Negative thermal expansion in nanostructured intermediate valence YbAls
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Abstract—. Interest in strongly correlated electron system YbAIz has been recently renewed by the observation of a
breakdown of coherence effects and Fermi liquid behavior when the alloy reduces its particle size down to around 11
nm. Powder diffraction measurements using neutron and synchrotron radiation allow us to estimate the thermal
expansion of the nanostructured YbAIs. There is a region of negative thermal expansion in the nanostructured material
at higher temperatures compared to that of bulk YbAIls. This result shows that reducing the size of YbAIlz not only
affects electronic properties, but also the lattice dynamics of this material.

Index Terms—. Intermediate valence, Nanomagnetics, thermal expansion, neutron diffraction, synchrotron XRD diffraction.

.  INTRODUCTION

The strongly correlated electron system (SCES) YbAlIs alloy has
attracted much attention in the last decades due to the fact that it
exhibits a great variety of cutting-edge physical phenomena, such as
intermediate valence (1V), Kondo resonance and Fermi-liquid (FL)
behavior [van Daal 1974]. All these behaviors are related to the
hybridization of the 4f-state with the conduction band electrons.
Among the great variety of experiments performed in YbAIlz we
could cite magnetic [Hiess 2000] or thermoelectric [Rowe 2002]
measurements and the effect of the hydrostatic pressure [Ohara
2010] or the magnetic field (and disorder) [Ebihara 2003], procuring
a great deal of complementary information on the just related
attractive phenomena. Valence fluctuations have been observed in
both bulk [Suga 2005] and nanostructured alloys [Rojas 2008],
leading to changes in the Fermi surface topology (Lifshiftz
transition) of the Kondo lattice IV YbAIs [Chatterjee 2017].

In bulk form, this alloy crystallizes in the cubic AuCus-type
structure (Pm-3m), with a cell parameter a=4.2036(3) A [Moriarty
1966]. Temperature dependent magnetic susceptibility has been
found to have a broad maximum at around 125 K and to follow a
Curie-Weiss law with an effective moment 4.2 ps [Bauer 2004]. The
well-known maximum in the magnetic susceptibility appears in 1V
compounds and is consistent with a high Kondo temperature
Tk~600-700 K [Bud’ko 2008]. Below 40 K, a Fermi-liquid behavior
(T2 dependence of the electrical resistivity) is observed, connected to
a coherence temperature of 40 K [Bauer 2004].

A change in the Kondo lattice behavior of bulk YbAIls has been
observed when the alloy is in the nanoparticle state (=12 nm).
Measurements of the electrical resistivity show inhibited coherence
effects and deviation from the standard Fermi liquid behavior (T2
dependence). These results are interpreted as being due to the effect
of the disruption of the periodicity of the array of Kondo ions

provoked by the size reduction process [Echevarria-Bonet 2018].
Coherence effects, observed in bulk YbAIs [Bauer 2004], have been
observed to be modified when nanostructuring this alloy
[Echevarria-Bonet 2018]. In this sense, YbixLuxAls series of bulk
alloys have been also studied and changes in specific heat,
susceptibility and electrical resistivity were found, suggesting that
coherence effects are very sensitive to lattice order [Ebihara 2003].

Moreover, negative thermal expansion (NTE) has been observed
in bulk YbAIs at low temperatures (T<20K), while for the diluted
alloy, Ybo.iLuo.sAls, this region of NTE is not present [Bud’ko 2008],
relating the presence of an Yb intermediate valence state to the
existence of NTE. This behavior, or that of an almost zero thermal
expansion, is not restricted to intermediate valence systems only.
The classic example is the well-known FeossNioss, Invar alloy
[Guillaume 1897], but there are other simpler systems, such as Au
[Li 2002] or CuO [Zheng 2008] which have been reported to present
NTE as nanoparticles but not in bulk, in different temperatures
ranges [Attfield 2018]. NTE has also been observed in systems such
as the frustrated magnetic insulator CdCr204 [Rossi 2019], rare-earth
intermetallic alloys RzFeiz (R=Rare Earth) [Alvarez-Alonso 2011]
or the permanent magnet family RzFe14B [Buschow 1987].

1. EXPERIMENTAL TECHNIQUES

A starting polycrystalline YbAIs pellet was prepared by arc
melting of suitable amounts of pure constituents Yb(3N), AI(5N)
(Alfa) under protective Ar atmosphere. It was subsequently annealed
at 750 °C for five days in vacuum (~10-® mbar) in order to improve
crystallinity and ensure homogenization of samples. The reduction
in the particle size of bulk YbAIs was achieved by mechanical
milling, which is considered a practical route to obtain large
quantities of nanocrystalline materials. Amounts around 4 g of bulk
YbAIs were crushed and then milled in a planetary high-energy ball
milling system Retsch PM 400/2 at a rotation speed of 200 rpm. The
initial powders were placed in tungsten carbide containers using a
ball/sample weight ratio of 12:1. These containers were hermetically



closed in a glove box in an Ar (99.99%) atmosphere to minimize
powder oxidation. The milling procedure was carried out following
successive steps of 5 min of clockwise and anti-clockwise rotation
with a 5 min intermediate stop. Material was collected at 70 hours of
milling time. In order to avoid oxidation, handling and storage were
carried out in a glove box under argon atmosphere.

Synchrotron radiation powder x-ray diffraction (SR-PXD)
patterns were acquired room temperature (RT) in the MSPD
beamline at ALBA synchrotron (wavelength, A = 0.4126 A). Powder
neutron diffraction (ND) experiments were carried out in the
diffractometer D1B, ILL (France) using A = 2.52 A. A temperature
dependent study was performed, from 2 to 300K.

XRD and ND patterns were refined by the Rietveld method
(through the FULLPROF Suite [Rodriguez-Carvajal 1993])
including resolution function calibration standards, thus taking into
account the instrumental broadening. The fit was carried out using a
Thompson-Cox-Hastings function, allowing the calculation of the
particle size (D) and strain ().

Transmission electron microscopy (TEM) was performed in a Jeol
2100 microscope in order to check the nanocrystalline arrangement.

DC magnetization measurements were performed in a Quantum
Design PPMS, in a standard zero field-cooled (ZFC) protocol, with
MoH=1T in the temperature range 2-300 K.

lll. RESULTS

A. Structural characterization

The analysis of the x-ray diffraction pattern of the bulk alloy is
consistent with a cubic crystal structure of the AuCus-type (space-
group Pm-3m) with a refined unit-cell parameter a=4.2023(1) A, in
good agreement with previously reported data [Palenzona 1972]. A
small percentage of YbAI is also found in the patterns. This fact has
been observed previously [Gorlach 2005] and subsequent
mechanical milling results in helping reaction to finish and YbAls is
formed [Echevarria-Bonet 2014].

Fig. 1 shows the SR-PXD patterns of the 70h milled YbAIs alloy
(hereinafter 70h-YbAI3) at RT. Rietveld refinements provided the
same structure than in the bulk (cubic, Pm-3m) with a lattice
parameter a=4.2076(1) A. Particle size was decreased down to
D=11(1) nm and strain increased up to 1=0.40(1)%. The refinements
led to reliability factors y?=2.56 and Re=5.42 (for the YbAIs phase).
Traces of YbAI2 were also found in the patterns, accounting less
than 1 wt.%, as obtained after Rietveld refinements. These values
are similar to those obtained in other YbAIlz milled alloys
[Echevarria-Bonet 2018] and in the same order of magnitude of

those found by TEM results. Indeed, TEM, shown in the inset of Fig.

2, confirms the order of magnitude of the mean particle size.

B. Magnetic characterization

Figure 4 shows the temperature dependence of the magnetization
for both bulk (data taken from literature [Rojas 2008]) and 70h-
YbAIs, for comparison. Two main features are visible: (i) a broad
maximum whose center is slightly shifted to higher temperatures for
the milled alloy (Tmax = 125 K for bulk [Bauer 2004] while Tmax =
133 K for 70h-YbAlIs) and (ii) a plateau of the magnetization curve

at low temperatures (around 20K) followed by an upturn for T<20 K.

This broad maximum is usually associated with a Kondo behavior.
A Kondo temperature Tk of the order of 600 K has been found for
YbAIs bulk [Bud’ko 2008]. If we scale the Tmax with this Kondo
temperature for both bulk and milled alloy, an approximate value of
Tk~650 K can be estimated for the 70h-YbAIls compound. In order
to provide a more accurate value of Tk, quasielastic neutron
scattering experiments should be performed. This result is in good
agreement with the increase of the Debye temperature found in the
thermal expansion behavior above, that also indicated a Tk
enhancement, modifying the coherence effects at low temperatures,
as it has also been observed in previous results of milled YbAlz
alloys [Echevarria-Bonet 2018]. The behavior of the curves here is
in good agreement with those in literature [Rojas 2008] for milled
YbAIs alloys though Tmax values are slightly different. Ohara et al.
(2010) observed, in YbAIs single crystals, not only a subtle shift of
the Tmax to lower temperatures but also an enhancement of the
magnetic susceptibility with increasing pressure (1.07GPa) [Ohara
2010]. Somehow, this could indicate a negative pressure-like effect
when YbAIs is nanostructured. This same effect is observed in Yb:-
xLuxAls, in which the Tmax shifted to higher temperatures with
increasing Lu concentration [Bauer 2004], leading to the idea that
nanostructuring this alloy is similar to applying negative pressure or
chemical tuning. Not only the Tmax shifts to higher temperatures but
also the value of the magnetic susceptibility decreases with milling,
as it does with higher Lu concentrations [Bauer 2004]. This decrease
of the magnetic susceptibility is a significant sign of the increasing
presence of Yb?* contribution (non magnetic) at high temperatures
[Rojas 2008]. If we take into account the Cogblin-Schriefer model,
2(0)c /T, [Rajan 1983], the decrease of the magnitude of the

magnetic susceptibility would lead to an increase of the Kondo
temperature, consistently with thermal expansion results and the
position of Tmax in the magnetic susceptibility (see Fig. 4). This has
also been observed in other Yb-based compounds, such as in the
Yb1xYxCuAl series [Rojas 2018].
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Figure 4. Temperature dependent magnetization curves for the bulk
(data from [Rojas 2008]) and the 70h-YbAl; milled alloy. A non-
negligible contribution of YbAI, is visible at around 250 K, as found in
diffraction experiments.

Regarding (ii), the upturn of the magnetization (or susceptibility)
at low temperatures may be related to the presence of magnetic
impurities or to the change of degrees of freedom. The latter can be
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understood as a modification of the structure of the alloys when
nanostructuring, leading to the increase of the Yb®* contribution on
the surface of the particles at low temperatures. Signs of valence
change with temperatures have been observed in this analysis. It
would be of interest to follow the valence fluctuations with
temperatures for milled alloys.

IV. CONCLUSION

In conclusion, we have shown that the reduction of size (~11 nm)
in strongly correlated electron system YbAIs has not only electronic
effects in the Kondo temperature (from 600 K in bulk to
approximately 650 K in nanostructured material) and changes in the
coherence effects and in the low-temperature Fermi-liquid behavior,
but also has important consequences in the lattice dynamics, because
the region of the negative thermal expansion is slightly larger (below
40 K) when compared to that of the bulk (below 20 K).
Magnetization results at low temperatures are intriguing and
additional experiments are needed to further elucidate the origin of
the upturn at low temperatures.
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