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Structural, magnetic (M) and thermal (Cm) studies on Ce2(Ni1−yPdy)2Sn alloys are presented
within the 0 ≤ y ≤ 0.55 range of concentration, showing evidences for itinerant to local electronic
transformation. At variance with RKKY type interactions between localized moments µeff , the sub-
stitution of Ni by isoelectronic Pd leads the antiferromagnetic transition to decrease from TN 3.8 K
to 1.2 K between y = 0 and 0.48, while M(H) measured at H = 5 T and 1.8 K rises from 0.12
up to 0.75µB/Ce-at. Furthermore, the Cm(TN ) jump increases with concentration whereas |θP |
decreases. The magnetic entropy Sm(T ) grows moderately with temperature for y = 0 due to a
significant contribution of excited levels at low energy, while at y = 0.5 it shows a incipient plateau
around Sm = Rln2. All these features reflect the progressive ground state transformation of from
itinerant to a local character.

Another peculiarity of this system is the nearly constant value of Cm(TN ) that ends in an entropy
bottleneck as TN decreases. Consequently, the system shows a critical point at ycr ≈ 0.48 with signs
of ferromagnetic behavior above Hcr ≈ 0.3T. A splitting of the Cm(TN ) maximum, tuned by field
and concentration, indicates a competition between two magnetic phases, with respective peaks at
TN ≈ 1.2 K and TI ≈ 1.45 K.

I. INTRODUCTION

Itinerant magnetism is mostly observed in U or
Pu-based compounds because of their 5f orbitals [1]
whereas a local character is mostly expected in 4f
Ce and Yb ones. However, one basic question, not
fully elucidated yet, concerns the possibility of a lo-
cal to itinerant transformation of the Ce-4f1 orbital.
This possibility was investigated for 30 years within
the so called local-itinerant dilemma [2]. Although
the 4f1 delocalization is well documented among
systems showing 4f and conduction band hybridiza-
tion [3], that mechanism implies the screening of the
magnetic moment with the consequent weakening of
the magnetic order. In spite of that, there are Ce
compounds showing magnetic order with record high
values, being the outstanding examples CeRh3B2

( TC = 115 K [4]), CeScGe (TN = 47 K [5]) and
CeRh2Si2 (TN = 36 K [6]), which are claimed to ex-
hibit itinerant magnetism.

One characteristic of a well localized Ce-4f or-
bital is related to the fact that the doublet (N = 2)
ground state (GS) is not significantly affected by
Kondo screening (TK) and the excited crystal field
(CEF) levels have a comparatively large splitting
(∆CEF ), i.e. TK << ∆CEF . The opposite scenario,
with TK ≥ ∆CEF , is the proper situation where to
search for itinerant magnetic behavior provided that
the magnetic order still occurs, which only occurs
in a few system. As a consequence of an eventual
Neff > 2 character, the magnetic contribution to
the entropy (Sm) is expected to overcame the RLn2

value at relatively low temperature.
These conditions were recently observed in the

ternary system Ce2(Pd1−xNix)2Sn [7]. There, the
substitution of Pd atoms by isoelectronic Ni leads
to a change from local (Pd-rich side) to itinerant
(Ni-rich side) character. Such a change in the elec-
tronic structure is associated to a crystallographic
modification from tetragonal Mo2FeB2 to centered
orthorhombic structure of W2CoB2 type [8] between
0.25 ≤ y ≤ 0.35, where a gap of miscibility occurs.

With the aim to compare the Ce-4f orbital na-
ture in these two phases, the magnetic properties
of the Ce2(Ni1−yPdy)2Sn alloys on the Ni-rich side
(i.e. within the orthorhombic structure) were inves-
tigated. Apart from the usual magnetic characteri-
zation, for a proper analysis of the itinerant to local-
ized evolution of the system we focus on the study
of two basic parameters: the hight of the specific
heat anomaly at T = TN and the thermal depen-
dence of the entropy Sm(T ). These quantities allow
to evaluate the role of the Kondo effect and how the
excited CEF levels contribute to the ground state
properties.

II. EXPERIMENTAL RESULTS

A. Magnetic Susceptibility

The high temperature magnetic behavior (T ≥
80 K) is well described by a Curie-Weiss type con-
tribution (χ = CC/(T − θP )) plus a minor Pauli
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FIG. 1. High temperature inverse sus-
ceptibility of Ni-rich alloys measured with
µ0H = 0.1 T. Inset: low temperature
magnetic susceptibility in a logarithmic
scale.

contribution (χP = 5 ± 2 × 10−3 emu/mol Oe). In
Fig. 1 the inverse of χ is presented to extract the
respective paramagnetic temperatures θP (y) and ef-
fective moments µeff (y) ∝

√
CC . The θP (y) values

range between -58 K at the Ni-rich limit and ≈ 6
at y = 0.55. Simultaneously, µeff (y) increases from
µeff = 2.3µB up to ≈ 2.54µB between those concen-
tration values. A detail of the χ(T ) dependencies at
low temperature (T < 20 K) are included in the in-
set of Fig. 1 using a logarithmic scale to cover the
large variation of χ(y) at T = 1.8 K.

In order to explore this strong increase of χ(y) at
low temperature the isothermal field dependence of
the magnetizationM(H) was measured at T =1.8 K,
3 K and 4 K up to µ0H = 5 Tesla. A clear difference
in the M(H) dependence can be appreciated in the
results obtained at T = 1.8 K between Ni-rich sam-
ples and those with similar Pd/Ni concentration (see
Fig. 2a). While M(H) shows a slight positive cur-
vature with low values of M in y = 0 (0.15µB) and
0.25 alloys, those with y ≥ 0.4 show a tendency to
saturation (Msat) at H = 5Tesla. Despite the fact
that the former alloys have a TN ≥ 1.8 K while in
the latter TN < 1.8 K, similar measurements per-
formed at T = 4 K (i.e. in the paramagnetic phase)
show the same variation. Notably, Msat(y) under-
goes a maximum of 0.88µB at y = 0.40 and then
slightly decreases to 0.76µB for y = 0.55. In coin-
cidence with the Msat decrease at these concentra-
tions, the initial slope of M(H) increases as a sign of
a stronger interaction between magnetic moments.
Additionally, a further slight increase in the slope is
observed around H = 1 Tesla. To remark these fea-
tures, the ∂M/∂H derivative is presented in Fig. 2b,
showing that the change of slope only occurs in the
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FIG. 2. a) Field dependent magnetiza-
tion of the 1.8 K isotherms for the Ni-rich
range measured up to 5T. b) dM/dH vs H
derivative showing the difference between
Ni-rich samples (left axis) and those with
similar Pd/Ni concentration (right axis).

alloys with strong magnetization (i.e. y ≥ 0.4) and
it grows up to y = 0.55. Notably, the M(H) depen-
dence above that critical field is properly described
by a tanh(H) function which characterizes ferromag-
netic systems.

B. Specific heat

The magnetic contribution (Cm) to the measured
(CP ) specific heat was obtained by subtracting the
phonon contribution extracted from the reference
isotypic compound La2Ni2Sn as Cm = CP − CLa.
From the thermal dependence of Cm one can see in
Fig. 3a that the ordering temperature TN (y), de-
fined as the temperature of the maximum of Cm(T ),
decreases with Pd concentration. This evolution ex-
trapolates to TN = 0 at y ≈ 0.70, beyond the struc-
tural stability of this system. However, between
0.48 ≤ y ≤ 0.52, TN (y) remains nearly constant
at TN ≈ 1.2 K while another anomaly arises for
y = 0.55 at TI ≈ 1.5 K as shown in Fig. 3b.

While the Cm(T ) dependence at T < TN is typical
for an antiferromagnetic system, the Cm(T ) maxi-
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FIG. 3. Thermal dependence of the mag-
netic contribution to the specific heat Cm

for: a) Ni-rich alloys and b) critical region
at similar Ni/Pd concentration.

mum (Cmax) behaves quite unusual because its value
slightly changes up to y = 0.48 and becomes sharper
as Pd concentration increases, see Fig. 3a. Accord-
ing to the law of corresponding states, Cmax should
decrease with decreasing TN (y), to become zero at
T = 0. As a consequence the magnetic transition
with chances to reach zero temperature have to show
Cmax/TN ≈ const. [9]. On the contrary, this system
shows Cmax/T rising as ∝ 1/TN (y) as indicated in
Fig. 4a. This divergent Cmax/TN dependence places
the y = 0.48 alloy at a critical concentration point.

Above TN (y), Cm(T ) shows a very broad maxi-
mum which progressively decreases in temperature
and intensity as Pd concentration increases, see
Fig. 3. Such a temperature dependence is character-
istic of non-Fermi-liquids (NFL) [10, 12] in the region
of quantum critical behavior that affects the ther-
mal properties because of emerging quantum fluctu-
ations. These low energy fluctuations overcome clas-
sical thermal fluctuations below 2 or 3 K as it was ob-
served in Ce NFL systems [11]. Within that regime,
a characteristic Cm(T )/T = −A log(T/T ∗) thermal
dependencies occurs, like the observed in this system
above TN , see Fig. 4. The parameter T ∗ represents
a characteristic energy scale that describes the range
of the Cm(T )/T tail. The obtained A and T ∗ pa-

0

1

2

3

4

5

6
1 10

1 10
0

1

2

3

4

5

6

5 / (T - 0.4) (a)

 

   T  [K]

 

C
m
 / 

T
  [

J 
/ m

ol
 K

2 
]

 Ce
2 
Ni

2 
Sn

 y = 0.15
 y = 0.25
 y = 0.48

T
I

T
N

-3.1*log(T / 8.7)

Ce
2 
(Ni

1-x 
Pd

x 
)Sn

(b)

  T  [K]

 

C
m
 / 

T
  [

J 
/ m

ol
 K

2 
]

 y = 0.48
 y = 0.50
 y = 0.52
 y = 0.55

FIG. 4. Logarithmic dependence of
the magnetic contribution to specific heat
divided by temperature Cm/T for: (a)
0 ≥ y ≥ 0.48 samples. Dash-dot curve de-
scribes the Cm/T (y) maxima dependence.
(b) Alloys with Pd/Ni equi-atomic con-
centrations. Arrows at TN and TI indi-
cate a two phases competition. Straight
line represents a logarithmic reference fit-
ting a universal function (see the text).

rameters allow to scale this system into an universal
curve Cm/t = −7.2 log(t), with t = T/T ∗, extracted
for a number of Ce intermetallic compounds showing
logarithmic thermal dependencies [13].

III. DISCUSSION

A. Itinerant to local electronic transformation

Comparing magnetic and thermal properties one
observes that, within the 0 ≤ y ≤ 0.48 range, this
system presents an unusual discrepancy between the
decreasing TN (y) and the increasing amplitude of
the ∆Cm(TN ) jump, see Fig. 3a. The latter behav-
ior is in line with the increasing values of magneti-
zation presented in Fig. 2a. In an usual scenario of
competing RKKY magnetic interactions with Kondo
effect, the former mechanism tends to increase mag-
netic order whereas the later to screen magnetic mo-
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ments [14]. This classical description does not apply
to this system because a TN (y) decrease would im-
ply a weakening of the RKKY interaction due to an
enhancement of the Kondo screening and the con-
sequent decrease of ∆Cm(TN ) [7]. On the contrary,
the observed growing and narrowing of ∆Cm(TN )
suggests a tendency towards the localization of Ce-
4f states driven by a weakening of 4f -band hy-
bridization (i.e. a decrease of TK(y)). Furthermore,
the ferromagnetic type dependence of M(H) above
Hcr ≈ 0.5 Tesla observed in the y ≥ 0.48 alloys
clearly suggests a minor role of Kondo effect at this
range of concentration. These facts make evident
that different mechanisms are involved in the evolu-
tion of the ground state properties of this system.

The most likely is a decreasing contribution of
the excited crystal electric field CEF levels at low
energy, which leads the system into an itinerant to
localized transformation. Taking into account that
|θP | can be considered ∝ TK [15], if |θP | is compa-
rable to the splitting ∆CEF of the first CEF level
the contribution of that doublet is relevant, but it
becomes irrelevant once |θP | << ∆CEF . The re-
ported decrease of |θP |(y) from 58 K (at y = 0) to
6 K (at y=0.55), together with the increase of µeff

and M(H) with concentration, support this descrip-
tion. From Cm(T ) measurements up to T = 30 K on
sample y = 0.55, the first CEF splitting was evalu-
ated as ∆CEF = 40± 5 K.

0 5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0

1.2

GS

2/3 (2RLn2)

Ce
2 
(Ni

 1-y 
Pd

 y 
)
 2 
Sn

 S
 / 

2R
Ln

2

 

T  [K]

 y = 0
 y = 0.25
 y = 0.50

FIG. 5. Thermal dependence of the en-
tropy (normalized to one Ce at.) for y = 0
and the higher Pd concentrations. Dashed
curve is a qualitative representation for
the ground state contribution in sample
y = 0.55.

An alternative way to test this scenario is the
analysis of the entropy variation for different con-
centrations, Sm(y, T ). In Fig. 5 we show the ther-
mal evolution of the magnetic entropy computed as
Sm =

∫
Cm/T × dT . On the Ni-rich limit, one sees

that Ce2Ni2Sn presents a moderate and monotonous

increase of Sm(T ) that overcomes Sm = 2RLn2
around 15 K. This behavior reveals a significant
broadening of ground and excited CEF levels that
partially overlap each other because of compara-
ble TK and ∆CEF energies. On the contrary, the
y = 0.50 and 0.55 alloys show an incipient plateau
of Sm(T ) around T ≥ 10 K. This change confirms
that the doublet GS is mostly occupied at that tem-
perature whereas the first excited CFE doublet has
reduced significantly its contribution to the GS prop-
erties. Applying Desgranges-Schotte [16] criterion of
Sm(TK) ' 2/3R ln 2 for single Kondo moments, the
extracted values of TK(y) clearly show a decrease of
Ce-4f orbitals hybridization. This is the key to un-
derstand the unusual behavior of this system that
can be explained as a combination between the de-
crease of the 4f-band hybridization intensity and the
consequent reduction of the CFE levels contribution
to the low energy density of states.

B. Critical region and Phase Diagram

Another peculiarity of this system emerges from
the analysis of the Sm(T ) dependence at low tem-
perature since the entropy gain at TN is remark-
ably low, i.e. ≈ 0.3 Rln2 per Ce-at. Such a low
value is observed in Ce and Yb compounds which
do not order because of e.g. magnetic frustration
effects [17] but present a Cm(T )/T anomaly char-
acterized by a divergent power law tail above the
temperature of the maximum Tmax. Although in
Ce2(Pd1−yNiy)2Sn the tail follows a− log(T/T ∗) de-
pendence, the Cm/T maximum diverges at TN (y)
following a: 5/(T−0.4) K−1 dependence, as depicted
in Fig. 4a, that should end in a critical point because
of an entropy bottleneck [11]. This type of behav-
ior was also observed in URu2Si2 under magnetic
field [18] and CeTiySc1−yGe [19]. The latter shows
a very similar divergency of its Cm/T maximum also
approaching a structural instability.

In Fig. 4a and b one can see how the temper-
ature of the magnetic anomaly decreases down to
TN ≈ 1.2 K at ycr = 0.50 where another contri-
bution at TI ≈ 1.45 K arises while the intensity of
the former decreases. A detailed study of those spe-
cific heat anomalies around the critical region is pre-
sented in Fig. 6, performed at zero and applied mag-
netic field. Under magnetic field, the anomaly of the
ycr = 0.48 alloy splits into two maxima. In that fig-
ure one can clearly see how the Cm/T maximum at
TN ≈ 1.2 K decreases in intensity while the one at
TI increases. The intrinsic character of this compe-
tition between a vanishing phase and an emerging
one is confirmed by the same behavior observed in
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the y = 0.50 alloy, right axis in Fig. 6. Beyond
that concentration, sample y = 0.55 shows how the
relative contributions are reversed. The growing in-
tensity of the TI anomaly with field and the M(H)
dependence close to that temperature make evident
a ferromagnetic character of this alloy despite of the
lack of hysteresis in the M(H) curves.
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The overall concentration dependence of TN (y) is
included in the inset of Fig. 7, showing its decrease
from 3.8 K down to 1.2 K at ycr = 0.48. At that

concentration the competition between two phases
occurs as it shown by specific heat measurements
presented in Fig. 6. Those details are summarized
in the main body of Fig. 7. There, concentration and
magnetic field effects on both contributions with re-
spective maxima at TN ≈ 1.2 K and TI ≈ 1.45 K are
compared. Notice that thermal (kBTmax) and mag-
netic (µBH) energy scales used in the phase diagram
are comparable.

IV. CONCLUSIONS

The outstanding characteristics observed in the
Ce2(Ni1−yPdy)2Sn family are the transformation of
the magnetic properties from itinerant to mostly lo-
calized and the presence of a critical concentration
with signatures of ferromagnetic contribution.

The former characteristic is recognized from the
Pd concentration dependence of the magnetic prop-
erties like: i) the decrease of |θP |, reflecting a de-
crease of TK , ii) the increase of the effective mag-
netic moment and iii) the sharpening of the specific
heat transition. All these properties behave at vari-
ance to the decrease of the ordering temperature TN
in a usual RKKY scenario of localized moments. In
this system, the TN (y) decrease is driven by the re-
duction of the CEF excited levels contribution to the
ground state properties as revealed by the thermal
evolution of the magnetic entropy with growing Pd
concentration.

The second peculiarity of this system concerns the
fact that the Cm(T ) anomaly associated to TN (y)
shows a nearly constant maximum which ends into
a bottleneck of the magnetic entropy at a critical con-
centration ycr ≈ 0.48. At that point M(H) reveals
a ferromagnetic type dependence above Hcr ≈ 0.4T.
The splitting of the Cm(T ) maximum, tuned by field
and concentration indicates a competition between
two magnetic phases within the 0.48 ≤ y ≤ 0.55
range. Their respective characteristic energies are
TN ≈ 1.2 K and TI ≈ 1.45 K, with the former contri-
bution vanishing and the latter arising as a function
of concentration and/or field.

Lower temperature magnetic measurements (i.e.
T < 1.8 K) are required to better characterize the
magnetic ground state within the critical region.
Spectroscopic measurements may shed light into the
dynamical nature of these competing phases and
band calculations are highly desirable to trace the
modification of the Fermi surface.
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