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In this paper, the evolution of the magnetic properties along the series of intermetallic compounds
RCuBi, (R=Ce, Pr, Nd, Gd, Sm) is discussed. These compounds crystallize in a tetragonal
ZrCuSi, (P4/nmm) structure, and our single crystals of RCuBi, grown from Bi-flux show no
evidence for Cu-deficiency [Ye et al., Acta Crystallogr. C 52, 1325 (1996)] as previously reported
for R=Ce. For R=Ce, Pr, Gd, and Sm, we found an antiferromagnetic ordering at Ty~ 16K,
42K, 13.6K, and 4.9K, respectively. For R=Nd, we saw no evidence for a magnetic phase
transition down to T=2K. These values of Ty clearly show a dramatic breakdown of the De
Gennes factor in this series. We discuss our data taken into account the tetragonal crystalline
electrical field and the anisotropic Ruderman-Kittel-Kasuya-Yoshida magnetic interaction between

the R-ions in this family of compounds. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4860657]

. INTRODUCTION

The discovery of new series of structurally related com-
pounds with novel physical behavior is an important
approach to explore fundamental problems in the physics of
highly correlated electron systems. New materials generate
unusual properties and nourish the scientific community with
complex phenomena, whose understanding leads to scientific
improvement. Many metallic systems with rare earth have
their macroscopic magnetic and thermal properties signifi-
cantly influenced by the interaction between the rare-earth
ion and the ions in its environment.>*

Systematic studies along the series of rare-earth-based
intermetallic compounds are usually of great interest to
explore a variety of properties, such as: the interplay
between Ruderman-Kittel-Kasuya-Yoshida (RKKY) mag-
netic interaction, crystalline electrical field (CEF) effects,
and Fermi surface (FS) effects commonly present in these
materials. Particularly, the series of intermetallic RMIns
(115, M=Rh, Ir, Co) (and related compounds) and RM,T,
(122 system; M =e.g., Fe, Cu, Ni, Rh, Ru; T=e.g., Si, Ge,
As) are interesting examples of systematically studied series
that present a large variety of remarkable physical properties
such as heavy-fermion (HF) behavior, unconventional super-
conductivity (SC), and complex magnetic structures.*™

Interestingly, both 115 and 122 series form in tetragonal
crystal structure and therefore it is generally believed that
such low symmetry structures may favor the occurrence of
such remarkable phenomena.

The intermetallic compounds of the family RTBi,,
where T is a transition metal also crystallize in a tetragonal
structure with a ZrCuSi, structure type (P4/nmm). However,
this series has been very little explored in the literature.''
More recently, the CeNij gBi, compound have attracted great

YElectronic mail: edbruno@ifi.unicamp.br.

0021-8979/2014/115(17)/17E115/3/$30.00

115, 17E115-1

attention due to the reported superconductivity with a super-
conducting transition temperature T, =4.2K.'"'> We have
successfully synthesized a counterpart series of theses com-
pounds, RCuBi, in order to further investigated the physical
properties in this series. In a separate publication,’® we
explore the details of the physical properties of our single
crystals of CeCuBi,. These compounds show an antiferro-
magnetic (AFM) ordering at Ty ~ 16 K, which is higher than
the values previously reported for Cu-deficient samples.'
The magnetic properties of CeCuBi, are consistent with an
Ising antiferromagnet, and the magnetization data at low
temperatures reveal the existence a spin-flop transition when
the field is applied along the c-axis (H. ~ 56T and T=2K;
AFM to FM interlayers). The X-ray resonant diffraction data
below Ty reveal a commensurate antiferromagnetic structure
with propagation vector (%%0) and the Ce moments oriented
along the c-axis.'® In this work, we have investigated the
evolution of the magnetic properties along RCuBi, (R =Ce,
Pr, Nd, Gd, Sm) by means of magnetic susceptibility, electri-
cal resistivity, and heat capacity measurements in single
crystals grown from Bi-flux. The behavior of antiferromag-
netic ordering temperature Ty shows a dramatic breakdown
of the De Gennes factor in this series.

Il. EXPERIMENT

Single crystalline samples of the RCuBi, (R =Ce, Pr,
Nd, Gd, Sm) compounds were grown using metallic flux
technique'* with starting composition R:Cu:Bi = 1:1:20. The
crucible containing the elements was cover with quartz wool
and sealed inside an evacuated quartz tube. The tube was
placed in a furnace and heated up to 1050 °C with a rate of
50°C/h. After 4h at 1050 °C, the batch was subjected to a
slow cooling of 5°C/h down to 350°C. The excess Bi flux
was then spun in a centrifuge and platelets-like crystals were
mechanically removed from the crucible. Typical crystal
sizes were 3.0mm X 3.0mm x 0.1 mm. The crystal structure
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TABLE I. Experimental parameters for RCuBi, (R = Ce, Pr, Nd, Gd, Sm).

a(A) c(A) TvEK ) 0, (K)
CeCuBi, 4.555(4) 9.777(8) 16 2.5(1) ~—16
PrCuBi, 4.534(4) 9.770(8) 42 3.61(1) ~—5
NdCuBi, 4.524(4) 9.964(8) 3.4(1) ~—11
SmCuBi, 4.452(4) 9.653(8) 4.9
GdCuBi, 4.488(4) 9.694(8) 13.6 8.03(1) ~—36

and phase purity were determined by x-ray powder diffrac-
tion. These compounds crystallize in a tetragonal ZrCuSi,
structure and their lattice parameters are given in Table I.
Magnetic susceptibility measurements as function of the
temperature were carried out using a SQUID magnetometer
(Quantum Design MPMS5). Specific-heat measurements
were performed on a Quantum Design PPMS small-mass
calorimeter, and electrical resistivity was measured using a
low-frequency ac resistance bridge and four-contact
configuration.

lll. RESULTS AND DISCUSSION

Figure 1 presents the temperature dependence of the
magnetic susceptibility, for H=1 kOe within the tempera-
ture range of 2K <7 <300K along the c-axis, 7, and in the
ab-plane, y  , for the RCuBi, (R = Ce, Pr, Nd, Gd, Sm) com-
pounds. For R =Ce, Pr, Gd, and Sm, we found an antiferro-
magnetic ordering at Ty~ 16K, 4.2K, 13.6K, and 49K,
respectively. For R =Nd, we saw no evidence for a magnetic
phase transition down to T=2K. From Curie-Weiss linear
fits to ' poly-crystalline average (see inset of Fig. 1) in the
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FIG. 1. Temperature dependence of the magnetic susceptibility, for applied
field H along the c-axis, y (open symbols), and in the ab-plane, z, (solid
symbols), for RCuBi, (R = Ce, Pr, Nd, Gd, Sm) materials (a) for R = Ce, Pr,
and Gd and (b) for R =Nd and Sm.
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range of 150-300 K, we have extracted the Curie-Weiss tem-
perature (Ocy) and the effective magnetic moment (y,) for
all compounds, except for R =Sm, which are in agreement
with the theoretical values (see Table I). In the Sm-based
case, the high temperature magnetic anisotropy is probably
associated with CEF in both ground J=15/2 and excited
J=7/2 multiplet states of the Sm’" ion.'> As typical in
Sm-based materials, the high-T behaviour of the inverse of
magnetic susceptibility does not show a linear temperature
dependence due to a Van Vleck contribution (which compli-
cates the extraction of y,;and 0, from these data).'?

Figure 2 shows the magnetic contribution to the specific
heat divided by temperature in the temperature range of
2K =T=30K, for RCuBi, (R=Ce, Pr, Nd, Gd, Sm). To
obtain the magnetic contribution to the specific heat, the pho-
non contribution was subtracted from the original data using
the specific heat data of non-magnetic LaCuBi, compound.
The peak-like anomaly in C,,/T corresponding to the onset of
AFM order can be seen at Ty~ 16K, 4K, 13K, and 4.9K,
for CeCuBi,, PrCuBi,, GdCuBi,, and SmCuBi,, respec-
tively; for NdCuBi,, we saw no evidence for a magnetic
phase transition down to T =2K [Fig. 2]. The Néel tempera-
tures obtained from the specific heat data are in very good
agreement with the magnetic susceptibility data (see Figures
1(a) and 1(b)).

The T-dependence of the electrical resistivity measured
for RCuBi, (R=Ce, Pr, Nd, Gd, Sm) single crystals is
shown in Figure 3. The high temperature data show a metal-
lic behavior for these compounds. At low temperatures,
subtle features can be seen at the respective ordering temper-
atures for all compounds with exception of the NdCuBi,
compound which consistently shows no phase transition
downto T=2K.

In order to discuss the evolution of the magnetic proper-
ties of the RCuBi, (R =Ce, Pr, Nd, Gd, Sm) compounds, we
plot in Figure 4 the Ty values obtained for the studied
compounds along the R-earth series, normalized by its value
for GdCuBi, (Ty=13.6K), where we used Ty <2K for
NdCuBi, for completeness.

The solid lines in Fig. 4 are the de Gennes factor
(g7 — 1)(J(J + 1)) for ground state multiplet J through the
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FIG. 2. The magnetic contribution to the specific heat data divided by tem-
perature in the temperature range 2K < T < 30K for RCuBi, (R=Ce, Pr,
Nd, Gd, Sm).
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FIG. 3. Temperature dependence of the electrical resistivity for RCuBi,

(R=Ce, Pr, Nd, Gd, Sm) single-crystals. The solid arrows point out the
Néel Temperatures for the compounds
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FIG. 4. Ty values normalized to the Ty of GdCuBi, and plotted through the
rare-earth series for the RCuBi, (R =Ce, Pr, Nd, Gd, Sm) compounds. The
solid line is the de Gennes factor [(g7 — 1)(J(J + 1))] for ground-state
multiplet J of the rare earths normalized by its value for GdCuBi,.

rare-earths. If one normalizes the de Gennes line to the
GdCuBi, Ty value, the Sm-based Ty value sits reasonably
on the line but the Ty values for the R =Ce, Pr, and Nd do
not follow a de Gennes scaling. In fact, the upper limit
Ty < 2K for the R =Nd compound is below de Gennes line,
while the actual values Ty for R =Ce and Pr are drastically
above de Gennes lines.

De Gennes scalingl(’ does not take into account CEF,
Kondo effects and/or spatial dependence, and anisotropic
effects in the effective exchange parameter. Some of these
effects are expected to be present in the RCuBi, series.
Therefore, it is not a surprise that the Ty values for complex
rare-earth series in low-symmetry structure. In fact, it has
been shown for R, Mlns,,,,» M =Rh, Ir, and Co; m=1, 2)
complex classes of intermetallic compounds that the tetrago-
nal CEF parameters strongly affects the RKKY interaction
dominantly and determines the direction of the ordered
moments and the behavior of the ordering temperature for
these series.” 7!

The particular case where the l-ordered moments lie in
along the c-axis Ty can be enhanced by tuning the CEF
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parameters.” >'""'® This is certainly the case of CeCuBi,, for
which x-ray resonant diffraction data revealed an commen-
surate antiferromagnetic structure with propagation vector

(110) and the Ce moments oriented along the c-axis."

As such, further investigation and direct determination of
the tetragonal CEF parameters along these series is in pro-
gress and it will be valuable to confirm the CEF effects in the

antiferromagnetic interaction within the and RCuBi, series.

IV. CONCLUSIONS

In conclusion, we report the evolution of the magnetic
properties along the series of intermetallic compounds
RCuBi, (R =Ce, Pr, Nd, Gd, Sm). Enlightened by our mac-
roscopic measurements, we found a dramatic breakdown of
the De Gennes scaling in this series. We interpreted data sug-
gesting a CEF include entrancement with T for R = Ce and
Pr compounds.
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