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Abstract

The evolution of the crystal structure and some magnetic properties of the heavy fermion
material CeCue.,Sn, (x = 0, 0.25, 0.65, 0.75, 0.85 and 1.0) has been studied by powder neutron
diffraction and by specific heat measurements. The substitution of Cu by Sn suppresses the
temperature induced orthorhombic to monoclinic transition, known to occur in the pure CeCug
phase. No structural phase transition has been observed in these samples as a function of x but the
cell volume increases considerably in an anisotropic way. Sn occupies preferentially the special Cu
crystallographic site which is next to each of the four Ce atoms in the unit cell. The transition to
antiferromagnetic order, characterising the samples with higher x, is sensitive to both x and
magnetic field. The results are discussed in the context of the competition between Kondo and
RKKY interactions in disordered or not heavy-fermion systems and reveal an interesting interplay
between composition, structure and magnetism in CeCug.,Sn,.
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1. Introduction

CeCug is a well-known heavy-fermion material characterised by an exceptionally high
electronic contribution (7) to the specific heat of about 1.6 J/mol K* for single crystals at 7= 0 K
(ref. 1) and Fermi liquid behaviour. Since its discovery in 1984 (ref. 1) it has been extensively
investigated; especially its physical properties were probed down to 250 K. The material does not
superconduct but below 1.5 K it exhibits temperature independent magnetic correlations (ref. 2) and
it orders antiferromagnetically at 2 mK (ref. 3). CeCug is characterised by a rather unusual for a
heavy-fermion material, structural phase transition from an orthorhombic crystal structure (space
group Pnma) at room temperature (RT) to a monoclinic structure (s. g. P2;/c) at around 230 K with
a monoclinic angle of =~ 91.58° (ref. 4, 5, 6). Since such transition was also found in the non-
magnetic analogue LaCug at much higher though temperature (around 490 K) (ref. 6), it was
concluded that electronic effects involving the 4f electrons are not responsible for the structural
phase transition, i.e. the lattice degrees of freedom are not related to the heavy-fermion properties of
CeCug.

Interestingly, Au-doped CeCug exhibits different behaviour from its parent compound. Since
the Au atoms are larger than the Cu ions, the crystalline lattice expands and therefore substitution of
Cu by Au in CeCug is equivalent to negative chemical pressure on the lattice. The system CeCus.
«Au, exhibits long-range antiferromagnetic order at x.<x<1, where x. = 0.1, below Néel temperature,
Tx, ranging from ~ 0 K (for x, = 0.1) to 2.3 K (for x = 1) (ref. 7). Especially the material
CeCusoAuy; has been extensively investigated over the past twenty years because, while it is
metallic, it exhibits non-Fermi liquid properties: linear resistivity between 0.2 and 0.8 K,
logarithmic specific heat between 0.08 and 1 K and power-law susceptibility between 0.08 and 3 K
(ref. 8). Generally (as indeed has been observed for CeCug.Auy), such non-Fermi liquid regime is
related to a quantum critical point, i.e. to a 2™ order phase transition typically from paramagnetism
to antiferromagnetism at around 7= 0 K as a function of a control parameter such as composition,

pressure or magnetic field. Among the most common factors that are currently considered to



influence the appearance of such non-Fermi liquid behaviour are disorder, magnetic anisotropy,
strong Kondo screening. Interestingly, in the case of CeCug.,Au,, it was found (ref. 9) that the
structural distortion (discussed previously for the parent compound CeCug) competes with
antiferromagnetism, i.e. the structural distortion and the long-range antiferromagnetic order
disappear at exactly the same critical concentration x, = 0.13 where non-Fermi liquid behaviour was
observed. This observation strongly suggests that the lattice distortion and the concomitant
structural fluctuations at x. = 0.13, which are a source of disorder, are also a source of the non-
Fermi liquid behaviour of the CeCusgAuy ;. Signatures of such non-Fermi liquid behaviour are
found at the temperature dependence of magnetic susceptibility, resistivity and specific heat of
heavy-fermion materials. Considerably fewer experimental data exist on the temperature
dependence of the thermoelectric coefficients (thermopower, Nerst coefficient) of non-Fermi liquid
systems. A few available results reveal unexpectedly enhanced or reduced thermoelectric
coefficients. Therefore, the relationship between non-Fermi liquid behaviour, disorder (including
lattice distortions and concomitant structural fluctuations) and enhanced or not thermoelectric
properties is currently an open question in the physics of heavy-electron materials. The line of
research presented here has been conceived as a step in this direction.

Recently, substitution of Cu by Sn has been found to significantly reduce the thermopower
of CeCug (ref. 10). Moreover, a crossover from Kondo lattice to antiferromagnetic ordering has
been reported to take place in CeCug.Sn, (ref. 10). The phases CeCus2sSng7s and CeCusSn order
antiferromagnetically at 7y = 4 K and 10 K respectively. In order to investigate whether the
interplay between structural and magnetic degrees of freedom (discussed above for Au-doped
CeCug) is a generic characteristic of doped-CeCug and gain insight on the factors that are important
for its low-temperature transport, magnetic and thermoelectric properties, we investigated the
phases CeCus.Sn, for x = 0, 0.25, 0.65, 0.75, 0.85 and 1. Following the earlier report on the
properties of CeCue.,Sn, phases (ref. 10), we present here an investigation combining a structural

analysis by powder neutron diffraction with specific heat measurements. We mostly focus our study



to the samples with high Sn-content where an antiferromagnetic order has been reported to take

place.

2. Experimental

2a. Sample preparation

The samples were prepared by melting the starting metals (cerium 99.8%, electrolytic
copper 99.99% and tin 99.99%) in an electric arc furnace. The nominal composition of the CeCus.
Sn, samples was: x = 0, 0.25, 0.65, 0.75, 0.85 and 1.0. The obtained materials were annealed at
500°C for 720 h in vacuum. The quality of the samples was checked using conventional powder X-

ray diffraction.

2b Powder neutron diffraction

The powder neutron diffraction experiments were performed on the D1B instrument (CRG)
(ref. 11) at the Institut Laue Langevin (ILL), Grenoble (France). During the neutron diffraction
measurements, a cylindrical vanadium sample holder of 6 mm inner diameter was used. The
diffraction patterns were recorded over an angular range 26 of 80° using a multidetector with a step
of 0.2° between each of the 400 *He detection cells. The neutron wavelength was A = 2.52 A
selected by the (002) Bragg reflection of a pyrolitic graphite monochromator with take off angle of
260=44.2°. The measurements were carried out in the temperature range 10 to 300 K with a step of
7 K using the orange ILL cryostat. For the refinement of the data collected on D1B, a small angular
region around 26 = 72°, containing a peak originating from the vanadium tail of the cryostat, was
excluded.

The data were analysed by the Rietveld structure refinement program FULLPROF (ref. 12).

The agreement factors used in this article are defined as y* = Ry, / Rexp, Rexp = [(N-P+C)/Zi w; y,-z]l/2



and Ry, = {Z; w; (Vi-ye)? Zi wi yi*} 12 where y;and y,; are the observed and calculated counts at the ih
step of the pattern respectively and w; is the weights of the observations. N-P+C is the number of
degrees of freedom (N is the number of points in the pattern, P the number of refined parameters
and C the number of constraint functions). The Bragg agreement factor is defined as Rg = Xy [[j-1.4| /
>k |l where I and I are the observed and the calculated integrated nuclear intensity at the K"
reflection respectively. Guidelines of the Rietveld refinement can be found elsewhere (ref. 13). The
neutron scattering lengths used were bc. = 0.484 10 m, bg, = 0.6225 10" m and b, = 0.7718 10°

14
m, values taken from reference 14.

2c. Specific heat measurements

The specific heat of the CeCug.,Sn, (x = 0, 0.25, 0.65, 0.75, 0.85 and 1.0) samples was
measured using the Physical Property Measurement System (PPMS-14, Quantum Design), installed
at DCMP, Charles University, Prague (Czech Republic). The relaxation 2-7 fitting method was used
for the measurement. The experiment was performed in the temperature range 0.35 to 40 K and in
magnetic fields up to 10 T. The mass of the samples was in the range of 1 to 5 mg. The He-3 option

(QD) was installed to reach temperatures down to 350 mK.

3. Results and discussion

3a. Crystal structure

The existence of the series RCusSn (R = La, Ce, Pr, Nd and Sm) has been first reported by
Skolozdra and co-workers (ref. 15) and independently by Fornasini et al. (ref. 16). According to
Skolozdra, the compounds RCusSn adopt the CeCug type-structure (ref. 17) but without forming a
complete solid solution between RCug and RCusSn. Conventional powder X-ray diffraction of the

CeCug..Sn, (x = 0, 0.25, 0.65, 0.75, 0.85 and 1) compounds investigated here, revealed only traces



of elemental Sn in the samples with higher Sn content and only traces of CeO, in the CeCug sample.
The CeCug.,Sn, compounds are found to crystallize in the orthorhombic symmetry adopting the
Pnma space group similarly to the CeCusAu compound (ref. 18).

The lattice parameters deduced from the refinement of the neutron diffraction data of the
CeCug.Sn, (x =0, 0.25, 0.65. 0.75, 0.85, 1) compounds are summarized in Table I. As can be seen
from this table, the lattice expands with the substitution of Cu by Sn, which indicates that the
substitution is equivalent to negative chemical pressure on the lattice. The composition x
dependencies of the lattice parameters a, b and ¢ and of the volume V are given in Figure 1. The b
lattice parameter is almost insensitive to the substitution of Cu by Sn in the CeCug.Sn, structure.
On the contrary, both lattice parameters @ and ¢ increase continuously with x; ¢ being by far the
most sensitive to the Sn concentration.

We now focus on the crystal structure of the compounds CeCus 5Sng 75 and CeCusSn which
are representative phases in the area of high Sn content, where antiferromagnetic order at low
temperatures has been reported (ref. 10). Their crystal structure was investigated in detail above
their corresponding Néel temperatures in order to determine the exact site occupancy of Sn in the
structure and its influence to the other structural parameters and to compare it with the structure of
the parent compound CeCugs. An example of the Rietveld refinement fit is given in Figure II for
CeCusos5Sng 75 at 5 K. The structural results of the Rietveld refinement of the neutron diffraction
data are summarized in Tables II and III for the CeCus,sSng7s and CeCusSn respectively. It is
unambiguously deduced from the refinements that the Sn atoms exhibit a strong preference for the
Cu 4c site of the CeCug structure. Such preference for the 4c¢ site confirms earlier reported results
obtained by X-ray diffraction investigations (ref. 15, 16). This atomic position is the site with the
highest coordination number: 14 atoms. Unlike the other Cu sites which are surrounded by 12 to 13
near neighbour atoms (3 of which are Ce atoms), the site filled by Sn is surrounded by 14 near
neighbours: 10 Cu and 4 Ce atoms. Consequently, the occupation of this site by Sn maximizes the

number of Ce-Sn bonds. Furthermore, it is worth to recall that both Sn atoms (like Au) are larger



than copper; this size difference may favour such preferential substitution scheme. In order to test
this assumption, a calculation of the atomic cell volume of the CeCug type structure has been
carried out. The Wigner-Seitz (W.S.) atomic cell volume of the Voronoi-Dirichlet polyhedron
around an atomic site has been calculated as described elsewhere (ref. 19-22). The metallic atomic
radii used are the following: rc, = 1.28 A, rs, = 1.60 A, rc. = 1.846 A according to the calculations
of reference 23. The available atomic cell volume calculated for each atomic site is summarized in
Table III for CeCusSn. It is clear that the position preferentially occupied by Sn atoms is the one
exhibiting the larger volume, thus favouring the accommodation of large atoms such as Sn or Au.
Similar calculations on the pure CeCus compounds confirm that the position preferred by Sn
exhibits the larger W.S. atomic cell volume: 13.7A° against only 12.4 A® and about 12 A® for the
Cu_8d and the two other Cu_4c site respectively. Upon substituting Sn for Cu, both the expansion
of the unit cell as well as the evolution of the coordinates of the atomic positions permit to
accommodate the large Sn atom in the CeCug type crystal structure. Indeed, all atoms of CeCug_Sn,
are in general positions of the Pnma space group and therefore the coordinates of the atomic
positions are allowed to change. Thus, for the end-member CeCusSn the volume available for the
Sn site reaches 20.79 A°.

We now turn to the temperature dependence of the crystal structure of the compounds
CeCus2sSng 75 and CeCusSn. Our Rietveld refinements of the powder neutron diffraction data,
collected in the temperature range from 4 to 300 K, demonstrate the absence of any structural phase
transition for the investigated compositions. Similar behaviour was previously observed for the
CeCug.Au, materials with x>0.13 (ref. 24, 25). Therefore, the substitution of Cu by Sn suppresses
the orthorhombic to monoclinic transition, known to occur in the pure CeCus phase and in the
CeCug.cAu, phases with x<0.13 (ref. 24, 25). The temperature dependence of the lattice parameters
below RT is plotted in Figure III for x = 1. As expected, the increase of the temperature from 4 to
300 K leads to an expansion of the unit cell volume of a bit more than 5 A* for CeCusSn. It is worth

to note that no anomalous behaviour is observed in this thermal evolution, thus confirming the



absence of any structural phase transition within this temperature range. The thermal expansion of
the lattice parameters a and c is very similar, i.e. they both expand of about 0.035 A upon increasing
the temperature from 5 K to RT. The increase of the b parameter is significantly smaller and reaches
0.022 A. It is worth to mention that in spite of the similar thermal expansion of @ and ¢, observed in
Figure III, given that c is much larger than a (about 10 A and 8 A respectively), the expansion of the
cell is larger in a direction relatively to ¢ direction. Indeed, an increase of 0.42%, 0.43% and 0.33%
is observed for a, b and ¢ respectively. This observation demonstrates that the temperature induced

expansion of the unit cell, involves all the lattice parameters and it is not isotropic.

3b. Specific heat measurements

The specific heat C, of CeCug.Sn, (x = 0, 0.25, 0.65, 0.75, 0.85, 1) has been measured at
zero magnetic field down to temperature of 0.4 K. The specific heat of CeCus, plotted as C,/T
versus 7° (Fig. IV), exhibits a rapid increase of C,/T below = 7 K which is quite typical of many
heavy-fermion materials and is in agreement with the previous studies of CeCus (see for example
ref. 1). The sample having low Sn content x = 0.25 exhibits an enhancement of the C,/T value (Fig.
V) at low temperatures compared to CeCus. Such behaviour can be suppressed by applying a
magnetic field. A linear fit of the low-temperature data C,/T versus T* data of CeCug and
CeCus 758005 and extrapolation of the C,/T value down to 0 K leads to a y value of about 2.550(73)
J/mole K? for CeCus 75Sng 55 that is clearly enhanced compared to ¥~ 1.386(7) J/mole K? obtained
here for the reference polycrystalline compound CeCus and to ¥~ 1.6 J/mole K* obtained from the
literature for the reference single crystalline compound CeCus.

Figure VI shows the zero-field evolution of C, as a function of 7 in the temperature range
0.4 — 20 K of the series CeCug.,Sn, (x = 0, 0.65, 0.75, 0.85, 1). For higher Sn concentration x =
0.65, 0.75, 0.85 and 1 an anomaly of C,/T appears, revealing the occurrence of a magnetic order in
these compounds, which has been already observed by magnetic susceptibility measurements at

earlier studies (ref. 10). We now focus on the broad peak of the C,/T versus T curve observed at 7.



This peak is more broad for x = 0.65 and less broad for 0.85. Samples with x = 0.65, 0.75, 0.85 and
1 present magnetic order at 7y = 3.5, 3.7, 4.0 and 4.2 K, respectively. This reveals an increase of the
antiferromagnetic ordering temperature 7n with the increase of the Sn content. Long-range
antiferromagnetic order has also been reported to occur in the CeCug. Au, compounds for 0.1<x<1
as mentioned in the introduction.

In order to further understand the nature of the strong electron-electron interactions in doped
CeCus in general and in CeCug.,Sn, in particular, we investigated the influence of an applied
magnetic field on the specific heat of CeCus..Sn, samples with high Sn content. The results are
plotted in Figures VII, VIII and IX for x = 0.65; 0.75; and 1 respectively. There is a clear decrease
of the specific heat at 7y caused by the applied magnetic field. This effect is even more pronounced
for CeCug.Sn, with x = 0.65 since at 10 T the broad peak at Ty is almost suppressed, whereas the
sensitivity to the applied magnetic field of the compounds CeCus..Sn, with x = 0.75 and 1 is much
weaker. These results reveal that the higher the Sn content in CeCug.,Sn,, the weaker the sensitivity
of G, to an applied magnetic field. In other words, in an oversimplified picture where disorder is
considered to be the same for all samples, the higher the Sn content, the higher has to be the applied
magnetic field in order to suppress the magnetic transition.

The evolution of magnetism of CeCus.,Sn, as a function of x and/or the applied magnetic
field is a result of a delicate balance between various competing interactions which involve its very
basic physics, energy scales and crystal chemistry. In an ordered material such as CeCug¢ or
CeCusSn, the exchange interaction J (which couples the local spins to the conduction electrons) and
the density of conduction electrons at the Fermi level influence both the Kondo temperature, 7k,
below which compensation of the local moments by the cloud of conduction electrons occurs, and
the Ruderman-Kittel-Kasuya-Yosida (RKKY) temperature, 7rkky, which characterizes the
moment-moment interaction in the material. Consequently, in CeCug and in CeCusSn the exchange
interaction J and the density of conduction electrons control the obvious competition between the

single-site Kondo screening and inter-site RKKY spin coupling, i.e. between the low-temperature
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compensated state and the magnetically ordered state of the uncompensated moments. This
competition is quite complex because the two energy scales 7x and Tgrkky have different
dependences not only on the density of conduction electrons at the Fermi level but also on| J| : Tk
depends exponentially on | J| and Trxky changes as | J 1% We note that Tx = (1/N(EF))exp(-
1/N(Er)J) and Trixy = -J° N(Er), where N(Eg) is the density of the electrons at the Fermi level.
Turning now to CeCug.,Sn,, it is instructive to recall (cf. Section 3a) that the substitution of Cu by
Sn in CeCug takes place at a special Cu site which is next to each of the four Ce atoms in the unit
cell, maximizing in this way the number of Ce-Sn bonds. Such substitution and the resulting
structural changes modify the exchange parameter | J|, change the density of conduction electrons
and introduce disorder. In the CeCue.,Sn, phases where disorder effects are quite pronounced, the
competition between Kondo screening and RKKY interaction is very complex. It has been
demonstrated by several theoretical and experimental studies on a wide variety of heavy-fermion
systems that modest disorder leads to modest variations of J which, because it is amplified
exponentially, can lead to wide distributions of 7x and thus to dramatic changes of the low-
temperature properties of the heavy-fermion material. We believe that, given that the electronic
state of Ce does not vary much because of the substitution of Cu by Sn (ref. 10), the evolution of
magnetism as a function of x in CeCug.,Sn, and its sensitivity or not to the applied magnetic field
results from the complex competition between Kondo and RKKY interactions. This competition is
influenced by the changes of | J| (which in turn are caused by the variations of the interatomic
distances, the type of first neighbours of Ce and the disorder) and by the variations of the density of

the conduction electrons in the alloyed samples.

3. Concluding remarks

CeCug.,Sn, is an interesting system to investigate the competition between the two basic

types of interactions in heavy-fermion systems, the Kondo and RKKY interaction. Our study,
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focused mostly on the highly doped samples (where antiferromagnetic order takes place), revealed
that no structural phase transition occurs in these samples as a function of x or temperature.
However, the substitution of Cu by Sn increases considerably the cell volume (because the Sn atom
is bigger than Cu), provides higher concentration of conduction electrons (because Sn has more
valence electrons than Cu), and modifies the local structure and chemistry around the Ce atoms
(since Sn occupies preferentially the special Cu site which is next to each of the four Ce atoms in
the unit cell). The result of these three effects is the progressive dominance of the RKKY
interaction over the Kondo interaction and thus the establishment of a long-range antiferromagnetic
order of the uncompensated moments. This order is most robust in the ordered material CeCusSn
and therefore higher magnetic fields are required to suppress the magnetic transition.

While further experiments on the crystal/magnetic structure and on the physical properties
as well as band structure calculations would be valuable to establish an accurate Doniach’s phase
diagram of 7 vs x of CeCus.Sn,, the present results unravelled a very interesting structural
chemistry behind the physics of this system and a remarkable interplay between its composition,
structure and magnetism. Whether this interplay can be further tuned by control parameters like

pressure or higher magnetic fields remains an open interesting question.
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X a (A) b (A) c(A) V(A%
0 8.117(1) 5.106 (7) 10.182 (2) 422.0
0.25 8.218 (1) 5.079 (2) 10.281 (1) 429.2
0.65 8.330 (1) 5.067 (1) 10.551 (2) 445 .4
0.75 8.319 (2) 5.073 (2) 10.520 (3) 444
0.85 8.328 (1) 5.069 (1) 10.595 (1) 4472
1 8.323 (1) 5.064 (1) 10.597 (1) 447.6
1.2 (ref. 15) 8.342 (1) 5.067 () 10.651 (10) 450.2

Table I: Lattice parameters of the CeCus..Sn, compounds at RT.

Atom site | x v z Occupancy
Ce 4c 10.230(3) |0.25 0.561(2) |1
Cul 8d 0.0685 (9) [0.4976 (22)|0.3078 (8) |1
Cu2 4c 0.0513 (18)0.25 0.1059 (16) | 1
Cu3 4c 0.3105 (20)|0.25 0.2466 (12) |1
Cu4 4c 0.4137(20)|0.25 0.0213 (13)| 1
Sn5/Cu5 |4c |0.1416 (19)[0.25 0.8660 (15){0.70/0.30(7)

Table II: Structural parameters of CeCus,sSng7s deduced from the refinement of the neutron
powder diffraction data collected at 5 K. The standard deviations are given in parenthesis. Space
group: Pnma; lattice parameters: a = 8.297(1) A, b = 5.067(1) A, ¢ = 10.555(2) A. Rietveld

refinement agreement factors: R, = 7.81%, Ry, = 7.60%, Rg = 2.96%.
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Atom site | W.S. | Near neighbours X y z occupancy
(A%)

Ce 4¢c |31.3 15Cu+4Sn 0.259 (3) |0.25 0.557(3) |1

Cul 8 [11.85 |7Cu+2Sn+3Ce |0.070(1) [0.4936(19)]0.3075(8) |1

Cu2 4c 122 7Cu+3Sn+3Ce |0.0664 (15)|0.25 0.0977 (13) | 1

Cu3 4c 121 7Cu+2Sn+3Ce [0.3253(20)|0.25 0.2467 (12) | 1

Cu4 4c |11.6 8Cu+1Sn+3Ce |0.4215(23)|0.25 0.0101 (11) |1

Sn5 4c |20.8 10 Cu+4 Ce 0.1462 (18)]0.25 0.8556 (14)|0.87/0.13(10)

/Cu5

Table III: Structural parameters of CeCusSn deduced from the neutron powder diffraction data

collected at 5 K. The standard deviations are given in parenthesis. Space group: Pnma; lattice

parameters: a = 8.339(2) A, b =5.061(1) A, ¢ = 10.651(3) A; Rietveld refinement agreement factors

R, =7.64%, Ry, = 7.38%, Rg = 4.00%. The sample contains two phases: 97% CeCusSn and 3% Sn.

The nearest neighbours and the Wigner-Seitz atomic cell volume are given for each atomic position.
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Fig. V: Low temperature specific heat of the CeCus.,Sn, compounds with x = 0.25 and x = 0 at zero

magnetic field.
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Fig. VI: Comparison of the specific heat of polycrystalline CeCus.,Sn, with high Sn content at zero

magnetic field. For reference the specific heat of the parent compound CeCug is also shown.

Fig. VII: Evolution of C,/T versus T of the CeCus35Sng¢s for applied magnetic fields of 0, 1, 5, 7

and 10 T. The inset shows the evolution of C, versus 7 for the same fields.
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Fig. VIII: Evolution of C,/T versus T of the CeCussSng 75 for applied magnetic

and 10 T. The inset shows the evolution of C,, versus T for the same fields.
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