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ARTICLE INFO ABSTRACT

We report the low temperature magnetic properties of Cd-doped single crystals of Ce;RhIng grown from

PACS: In-flux. Measurements of temperature-dependent magnetic susceptibility, heat capacity, electrical
71.20.Lp resistivity and X-ray magnetic scattering revealed that Cd-doping enhances the antiferromagnetic
71.27.+a ordering temperature from Ty = 2.8 to 4.8K for crystals with nominal Cd-concentration of ~20%.
75.25.4z Similarly to the pure compound, Cd-doped Ce,Rhing presents just below Ty a commensurate
75.50.Ee antiferromagnetic structure with a propagation vector 7j = (,4,0). Comparisons between our results
and the general effects of Cd-doping on the single layer related family CeMIns (M = Co, Rh and Ir) will
Keywords: also be given.
Heavy fermions © 2009 Elsevier B.V. All rights reserved.
Ce,Rhing

X-ray magnetic scattering (XRMS)

1. Introduction

Superconducting heavy fermion materials belong to a class of
correlated electron system where unconventional superconduc-
tivity (USC) is believed to be mediated by magnetic fluctuations
[1,2]. The Ce;,MIns, > (M = Co,Rh,Ir; n = 1,2) series represents
one of the most recently investigated family of this class of
compounds. This family is a tetragonal variant of Celns because its
structure can be viewed as being composed of n layers of Celns
alternating with layers of MiIn; [3,4].

The n = 1 member of the family, CeMIns (1 — 1 — 5) was largely
studied, and particularly, the investigations using many types of
chemical substitutions gave rise to very rich phase diagrams that
have allowed a deeper understanding of the interplay between
antiferromagnetism (AFM) and USC and its relationship with
dimensionality and crystal structures [5-10]. For example, the
systematic substitution of Rh by Co and Ir in CeRhIns have
revealed a rich phase diagram with large regions of coexistence
between antiferromagnetism and superconductivity [6,11]. In
addition, studies concerning La-dilution on the Ce-sites in CeRhlIns
described the evolution of the magnetic state as a function of La-
doping (Ty decreases linearly with doping) [6,12]. Finally, more
interesting and perturbative doping studies can be found in the

* Corresponding author.
E-mail address: cadriano@ifi.unicamp.br (C. Adriano).

0921-4526/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2009.07.030

reports on in-block doping samples where the In atoms are
replaced by Sn or Cd. The Sn substitution [8,10,13,14] in the
CeMIns (M = Co,Rh) materials has shown suppression of super-
conductivity in CeColns_4Sny or antiferromagnetism in
CeRhIns_,Sny, while the Cd substitution [9,15,16] in CeColns,
drives the superconducting phase to an antiferromagnetic ground
state. In particular, the nuclear magnetic resonance (NMR) studies
[16] on Cd-doping CeColns suggested that Cd-doping induces
antiferromagnetic droplets inside the superconducting phase
through an electronically tuning in Ce-sites which suppresses
superconductivity locally. The scenario of local tuning seems also
to be consistent with the existence of a zero resistance transition
in the absence of bulk superconductivity in CeRhIns_,Sn, under
pressure, where in this case, the Sn is believed to induce
superconductivity locally [8]. However, the microscopic mechan-
isms of this electronic tuning of the ground state induced by Cd-
and Sn-doping are unclear and there is no definite conclusion
about how these dopants affect the single ion anisotropy and the
relative magnetic interaction of the neighboring Ce>* ions. To help
answer these questions it would be very elucidative to extent
these kind of doping studies to other members of the Ce,MIns,
(M = Co,Rh,Ir; n = 1, 2) series. An interesting candidate is the n =
2 member of the family with M = Rh, Ce,RhIng which is the by-
layer relative of CeRhIns. Ce,RhIng orders in a commensurate AFM
structure at 2.8 K with the propagation vector #f = (1,1,0)[17] and
it also becomes a superconductor under pressure. Despite of the
interesting properties of the Ce,MIng (M = Rh, Ir, Co) family and
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its interesting structural relationship to the CeMIns, the doping
studies in the Ce;MIng were not investigated in great detail [18].
In this article, we present the low temperature physical properties
and a preliminary study of the magnetic structure on a
Ce,RhIng_,Cdy sample with 20% Cd (nominal).

2. Experiment

Single crystalline samples of Ce;Rhing doped with Cd with a
nominal concentration of 20% were grown from Indium flux
[19,20]. The nominal concentration in this case is defined by the
Cd/In ratio used in the growth. The tetragonal (P4/mmm)
structure and unit cell parameters a=4.662(5)A and c=
12.24(5) A was determined by X-ray powder diffraction. Within
the studied range of concentration, no changes in the lattice
parameters were found for the Cd-doped samples. Magnetization
measurements were performed using a commercial supercon-
ducting quantum interference device (SQUID). Specific heat and
electrical resistivity experiments were performed in a commercial
physical properties measurement system (PPMS). The specific-
heat set up uses a small mass calorimeter that employs a quasi-
adiabatic thermal relaxation technique, while the electrical
resistivity was measured using a low-frequency ac resistance
bridge and four-contact configuration. The samples were previous
screened and found to be free of surface contamination by
residual In flux. For the X-ray magnetic scattering (XMRS)
experiments, a selected crystal was extracted and prepared with
polished (001) flat surface, and sizes of approximately
4mm x 3mm x 2mm. The preferred crystal growth direction of
this compound is columnar along the [001] direction and the
(001) facet is relatively large. The mosaic spread of the sample
was found to be <0.04" by a rocking curve (6 scan) on a four-circle
diffractometer. XRMS studies were performed at the ID-20
beamline at the European synchrotron radiation facility (ESRF).
The ID-20 X-ray source is a linear undulator with a 32 mm period.
The main optical components are a double Si(111) crystal
monochromator with sagital focusing and two meridional focus-
ing mirrors on either side of the monochromator. The sample was
mounted on a cryostate (with a base temperature of 1.7 K using a
Joule-Thomson stage), installed on a vertical HUBER four-circle
diffractometer, with the a-axis parallel to the beam direction. This
configuration allowed o-polarized incident photons in the
sample. During the measurements we have performed a polariza-
tion analysis, using LiF(2 2 0) crystal analyzer, appropriate for the
energy of Cel, absorption edge.

3. Results and discussions

Fig. 1 shows the temperature dependence of the magnetic
susceptibility measured for a magnetic field H = 1kOe applied
parallel y (circles), and perpendicular y, (squares) to the c-axis
for the pure (closed symbols) and Cd-doped (open symbols)
Ce,RhlIng single crystals. The dashed-dot line shows the inverse of
the polycrystalline average of the magnetic susceptibility data
taken as y,qy = () +2x,)/3 for the doped sample. The inset in
Fig. 1 shows in detail susceptibility as a function of the
temperature in the low-T region. The results show
antiferromagnetic order for Ty<4.8K with an easy axis along
the c-axis, in agreement to what was found for the compounds in
the In-based RnMylnsy, o, (M =Co, Rh or Ir, m=1, 2) series
except for R = Gd [21-25]. The ratio y, /y, taken at Ty is mainly
determined by the tetragonal CEF and it reflects to some extent
the CEF anisotropy. Fits from the inverse of ), (T) for T>150K
using a Curie-Weiss law yields an effective magnetic moment
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Fig. 1. Temperature dependence of the magnetic susceptibility for pure (close
symbols) and Cd-doped (open symbols) Ce;Rhing, for field H = 1kOe applied
parallel y, (circles) and perpendicular y, (squares) to the c-axis. The temperature
dependence of the susceptibility inverse of the polycrystalline average is
represented in the right axis (dashed-dot line). The inset shows the detailed Cd-
doped susceptibility for low temperatures.

Ue = 2.2(1)ug and a paramagnetic Curie-Weiss temperature
0, = —10(H K.

The temperature dependence of the specific heat divided by
temperature for pure (closed circles) and Cd-doped (open circles)
CeyRhiIng are plotted in Fig. 2(a). The Néel temperature obtained
from the peak at the magnetic specific-heat data is in good
agreement with the temperatures where the maximum in the
magnetic susceptibility occurs (Fig. 1). We can observe the
evolution of the Néel temperature from 2.8 K for pure sample to
4.8 K for Cd-doped sample showing that Cd-doping is enhanced
the AFM character of this compound. The increasing of Ty as a
function of Cd-doping was also found for Cd-doped CeRhIns [9],
which was interpreted to be a result of a local decrease of the
electronic density of state that favors the antiferromagnetism. The
fact the Cd-doping causes the same effect in Ce,RhIng, which is
also a heavy fermion antiferromagnet that becomes
superconducting under pressure gives more support to the that
argument.

The temperature dependence of the electrical resistivity for the
doped compound is plotted in Fig. 2(b). The room-temperature
value of the electrical resistivity is about 170 uQ cm and the high-
temperature data show a weak metallic behavior for this
compound. Decreasing the temperature down to 150K the
resistivity increases reaching a maximum close to 10K and then
decreases at lower temperatures showing a clear kink around
Ty ~ 4.8 K (inset of Fig. 2(b)). The residual resistivity of the single
crystals of Cd-doped Ce,Rhling is roughly two orders of magnitude
larger than the residual resistivity of the CeMIns (M = Co, Rh, Ir)
compounds. This behavior suggests a large disorder in the
2 — 1 — 8 materials compared to that in the 1 — 1 — 5.

The microscopic low-temperature magnetism of the Cd-doped
Ce,Rhing with 20% of nominal concentration was further
investigated by XRMS. Temperature-dependent magnetic peaks
were observed in the dipolar resonant condition at temperatures
below Ty = 4.8 K at reciprocal lattice points forbidden for charge
scattering and consistent with an antiferromagnetic structure
with propagation vector (1, 1, 0). This result is the same found by
Wey et al. [17] for the pure compound, showing that Cd-doping is
not changing the propagation vector. This indicates that although
the Cd-doping enhances the magnitude of the average magnetic
exchange between neighboring Ce®* ions it does not affect the
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Fig. 2. (a) Specific-heat data divided by temperature as a function of temperature
for pure (close circles) and Cd-doped (open circles) Ce,Rhing. (b) Temperature
dependence of the electrical resistivity for Cd-doped sample. The current has been
applied parallel to the ab plane. The inset in (b) point out a kink at the Néel
temperature for this compound.

sign of the relative magnetic interaction (and spin orientation)
between them.

In the case of Cd-doped CeColns [15], the magnetic structure
was found to be commensurate with a propagation vector (,3,1)
in contrast to the incommensurate antiferromagnetic ordering
(.1.0) observed in the related compound CeRhIns. However, in
this case the comparison is not direct because CeRhiIns is a
different compound and the pure CeColns does not orders
magnetically.

The energy line shape curve for the polarization channel c—m’
of the (,1,9) diffraction peak at the L, absorption edge of Ce at
T = 2K is shown in Fig. 3.

The energy scan curve in Fig. 3 has a maximum at 6.164 keV
which is the value of the L, absorption edge of Ce, this behavior
revealing the electric dipolar character (E1) of this transition (from
2p to 5d states). The polarization analysis were performed to
unambiguously confirm the magnetic origin of the superstructure
peaks. For the experimental configuration used (incident o-
polarization), E1 transitions rotate the plane of polarization into
the scattering plane (7m-polarization). Our data in Fig. 3 reveals a
strong enhancement of the scattered intensities at the c—m’
channel and no enhancement at the c—o’ channel (not showed)
for the same energy range.

These results confirm the magnetic origin of the (%,%,l)
reflections due to the existence of an antiferromagnetic structure
doubled in the basal plane. Fig. 4 shows the rocking curve
obtained at (},1,9) taken at 2K in resonance mode at c—m
polarization channel. We performed the scan at the same position
to the 6—o’ polarization channel and no signal was observed. The
peak of Fig. 4 was fitted using a squared Lorentzian curve showed
in the graph (continuous line), the parameters obtained give us
the integrated intensity and the full width half maximum
(FWHM). The value of the FWHM was found to be 0.05
showing the good quality of the single crystal, and the
integrated intensity can be used to determine the magnetic
structure of the sample. Rocking scans at the (%,%,l) direction
were made to yield the study of the magnetic structure.
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Fig. 3. Energy lineshape of the (, 1,9) magnetic peak at T=2K for c—m
polarization channel at the L, absorption edge of Ce. The line is just a guide to the
eyes.
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Fig. 4. Rocking scan through magnetic peak (1, 1, 9) at 2K and 6164 eV for -1’
polarization channel at the L, absorption edge of Ce. The line is the best fit
obtained with a squared Lorentzian curve.

Finally, an important piece of information regarding the
determination of a magnetic structure is the orientation of the
magnetic ordered moment with respect to the crystal lattice.
While the magnetic wave vector gives the relative orientation
between the neighboring spins, the direction of moment gives
information about the magnetic anisotropy (e.g. CEF effects) of the
ordered spins.

In principle, fits to the integrated intensities of all magnetic
peaks can be used to determine the magnetic moment direction
[23,26-29]. However, in some cases the number and intensity of
the measured magnetic peaks is not enough to unambiguously
determine the direction of moment. For instance, the direction of
the magnetic moment for Cd-doped CeColns were not resolved
[15]. Careful and complete analysis of the magnetic peaks
integrated intensity for Cd-doped Ce,RhIng are in progress and
the definite conclusion will be published elsewhere along with
further experiments in samples with different Cd-concentrations.
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4. Conclusions

In summary, we report the physical properties of a Cd-doped
Ce,RhiIng sample with nominal concentration of 20% of Cd. The
results of the susceptibility, heat-capacity and resistivity as a
function of temperature revealed an enhancement of the Néel
temperature from 2.8 K for pure compound to 4.8 K for Cd-doped
sample. This result confirms the trend observed for the 1 —1 -5
compounds that the Cd-doping favors the AFM ordering in these
series. The XRMS experiments show that Cd-doped Ce,Rhing has a
commensurate magnetic order with propagation vector 7j =
(.1,0) similar to the pure compound, indicating that the Cd-
doping does not alter the sign of the relative magnetic interaction
between the neighboring Ce spins, although it increases the
magnitude of the average magnetic interaction between them.
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