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Magnetic and Thermodynamic Properties of Ce4RuAl
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The results of magnetic susceptibility and heat capacity measurements are reported for the Ce4RuAl com-
pound above room temperature to low temperature range (400 K to 0.34 K) and in the magnetic �eld up to 7 T.
The magnetic susceptibility χ(T ) exhibits a distinct anomaly at 0.95 K which most probably suggests a paramag-
netic to antiferromagnetic phase transition. The magnetic susceptibility obeys the Curie�Weiss law in the region
100�400 K and revealed an e�ective magnetic moment µeff = 2.18 µB/Ce which is less than the value for free Ce3+

(µeff = 2.54 µB). The paramagnetic Weiss temperature indicates net antiferromagnetic correlations. In the speci�c
heat a peak at 1.3 K supports the bulk nature of the phase transition observed in χ(T ). The Sommer�eld coe�-
cient is moderately enhanced in the paramagnetic phase, and suggests f�c correlations among the electrons prior to
magnetic ordering. The obtained Sommer�eld coe�cient γ behavior is consistent with the Anderson model-based
theoretical predictions.
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1. Introduction

Rare-earth elements are characterized by an incom-
pletely �lled 4f shell, which is small compared to typical
interatomic distances in metallic compounds and usu-
ally carry a stable and well de�ned magnetic moment
even in metallic compounds. A large number of rare-
earth compounds exhibit unusual low-temperature prop-
erties, which are ascribed to interactions of the localized
4f moments with their environment. The crystal elec-
tric �eld (CEF) at the rare-earth ion site splits the free-
ion ground-state multiplet. The temperature-dependent
occupation probability of the CEF levels is re�ected in
many physical properties [1]. Intermetallic cerium com-
pounds have widely been investigated in the last 40 years
with respect to their intriguing physical properties [2].
This is due to the peculiar valence behavior, i.e. trivalent
cerium has a [Xe]4f1 con�guration and exhibits para-
magnetism (often accompanied by magnetic ordering),
while tetravalent cerium, [Xe]4f0, is diamagnetic. Var-
ious examples are known where the cerium valence can
be in�uenced by temperature [3], by pressure [4], or upon
hydrogenation [5].
As part of our program to explore new compounds to

broaden our understanding of the physics of the strongly
correlated electron class of materials, results of a va-
riety of physical properties have been provided in this
work to probe the magnetic and electronic behavior of
the Ce4RuAl compound. To date, exploratory studies
on Ce4RuAl have been reported at a conference [6] and
by Tappe et al. [7]. In the present paper, we report
the physical properties of the Ce�Ru�Al system, namely
Ce4RuAl. We have measured the susceptibility and mag-
netization of Ce4RuAl from 400 K to 0.5 K.
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2. Experimental

The sample of Ce4RuAl was prepared by arc melting
the stoichiometric amounts of the constituent elements
on a water-cooled copper hearth in argon atmosphere.
All the metals had a purity of 99.99%. All the materi-
als were melted at least four times and turned over after
every melting to ensure homogeneous mixing. Powder
X-ray di�raction was obtained using Cu Kα radiation.
Magnetization and heat capacity measurements were car-
ried out using standard physical and magnetic measure-
ment systems from Quantum Design (San Diego).

3. Result and discussion

Figure 1 shows the temperature dependence of mag-
netic susceptibility and inverse magnetic susceptibility
χ−1(T ) between 1.76 to 400 K for Ce4RuAl measured
in an applied �eld of 0.05 T. A �t of the inverse mag-
netic susceptibility in the region 100-400 K according
to a modi�ed Curie�Weiss expression χ−1(T ) = [χ0 +
C/(T − θP )]

−1 revealed a temperature-independent con-
tribution χ0 = 0.0003668 emu/(Ce mol), a magnetic mo-
ment µeff = 2.18 µB/Ce, and the Weiss temperature
θP = −81.33 K.
This µeff value is higher than the obtained value by

Tappe et al. [7]. According to Tappe et al. µeff value is
1.74 µB/Ce and the θP = −34.1 K at applied �eld B =
1 T. At low temperatures, the inverse magnetic suscep-
tibility χ−1(T ) considerably deviates from Curie�Weiss
behaviour, which could be attributed to the crystalline-
electric-�eld (CEF) e�ect. More experiments such as
high-resolution angle-resolved photoemission studies and
inelastic neutron scattering measurements are required
to estimate the CEF parameters. The observed negative
sign of θP can be understood to arise from the devel-
opment of antiferromagnetic-type correlations between
the Ce moments.
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Fig. 1. Temperature dependence of the magnetic sus-
ceptibility and inverse susceptibility of Ce4RuAl mea-
sured in 0.05 T. The line represents the modi�ed Curie-
Weiss �t of χ−1(T ). Inset (a) shows the low temperature
data of χ(T ), arrow points to the anomaly correspond-
ing to the magnetic phase transition. Inset (b) shows the
magnetization for Ce4RuAl at di�erent temperatures.

With decreasing temperature the magnetic susceptibil-
ity exhibits a distinct anomaly due to magnetic ordering
at TN = 0.95K. The inset (a) in Fig. 1 shows the low tem-
perature dependence of χ(T ) with better visible anomaly
and the arrow indicating the magnetic phase transition.
The magnetic �eld dependence of magnetization at dif-

ferent temperatures for Ce4RuAl is presented in inset (b)
of Fig. 1. The magnetization M increases linearly with
applied magnetic �eld at temperature T = 10 K, whereas
at T = 1.76 K on the other hand a strong curvature
in M(H) is found. It is noted that the magnetization
is especially strongly curved and �eld dependent in the
≤ 2 T region. The value of magnetic moment measured
at 1.76 K in a �eld of 7 T amounts to 0.25 µB/Ce which is
much lower than the theoretical value for the saturated
moment of free Ce+3 ion µs = 2.14 µB. It is proba-
ble that magnetocrystaline anisotropy plays an impor-
tant role here. The obtained magnetic moment value is
lower than the obtained value by Tappe et al. [7].
Figure 2 shows the temperature dependence of the heat

capacity CP (T ) of Ce4RuAl in the temperature range
0.5�300 K in zero magnetic �eld. The value of the elec-
tronic coe�cient of the speci�c heat γ has been taken as
the extrapolation of the linear part of the CP /T vs. T 2

curves at low temperatures indicated by red line exposed
in inset (c) of Fig. 2. The upturn in CP /T vs. T 2 ob-
served at low temperatures is presumably related with
the magnetic phase transition in low �eld[see inset (b)
of Fig. 2]. The obtained electronic coe�cient of speci�c
heat γ value is 158 mJ/(Ce mol K2) for Ce4RuAl.
This value of γ suggests that there may be strong elec-

tronic correlations present in Ce4RuAl. One origin may
be the Kondo e�ect produced by an on-site hybridization
between f and conduction electrons. As a precursor ef-
fect to the lower-lying magnetic phase transition however,

Fig. 2. Temperature dependence of the heat capacity
of Ce4RuAl up to 300 K in zero magnetic �eld. Inset (a):
The corresponding entropy as a function of temperature.
Inset (b): Temperature dependence of the heat capacity
displayed as CP /T Inset (c): a low temperature part of
the heat capacity.

an enhanced value of γ may also result from short-range
correlations immediately above TN . The value of θD ob-
tained from the simpli�ed Debye model is approximately
174 K. Inset (c) of Fig. 2 shows the low-temperature part
(0.35 K to 12 K) of the heat capacity (CP /T vs. T ) of
Ce4RuAl in zero �eld.
We ascribe the sharp peak with a maximum at about

1.3 K in zero �eld, to the transition into a magneti-
cally ordered phase. The appearance of the magnetic
phase transition is consistent with measured susceptibil-
ity where strong maximum is present near this temper-
ature shown in inset (a) in Fig. 1 where the magnetic
susceptibility has a rapid decrease at 0.95 K. The mag-
netic contribution to the speci�c heat and the corre-
sponding magnetic entropy are related to the energy lev-
els of the magnetic ions. In the absence of a nonmag-
netic homologue with which to assess the lattice con-
tribution, we show in inset (a) of Fig. 2 the total en-
tropy of this system, which should be viewed as an up-
per limit of its 4f magnetic entropy. At TN the ob-
tained value of S reaches about 14% for the case of a
doublet ground state. The CEF e�ect of Ce3+ in cu-
bic crystal symmetry is expected to split into one dou-
blet and one quartet. Thus, our results support the view
that even if all three site symmetries occupied by Ce in
this structure, see [7], should participate in the mag-
netic ordering then the Ce3+ ions would still have to
be in a strongly hybridized state to be concomitant to
such a tiny fraction of the full available magnetic en-
tropy of the 4f spin system. Such a hybridized Ce3+

state in Ce4RuAl was in fact alluded to in the observed
anomalous contraction of Ce4RuAl lattice parameter val-
ues in the R4RuAl series [7].
Figure 3 shows the low temperature part of CP /T

vs. T for Ce4RuAl in various applied magnetic �elds.
Due to the anomalous behavior at low temperatures the
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Fig. 3. E�ect of magnetic �eld on the speci�c heat of
Ce4RuAl.

γ coe�cients value depend strongly on the temperature
range used for the extrapolation and on the magnetic
�eld. It evolves from the 158 to 180 mJ/(Ce mol K2) for
(H) increasing from 0 to 5 T. The obtained γ behavior
is consistent with the Anderson model-based theoretical
predictions [8].

4. Conclusions

Magnetic susceptibility with paramagnetic to antifer-
romagnetic phase transition and heat capacity measure-
ments suggest that there may be strong electronic corre-
lations present in Ce4RuAl. The heat capacity measure-
ments provide γ = 158 mJ/(Ce mol K2 for the electron
speci�c heat coe�cient showing that there is an enhance-
ment of the e�ective mass. The enhanced value of γ
originates from an appreciable amount of f -electron in-
volvement in the conduction electrons and the resulting
strongly hybridized state. The obtained γ behavior for
di�erent applied �elds is consistent with the Anderson
model-based theoretical predictions.
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