Cr moments order ferro-
agnetically (FM) at 123 K whereas the local Cr moments order

ntiferromagnetically (AFM) at 96 K. This dual character of Cr
oments is not seen in other members of the series. However, mag-

etic phase diagram enriches appreciably with La being replaced by
ther rare earth ions in this series due to non-zero moment contri-
ution from these ions to the magnetic ordering of the compound.
he next member, CeCrSb3 shows one sharp anomaly in magneti-
ation at 115 K due to FM ordering of Cr moments [3,4]. Although

e do not see any sharp magnetic ordering due to Ce moments but

ts presence in CeCrSb3 changes the magnetic phase diagram con-
iderably as compared to that of LaCrSb3. Unlike CeCrSb3 we see
low temperature magnetic ordering due to rare earth moments

∗ Corresponding author. Tel.: +91 22 22782302; fax: +91 22 804747.
E-mail address: ramky@tifr.res.in (S. Ramakrishnan).

3

m
b
o
s
f

925-8388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2008.09.186
n PrCrSb3 and NdCrSb3 along with high temperature FM due to
r moments. Pr orders AFM at 12 K and Nd orders FM at 10 K. This
aper presents a comparison between the magnetic and transport
roperties of these two systems.

. Experimental details

Single crystals of PrCrSb3 and NdCrSb3 were grown by self-flux method. The
hase was confirmed by performing powder X-ray diffraction on few grounded
rystals. The Rietveld refinement of the X-ray pattern resulted in an orthorhom-
ic lattice constants a = 13.011(9) A, b = 6.169(7) A and c = 6.063(1) A for PrCrSb3 and
= 12.955(5) A, b = 6.164(4) A and c = 6.052(2) A for NdCrSb3. From Laue back scat-

ering pictures the largest surface was found to be the bc-plane.
The temperature dependence of the magnetic susceptibility �(T) along the

ndividual axis was measured using a commercial SQUID magnetometer (MPMS5,
uantum Design, USA). The resistivity �(T) between 1.5 K and 300 K was measured
sing an LR700 resistance bridge (Linear Research, USA) by the 4-probe method with
ontacts made using silver paste. The heat capacity Cp(T) in zero field between 5 K
nd 200 K was measured using the commercial PPMS (Quantum Design, USA).

. Results and discussions

Fig. 1 shows data from the anisotropic dc susceptibility �(T)

easurements along the three principal directions, a, b and c for

oth the crystals for temperature between 4.2 K and 300 K in a field
f 0.1 T. In Panel A we see susceptibility for PrCrSb3 along all axes
how a sharp anomaly at TC = 112 K. This anomaly is attributed to
erromagnetic ordering of Cr moments as also seen in LaCrSb3 at

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ramky@tifr.res.in
dx.doi.org/10.1016/j.jallcom.2008.09.186
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a = 0.03 �� cm/K2, b = 6.2 �� cm/K2 and � = 64 K. Whereas the
fit parameters for �b(T) are �0 = 70 �� cm, a = 0.011 �� cm/K2,
b = 1.23 �� cm/K2 and � = 64.5 K [5]. The important thing to note
here is the value of � obtained for both the axes in almost same. So
ig. 1. The susceptibility versus temperature data �(T) down to 2 K along all the
hree axes is shown in top(bottom) panel for PrCrSb3(NdCrSb3). The insets in both
anels show high temperature fit to the modified Curie–Wiess law.

23 K. The anisotropy in the magnetic property of this system is evi-
ent as we see the ratio �b/�a is almost 1.2 and �b/�c is 27 below
K. The large value of � along b suggests that b is an easy axis for
r moments. Below TC the magnetic phase diagram seems compli-
ated. As signature of �(T) along b-axis is different than it is along
- and c-axes. Pr moments seem to couple AFM with Cr resulting in
dip kind of feature between TC and TN. At TN we see a sharp drop

n �(T) along all the axes. This drop is attributed to the ordering of
r moments.

The magnetic phase diagram for NdCrSb3, shown in panel
of Fig. 1 looks very similar to that of PrCrSb3. Like all pre-

ious members of the series here too b continues to be the
asy axis of magnetization for Cr moments, which order ferro-
agnetically at TC = 100 K. The sharp low temperature anomaly

t TNd
C = 10 K along all the axes is signature for ordering of Nd

oments.
The insets in both the panels are high temperature fits to the

odified Curie–Wiess law, �(T) = �o + C/T − �. The value of �o is of
he order of 10−3 emu/mol for the systems. The Curie constant gives
ffective moment of 4.24�B for PrCrSb3 and 5.2�B for NdCrSb3
s compared to 3.01�B for LaCrSb3. The value of � is positive as
xpected for ferromagnets and is about 130 K and 115 K, respec-
ively for (Pr and Nd)CrSb3 along all the axes.

For further understanding of magnetic properties of both the
ystems we have performed the isothermal magnetization mea-
urements along all the three axes. As seen in Fig. 2 both PrCrSb3
nd NdCrSb3 remain ferromagnetic down to lowest temperature.
he magnetization appears hysteretic (not shown here for brevity)
long all the axes at 2 K. The magnetization along a- and b-axes for
rCrSb3(NdCrSb3) saturate to 3.63(4.2)�B and 3.75(3.7)�B respec-
ively as compared to the saturation moment of 1.5�B for LaCrSb3
2]. The saturation moment has contribution both from R3+ and Cr3+

ons. The moments along c-axis do not saturate till 12 T of field. The
igh value of moments along a-axis suggest that a is the easy axis

or both Pr and Nd moments. We also see field induced cross-over
or Pr easy axis from a- to b-axes at 6 T.

The resistivity versus temperature data for the PrCrSb3 is shown
n top panel of Fig. 3 for temperature between 1.5 K and 300 K for
xcitation current I along a- and b-axes. As expected the resis-
ivity shows sharp fall in �(T) at TC due to the decrease in the

pin-disorder scattering at ferromagnetic transition. The sample
hickness was too small along c-axis so the resistive measurement
long it was difficult and is not reported here. PrCrSb3 exhibits
igh anisotropy in resistivity with room temperature values of

F
i
p
a

ig. 2. The top panel shows isothermal magnetization M(H) for PrCrSb3 at 2 K along
ll the three axes. The lower panel gives M(H) data for NdCrSb3 sample at 2 K.

a = 903 �� cm, �b = 148 �� cm and �c = 106 �� cm. The observed
nisotropy is comparable to that observed in other RCrSb3 crys-
als. We also see a sharp fall in �(T) at TN = 12 K, which again can
e explained by decrease in spin-disorder scattering due to mag-
etic order. The inset of the top panel shows the low temperature
esistivity fitted to the expression

(T) = �0 + aT2 + bT �
[

1 + 2 T

�

]
exp

(
−�

T

)

here �0 is residual resistivity, a is coefficient for electron–electron
cattering, b is coefficient responsible for electron–magnon scatter-
ng and � is gap in spin-wave spectrum for the ferromagnet. Since
he sample is in ferrimagnetic state down to lowest temperature
e belive we can use this expression to analyse our data below TN.

he parameters obtained from the fit for �a(T) are �0 = 680 �� cm,
ig. 3. The top panel shows �(T) data for PrCrSb3 sample along a- and b-axes. The
nset of top panel is the low temperature fit of resistivity data (see text). The lower
anel shows resistivity versus temperature data for NdCrSb3 sample for current
long a-, b- and c-axes.
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[3] D.D. Jackson, S.K. McCall, A.B. Karki, D.P. Young, Phys. Rev. B 76 (2007) 064408.
ig. 4. The top(bottom) panel shows specific heat data for PrCrSb3(NdCrSb3). Both
he samples show two well-defined kinks in the Cp(T) data at the two magnetic
rdering temperatures. The insets of both panels show low temperature part of
pecific heat versus temperature data.

he idea of fitting low temperature resistivity data to the spin-wave
ap expression was correct.

The lower panel of Fig. 3 shows the resistivity data along all
hree axes for NdCrSb3. The sample exhibits anisotropy in resistivity
ith room temperature values of �a = 560 �� cm, �b = 148 �� cm

nd �c = 268 �� cm. Unlike large anisotropy observed in the resis-
ivity data of LaCrSb3, here we see, �a/�c is only of the factor of
at room temperature which increases to 3 at low temperatures

T < 5 K). However, the ratio �a/�b is 3.7 at room temperature and
nhances to 10 below 5 K. The anomaly at the two magnetic tran-
itions is clearly seen for all the axes. But unlike PrCrSb3 we do not
ee here the gap in spin-wave spectrum.

The temperature dependence of the heat capacity Cp(T) of
rCrSb3 between 6 K and 200 K is shown in the upper panel of Fig. 4.
nlike LaCrSb3 [6] we see a well-defined peak in the heat capacity
ata of PrCrSb3 at TC = 112 K. The peak at TC gets smeared with the
pplication of 1 T of field. The broadening of the heat capacity peak
or PrCrSb3 at TC is supportive of the fact that Cr moments undergo

erromagnetic transition. We also see the low temperature kink in
he heat capacity data at TN = 12 K. This peak as seen in the inset of
pper panel of Fig. 4 gets shifted to lower value of temperature with
pplication of field implying that the magnetic ordering is AFM at
his temperature.

[
[
[
[
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The lower panel of Fig. 4 shows heat capacity Cp(T) data for
dCrSb3. We see a well-defined anomaly at TC = 100 K, the Cr
rdering temperature. But this anomaly is considerably weak as
ompared to that of PrCrSb3. The anomaly at TC gets smeared with
pplication of field, again supporting the ferromagnetic nature of
r ordering. The inset of lower panel of Fig. 4 shows low tempera-
ure anomaly in heat capacity data of NdCrSb3. This kink appears
ue to magnetic ordering of Nd moments. The broadening of this
ink with application of 1 T of field supports the fact that Nd orders
erromagnetically in NdCrSb3 (which is further supported by the
eutron data [7]) unlike PrCrSb3 where Pr orders AFM.

. Conclusion

To conclude, we have grown single crystals of the PrCrSb3 and
dCrSb3 by flux growth method and characterized them by X-ray,
aue back scattering, dc magnetic susceptibility, isothermal magne-
ization, resistivity and heat capacity (0 T and 1 T) measurements.
ll measurements confirm bulk ferromagnetic ordering of Cr
oments below 112 K and 100 K for PrCrSb3 and NdCrSb3, respec-

ively. The magnetic susceptibility � follows modified Curie–Weiss
ehaviour above 200 K and the estimated effective moment comes
ut to be nearly equal to 4(5)�B/f.u. for Pr(Nd)CrSb3 as compared
o that of 3.01�B/f.u. for LaCrSb3. The easy axis of magnetization for
r moments continues to be b-axis for both the compounds as in
he case of LaCrSb3 and CeCrSb3. R3+–Cr3+ interaction gives a com-
lex magnetic phase below TC. This gives different signature of �(T)
long all the three axis. But unlike CeCrSb3 in PrCrSb3 and NdCrSb3
e see a sharp magnetic ordering due to moments of Pr and Nd at

N = 12 K and TC = 10 K, respectively. The easy axis for magnetization
or rare earth moment ordering is along a-axis for both the samples.
ut Pr orders AFM whereas Nd orders FM in the respective RCrSb3
ompound. The resistivity and heat capacity measurements for (Pr,
d)CrSb3 also show anomaly at these two ordering temperatures
onfirming our analysis of the magnetic properties of this system.
e observe gap in the spin-wave spectrum below the AFM ordering

f Pr spins in PrCrSb3, this gap is absent in NdCrSb3.
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