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Results on x-ray diﬀraction, electrical resistivity, speciﬁc heat and magnetization on the Yb1−xYxCuAl series of
compounds are reported. The analysis of the x-ray data shows the increase of the unit cell volume with the Y
dilution. The electrical resistivity shows an evolution from Kondo lattice regime for x ≤ 0.6 to single impurity
behavior for x = 0.8 and 0.94. The electronic coeﬃcient γ shows values of Heavy Fermion systems along the
series for 0 ≤x < 1. On the other hand, dc magnetic susceptibility measurements show typical curves of
intermediate valence systems with a maximum around 25 K. Below this maximum, the values of low
temperature susceptibility ( χ (0)) decrease with the increase of Y content. From the dependence of χ (0) and
γ upon Y substitution, an increase of 12% of the Kondo temperature (TK) for x = 0.8 alloy respect to the
reference YbCuAl (x = 0) is estimated. This is further supported by the evolution of the temperature of the
maximum in the magnetic contribution of the speciﬁc heat. The overall results can be explained by the increase
of the hybridization as consequence of negative pressure eﬀects obtained by the chemical substitution of Yb by
Y, thus leading to the increase of TK, in agreement with the Doniach's diagram.

1. Introduction
Nowadays, Yb - based alloys still continue being a subject of
extensive studies within the Strongly Correlated Electron Materials
area of research because the variety of ground states they present [1].
Most of the Yb compounds are found in the non-magnetic ground state,
and the tune of their interesting properties has been mainly carried out
by hydrostatic pressure experiments, in which both Jnf parameter (J is
the coupling constant between 4f and conductions electrons, and nf is
the density of states at the Fermi level) and the Kondo temperature
(TK ∝ exp (−1/ Jn f )) are expected to decrease when increasing pressure
[2]. This kind of studies appears to be of great interest in disclosing
novel phenomena because the systems move towards the magnetic
instability or to the Quantum Critical Point (QCP), when coming from
the non-magnetic state [3]. Alternatively, less attention has been paid
to experimental evidences of negative pressure eﬀects, in the righthand side of the peak in Doniach's magnetic phase diagram [4,5], when
the systems move away from the QCP. It is then worthwhile to explore
the region of higher hybridization states, when some theoretical and
experimental reports point even, to the existence of anomalous Kondo
behaviors [6,7]. Among the Yb systems, the archetypal intermediate
⁎

valence and Heavy Fermion YbCuAl alloy has been a subject of several
studies [8–15]. YbCuAl alloy is characterized as intermediate valence
material with a high value of TK = 66 K [2]. This kind of system
presents a characteristic temperature above which a local description
of the 4f electrons seems applicable, but below this temperature the
Fermi liquid picture is more adequate. For YbCuAl this occurs between
20 and 30 K. Moreover, electrical resistivity measurements under
pressure up to 8 GPa showed that TK is reduced almost 8 times [14].
The studies on the Yb1−xScxCuAl series of alloys showed an increase of
both low temperature magnetic susceptibility values χ (0) and electronic coeﬃcient (γ) [12] with the Sc substitution (decrease of the unit cell
volume), which point towards a reduction of TK [2], in agreement with
the hydrostatic pressure experiments. The same tendency was found
from speciﬁc heat measurements under pressure up to 10 kbar showing
an increase of 30% of γ [10]. This reduction of TK upon application of
pressure is observed in many Yb compounds and it is associated to a
reduction of J due to the induced volume contraction [16]. This trend is
in fact the opposite to the behavior found in Ce compounds. On the
other hand, Yb1−xYxCuAl series of alloys have shown the expansion of
the unit cell volume with the increase of the Y content [8], suitable for
the study of negative pressure eﬀects on the physical properties of
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pristine YbCuAl alloy. In this work, a more complete characterization of
the Yb1−xYxCuAl series of alloys is provided including the analysis of
the thermal and electronic transport properties, giving a further inside
on the TK and Heavy Fermion behavior.

2. Experimental
The samples of the Yb1−xYxCuAl series of alloys were prepared
using an arc-furnace and high purity materials: Yb (99.9%), Y (4 N), Cu
(5 N) and Al (5 N) (All from Alfa-Johnson Matthey). They were melted
with excess of Yb (15–20%) to compensate for losses during the fusion.
Afterwards an annealing at 700 °C for one week was performed. X-ray
diﬀraction patterns of the samples were recorded at 300 K in a Philips
PW1710 diﬀractometer using CuK α radiation and a graphite secondary
monocromator.
Dc-magnetic susceptibility measurements were carried out in a
Quantum Design MPMS (Magnetic Properties Measurement System)SQUID magnetometer device in the temperature range between 2 K
and 300 K at the magnetic ﬁeld of 1 kOe. The curves were recorded on
warming in a FC (Field Cooling) regime, with measuring steps of 0.2 K
and 0.5 K in the low temperature region below 30 K, and of 1 −2 K at
higher temperatures. Here, the masses of samples were around 30 mg.
The electrical resistivity was measured using a standard four-probe
dc method in a temperature range between 1.5 k and 300 K. The
samples used in these measurements were in the form of sheets with
thickness of 1– 2 mm, width 2–4 mm and length 4–6 mm, previously
cut in a diamond saw. The contacts were assured by gold wires under
mechanical pressure. The curves were recorded in a sweep mode (1–
2 K/min) on warming, and with diﬀerent steps of temperature between
0.05 K and 1 K. The current applied during the experiments was 4–
20 mA, with a stability of 0.001 mA, and the voltage was controlled by a
Keithley nanovoltmeter (Model 182). A full description and more
details of the set up can be found elsewhere [17].
The speciﬁc heat (cp ) was measured in a small sample calorimeter
[18,19], using the thermal relaxation method between 5 K and 80 K.
The experimental setup involves a sample which is attached to a sample
platform with a thermal grease. The platform consists of a thin
sapphire sheet, which has high thermal conductivity. In all measurements, the grease was placed on the sample platform and weighed. The
contribution of the grease, was measured over the temperature range
5–80 K before the sample (mass 10–20 mg) was loaded onto the
platform. Then the grease contribution is subtracted from the total
measured heat capacity (with the mounted sample) to obtain the
intrinsic speciﬁc heat of the sample. The system has a 5% accuracy in
the temperature range of the measurements [18,19], which is similar to
that reported for current commercial equipments [20].

Fig. 1. x-ray diﬀraction pattern of Yb0.4Y0.6CuAl alloy with the indexed positions
according to the ZrNiAl (P-62 m) type of structure. Right inset: unit cell volume
dependence with the Y concentration (x) along the series, according to the analysis of
the x-ray diﬀraction data. A linear dependence of both the unit cell parameters and
volume is obtained. Left inset: Crystallographic structure of the pristine YbCuAl alloy
with the distributions of the diﬀerent atoms.

Fig. 2. Temperature dependence of the electrical resistivity for several Yb concentrations
within the Kondo lattice regime. The inset details the low temperature region with the
AT2 dependence characteristic of the Fermi liquid behavior. The solid lines are just
guides to the eyes.

3.2. Electrical resistivity
The electrical resistivity vs temperature curves normalized at 300 K
for Y concentrations 0 ≤ x ≤ 0.6 are presented in Fig. 2. The samples
show a decrease of the resistivity at low temperatures, which is a
characteristic of the Kondo lattice systems. The inset shows the low
temperature region (T < 10 K ) showing a A T2 dependence, as a
distinctive feature of the Fermi liquid behavior. The analysis of the
data indicates a decrease of the A parameter with the Y dilution (or
decrease of the Yb concentration), as listed in Table 1. For Y
concentrations 0.8 ≤ x < 1, a deviation from the Fermi liquid behavior
is observed, with the increase of the electrical resistivity on going to
lower temperatures (Fig. 3), and with the presence of a minimum at
20 K and 30 K, for x = 0.94 and 0.8, respectively, as depicted in the
inset. The x = 1 (YCuAl) compound presents a metallic behavior which
is described by the Bloch–Grunëisen law [21] with parameters
θD = 286 K (Debye temperature), R = 0.135 μΩ cmK−1 (electron phonon
interaction constant) and ρ0 = 32 μΩcm (residual resistivity), as indicated by the solid line. The magnetic contribution to the electrical

3. Results
3.1. Structural characterization
The analysis of x-ray diﬀraction patterns shows that the reﬂections
can be identiﬁed as coming from the space group P-62m, as shown in
Fig. 1, as an example, for the intermediate concentration x = 0.6 with
lattice parameters a = 6.995(8) Å, and c = 4.028(7) Å. Both a and c
lattice parameters vary linearly according to Vegard's law with the Y
concentration (x), from those of the YbCuAl (a = 6.931(4) Å, c =
3.992(3) Å), to YCuAl (a = 7.051(3) Å, c = 4.045(4) Å). Consequently,
the same occurs with the unit cell volume along the series (see right
inset of Fig. 1), as already observed in other studies on the same system
[8]. Additionally, the samples crystallize with the ZrNiAl (Fe 2 P ) type of
structure formed by a plane of Yb and Al atoms between two others of
Cu and Al atoms, as shown in the left inset of Fig. 1.
2
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Table 1
Values of the A coeﬃcient in the AT2 dependence of the electrical resistivity in the low
temperature region (T < 10 K ).
Series

Yb1−xYxCuAl

conc.(x)

A ( μΩcmK−2 )

0
0.2
0.4
0.6

0.05267
0.04630
0.02690
0.01386

Fig. 5. Speciﬁc heat vs. temperature curves for Yb1−xYxCuAl series of alloys. The inset
displays the cp /T vs T2 dependence indicating a change in the electronic coeﬃcient
gamma (γ) along the series.

resistivity can be estimated by subtracting the reference YCuAl (x = 1)
and the results are depicted in Fig. 4. For 0 ≤ x ≤ 0.6 we observe the
presence of the incoherent Kondo scattering above the maximum, for T
> 100 K, and the onset of coherence of the Kondo lattice at lower
temperatures below 50 K, as reported for YbCuAl [11]. A diﬀerent
behavior is found for low Yb concentrations for x = 0.8 and x = 0.94.
Here the maximum is not well deﬁned, and there are two regions of the
incoherent Kondo scattering, with the -lnT dependence. Thus, a change
in the low temperature regime is observed for concentrations around x
= 0.7.

Fig. 3. Temperature dependence of the electrical resistivity curves for low Yb concentrations, showing the transition to a single impurity regime. For x = 1 (YCuAl) a metallic
behavior according to the Bloch-Grüneisen law is observed. The inset details the region of
temperatures where a minimum is observed.

3.3. Speciﬁc heat
The speciﬁc heat vs. temperature curves up to 80 K for several
concentrations is shown in Fig. 5. For the sake of clarity the experimental data for x = 0.94 is not shown because it is very close to that of x
= 1. The inset details the low temperature region of cp /T vs T2 curves,
with a linear behavior according to the contribution of electrons and
phonons [21]. The ﬁtting of the curves for T < 20 K provides the values
of the electronic coeﬃcient (γ) along the series, thanks to the extrapolation of the curves c p /T to T⟶0 , and the results are collected in
Table 2. For x = 1, the value is according to that expected for normal
metals [22], whereas for the rest of concentrations the values are
characteristic of moderate Heavy Fermion systems, with decreasing
values with the Y dilution. According to the Bethe-ansatz solution of the
Coqblin-Schrieﬀer model [23,24], γ scales with the characteristic
temperature TK following the proportionality γ ∼ 1/ TK . Thus, according
to this relation and the values of γ extracted from the speciﬁc heat data,
it is expected an increase of TK with the Y concentration (x). In order to
check this possibility, the magnetic contribution to the speciﬁc heat
(cmag ) is estimated up to x = 0.8 by subtracting the reference YCuAl (x =
Table 2
Values of the electronic coefficient (γ), as obtained from the analysis of the speciﬁc heat
data.

Fig. 4. Magnetic contribution to the electrical resistivity for Yb1−xYxCuAl series of alloys,
normalized at 300 K. a) For low Yb concentrations, a crossover between Kondo lattice
and single impurity regimes, and the -lnT dependence at low temperatures for x = 0.8
and 0.94 are observed. b) Yb concentrations within the Kondo lattice regime with a high
temperature -lnT dependence, and a resistivity drop below the maximum.

3

Series

conc.(x)

γ(mJ/molK2)

γ(mJ/molYbK2)( ± 3%)

Yb1−xYxCuAl

0
0.2
0.4
0.6
0.8
0.94
1.0

340
268
188
120
50
11
5.5

340
335
313
300
250
183
–
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[8,13,26]. The procedure of correction of the contribution of this
impurities we have used is similar to that performed in the study of
intermediate valence YbAl3 material, with the use of the experimental
data of reference Yb2O3 oxide and by ﬁtting of low temperature region
(T < 12 K ) with a modiﬁed Curie-Weiss law [26]. The solid lines in
Fig. 7 represent the M/H vs T dependence after corrections for such
impurities, being around of 0.6% in our samples. Now, at lower
temperatures a near constant value is observed, in agreement with
the expected Pauli regime (Fermi Liquid behavior) [2,3,24]. The inset
shows the dependence of low temperatures values χ (0) as measured
and after corrections taken at 10 K (showing the same tendency and
relative variation) as a function of the Y concentration (x). The values of
χ (0) (as measured) for x = 0–0.8 are around 10% higher and 15% lower
(x = 0.94), respect to those already observed in other studies of this
series of alloys [8,13]. This diﬀerence could arise due to diﬀerent
procedures of preparation of the samples which may lead to small
deviations from nominal composition within a solubility range
Yb(Cu0.55-0.50Al0.45–0.50)2 [27]. This fact has been already observed in
measurements of the magnetic properties of YbCuAl samples annealed
at diﬀerent temperatures of 700 °C and 760 °C [11]. Our analysis of the
x-ray diﬀraction data of YbCuAl gives the lattice parameters (a =
6.931(4) Å, c = 3.992(3) Å), which are close to those observed for the
nominal composition Yb(Cu0.50Al0.50)2 [27]. Consequently, it is clear
that the eﬀects of Y alloying on the physical properties of starting alloy
are valid. The last comment is addressed to x = 0.94 sample, where the
maximum is hardly observed, even after corrections, and the low
temperatures values deviates from the tendency of the rest of samples
(see inset of Fig. 7). This fact will be commented in the discussion topic
when comparing γ and TK values.
Following the results of the solution of the Coqblin-Schrieﬀer
model, the zero-temperature susceptibility χ (0) ∝ 1/ TK [2,23]. Thus,
similar to that obtained from the analysis of speciﬁc heat data, a
tendency of increase of TK with the chemical substitution of Yb by Y is
also obtained from the χ (0) values of dc magnetic susceptibility results.
Regarding the evaluation of the TK behavior, it is adequate to count not
only with the dc magnetic susceptibility results but also with the
electrical resistivity and speciﬁc heat measurements. This is the
complete procedure developed here. Hence, the results become fully
supported.

Fig. 6. Magnetic contribution to the speciﬁc heat for Yb1−xYxCuAl series of alloys
estimated by subtracting the reference YCuAl (x = 1) alloy. The inset shows the evolution
of the maximum with the Yb concentration (or Y-dilution process).

1) alloy. We are here considering that the phonon contribution is the
same for all samples of the series. The results are presented in Fig. 6.
The appearance of a maximum in cmag for YbCuAl has been associated
to the Kondo contribution to the speciﬁc heat, described by the J = 7/2
Coqblin-Schrieﬀer model with the value of TK = 66 K [2,25]. The inset
shows the dependence of the temperature of the maximum (Tmax), on
the Yb concentration (or increase of the Y content), where the arrow
indicates the direction of unit cell volume increase. Taking Tmax ∝ TK
[2], then, this last result suggests an increase of TK with the unit cell
volume, in agreement with the γ behavior.
3.4. dc magnetic susceptibility
The temperature dependence of magnetic susceptibility χ = M/H
for several samples is shown in Fig. 7. All the curves display a CurieWeiss paramagnetic contribution for temperatures above the maximum (around 25 K), with an eﬀective magnetic moment near to that
expected for the free Yb3+ (μeff = 4.54μB ). Below the maximum, there is
an increase for all samples on going to lower temperatures. The
presence of this upturn commonly found in intermediate valence Yb
compounds is associated to the existence of trivalent Yb3+ impurities

4. Discussion
From the electrical resistivity results for samples of the
Yb1−xYxCuAl series of alloys, a change of regime at low temperatures
from Kondo Lattice (0 ≤x ≤ 0.4) to single impurity (-lnT) for x = 0.8
and 0.94 is observed. In fact, it is found that the periodicity of the array
of magnetic ions [4,5] is broken by the chemical substitution by the
non-magnetic Y around x = 0.7. For samples with x ≤ 0.6 the Fermi
liquid dependence AT 2 at low temperatures, is observed. The values of
A coeﬃcient decreases with the increase of the Y content, as given in
Table 1. It is well known that the Kadowaki-Woods relation is followed
by a large number of Heavy Fermion systems A/γ2 = 10 −5 μΩ cm ·mol 2
K 2 mJ −2 . However, a deviation from this relation has been observed
for Yb systems with almost fully degenerated J = 7/2 ground state. In
Fig. 8(a) the A vs γ2 values are plotted (in log-log scale) for several
concentrations between x = 0 and x = 0.6. It is found that the values
follow the relation A / γ 2 = 1.4 × 10−6μΩcm·mol 2K2mJ−2 in agreement to
that reported for YbCuAl [28]. Another interesting relation in Heavy
Fermion systems is the Wilson ratio when compared the low temperature susceptibility χ (0) and the γ values. A linear correlation between
these parameters is obtained for several concentrations of the
Yb1−xYxCuAl series, as shown in Fig. 8(b), which indicates that the
ratio χ (0)/γ is essentially constant, in agreement to that reported for
YbCuAl [29].
As commented above, following the relations γ ∼ 1/ TK and Tmax ∝ TK
[2,23], it is expected an increase of T K with the Y dilution process. This

Fig. 7. DC magnetic susceptibility ( χ = M /H ) vs. temperature curves for Yb1−xYxCuAl
series of alloys under applied magnetic ﬁeld of 1 kOe. The solid lines are the correction
for Yb3+ impurities. The inset details the estimate of the low temperature values ( χ (0)) in
the Pauli regime, below the maximum.
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ﬁnding is supported by the observed decreasing values of low temperature susceptibility χ (0), by measurements of the magnetic properties ( χ (0) ∝ 1/ TK ) [2,23]. Thus, it is possible to estimate the variation of
TK respect to the reference YbCuAl alloy with the Y dilution, or with the
change of the unit cell volume (see inset of Fig. 1), according to the
behavior of the above parameters, and the result is depicted in Fig. 9.
The values obtained for γ in x = 0.8 and 0.94, and also χ (0) for the last
alloy (see inset of Fig. 7) give an overestimate of the TK, not following
the general tendency of the rest of samples. It is worth noticing, that for
these concentrations we have observed a change from Kondo lattice
(x < 0.8) to single impurity behavior. Thus, a regular behavior in the
estimated TK values is observed for samples showing a Kondo lattice
behavior. Since TK ∝ exp (−1/ Jn f ), the variation of TK is also in intimate
relation with changes in the Jnf product. Moreover, within the model of
a compressible Kondo lattice the variation of Jnf with the unit cell
volume for the series of alloy is given by [30]:

|Jn f |x = |Jn f |0 exp [−q (Vx − V0 )]/ V0

(1)

Where q is a parameter and |Jn f |0 and V0 are the values for the
reference YbCuAl (x = 0) alloy. Then, TK is also a function of the unit
cell volume as:

TK (x )
= exp {1 − exp [q (Vx − V0 )/ V0]/|Jn f |0 }
TK (YbCuAL )

(2)

From Eq. (1) it is expected a rise in the |Jn f | parameter with the
increase of the unit cell volume (or Y dilution) (when q is negative), and
consequently an increase in TK parameter, as observed from the
analysis of experimental data. For Yb compounds the parameter q
displays a negative value, in contrast with the case for Ce-based
compounds in which q is positive and usually taken between 6 and 8
[31]. If we assume q = −6 for our case, and leave |Jn f |0 as a free
parameter, the results of the simulation of TK dependence with the unit
cell volume are depicted by a solid line in Fig. 9. Here, a value of
|Jn f |0 = 1.7 is obtained, which is higher to that obtained for YbCu5
(|Jn f | = 0.2 ) [31] and Ce3Al (|Jn f | = 0.6 ) [32].

Fig. 8. a) Relation of A coeﬃcient of the Fermi liquid dependence of the electrical
resistivity at low temperatures (Table 1) with the γ2 values for high Yb concentrations of
Yb1−xYxCuAl series of alloys in log-log scale. A deviation from the value of A /γ 2 = 1·10−5
of heavy fermion systems is observed. b) Low temperature magnetic susceptibility ( χ (0) )
in the Pauli regime vs. the electronic coeﬃcient (γ), showing a constant Wilson ratio
( χ (0)/γ ) along the Yb1−xYxCuAl series of alloys.

5. Conclusions
The chemical substitution of Yb by Y in Yb1−xYxCuAl series of alloys
allowed to study the negative pressure eﬀects on the pristine YbCuAl
alloy with the increase of the unit cell volume. This aﬀects the Kondo
and Heavy Fermion behavior along the series, for which an increase of
TK and a decrease of the γ values are observed. Thus, the system is
moving away from the QPC to the right-hand side of the peak in
Doniach's magnetic phase diagram [3–5], to higher hybridization
states, losing progressively the Heavy Fermion properties and displaying the concomitant increase of TK, in agreement with such a diagram.
Further studies appear necessary in the region of higher Y concentration (0.7 ≤ x < 1) where a deviation from a general tendency of TK, and
a change of regime from Kondo lattice to single impurity behavior is
observed.
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