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The CeNi4Al compounds have been studied using the magnetic susceptibility, specific heat, electrical resis-
tivity and x-ray photoemission spectroscopy(XPS) measurements. The XPS experiments were supported by
the theoretical calculations employing the TB LMTO method. The estimation of the hybridization,D, between
the f-level and the conduction states was based on the XPS measurements of the Ces3dd states and revealed a
small value ofD<37 meV accompanied by a nearly fullf-occupancysnf <0.88d. The temperature measure-
ments of the dc susceptibility have shown paramagnetic behavior fulfilling the Curie-Weiss law withmeff

=0.6mB/ f.u. Experimental values of the specific heat coefficientg=29 mJK−2 mol−1 and the Debye tempera-
tureuD=315 K have been obtained. The electrical resistivity measurements revealed a presence of a minimum
at about 16 K.
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I. INTRODUCTION

In the series of rare earth-intermetallicsR− Id compounds
the use of cerium as theR element is especially interesting
because it can lead to such properties as the intermediate
valence or Kondo effect. The intermediate valence is ob-
served in the presence of relatively strong hybridization be-
tween thef-orbitals and the conduction states and can be
extracted from x-ray photoemission spectroscopy(XPS)
measurements1–4 owing to the appearance of the additional
satellites within the Ces3d5/2,3/2d doublet. The theoretical
background for the interpretation of the XPS Ces3dd spectra
was put by Gunnarsson and Schönhammer1 in the approxi-
mation of the single impurity Anderson Hamiltonian. The
XPS studies play an important role in understanding the elec-
tronic structure of Ce-based alloys and compounds.

The second effect of interest, i.e., the Kondo behavior
appears as a minimum in the temperature dependence of re-
sistivity due to the interplay between the increasing spin-
disorder resistivity and the decreasing lattice scattering dur-
ing cooling down the sample. It occurs on conditions that
localized magnetic moments exist in a metallic matrix, which
are decoupled and thes-f direct exchange interaction integral
Js-f is negative. Below the so called Kondo temperatureTK a
Kondo system is characterized by a large magnetic suscepti-
bility and increased electronic specific heat coefficient.5–7

These fundamental phenomena are still in a focus of in-
terest because they can provide an insight into the ground
state properties. Recently we have observed a mixed-valence
state in CeNi4B compounds.3 In this paper we present the
results of the XPS experiment as well as the measurements
of the temperature dependence of the dc magnetic suscepti-
bility, electrical resistivity and specific heat of CeNi4Al. The
properties of the XPS Ces3dd spectrum have been analyzed
within the limits of the Gunnarsson and Schönhammer(G-S)
model and the valence band spectrum has been calculated

employing the spin-polarized Tight Binding Linear Muffin
Tin Orbital (TB LMTO) method in the atomic sphere ap-
proximation(ASA).8 We provide first such extended studies
of this compound employing four different experimental
methods and theoretical calculations of the electronic struc-
ture. CeNi4Al belongs to the RNi4X (R=rare earth, X=B,
Al ) series exhibiting a wide range of interesting fundamental
properties like large anisotropy, superconductivity, mixed-
valency, etc. The RNi4Al materials have attracted attention
after successful commercial use of the LaNi5 alloys in bat-
teries and for hydrogen storage due to the large hydrogen
absorption.9,10

II. EXPERIMENT

The polycrystalline CeNi4Al compounds were synthe-
sized by the induction melting under an argon atmosphere.
As the ingot a stoichiometric amounts of the Ce, Ni and Al
were used. The crystallographic structure is of the hexagonal
CaCu5-type, space groupP6/mmm. Ce occupies the 1a site
(0,0,0) and Ni(1) the 2c site s1/3,2/3,0d. Ni(2) and Al are
statistically distributed on the 3g site s1/2,0,1/2d. The
structure was verified by x-ray diffraction studies using
Cu Ka radiationsl=1.5418 Åd. Figure 1 shows the profile
analysis carried out with FULLPROF. The resulting lattice
constants area=4.953Å andc=4.089Å. The analysis of the
x-ray data confirms that the studied samples are single phase.

The XPS experiments were performed at the photon en-
ergy of 1487.6 eV with the energy resolution of 0.3 eV. An
Al-K a source was employed using a PHI 5700/660 Physical
Electronics Spectrometer. The samples were broken and
measured in a vacuum of 10−10 Torr.

Measurements of the dc susceptibility in a magnetic field
up to 9 T and temperature down to 4.2 K were carried out on
a MagLab2000 instrument.
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The electrical measurements were carried out by a stan-
dard four-probe technique on a rectangular-shaped sample
for a correct determination of the sample resistivity.

The specific heat was measured using a calorimeter en-
abling measurements in the temperature range from pumped
helium temperatures up to room temperature. Over the whole
temperature range the quasi-adiabatic method was applied.

III. MAGNETIC AND THERMODYNAMIC
PROPERTIES

Our previous magnetic, neutron diffraction and XPS stud-
ies of theRNi4Al compounds have shown that the Ni atoms
in this system do not contribute any magnetic moment.
Therefore, the CeNi4Al compound shows paramagnetic be-
havior like the previously studied CeNi4B.11 The temperature
dependence of the dc susceptibility for CeNi4Al is presented
in Fig. 2(a). The experimental data were fitted with the modi-
fied Curie-Weiss lawxsTd=x0+C/ sT−ud, which provided
very similar values of the parameters as in the case of
CeNi4B. We have obtainedx0=17.6310−9 m3/kg, u
=−6.2 K andC=14.2310−7 m3K/kg, whereas for CeNi4B
the values werex0=16.6310−9 m3/kg, u=−10.7 K andC
=11310−7 m3K/kg.11 The effective magnetic moment is
meff=0.6mB/ f.u., which is slightly larger than for CeNi4B
smeff=0.52mB/ f.u.d. The increased magnetic susceptibility is
also confirmed by the magnetization curve measurements.
Figure 2(b) shows theMsHd dependence for CeNi4Al at
4.2 K and 300 K and for a comparison theMsHd dependence
of CeNi4B at 4.2 K is also displayed as a dashed line.
CeNi4Al exhibits a larger moment, besides, it is evident that
for both compounds, but especially for CeNi4Al, a small
magnetic order, revealed by the curvature of theMsHd line,
can be induced if using high magnetic fields. They may be
the Ni atoms or some minor impurities giving this effect. The

curvature may be also due to the typical tendency to satura-
tion of the Brillouin function when the ratioH /T is large and
we have both low temperatures4.2 Kd and relatively high
magnetic fields(up to 9 T).

The largermeff of CeNi4Al as compared with CeNi4B can
be explained by the difference in the distance between the
nearest Ce neighbors. CeNi4B crystallizes in the structure of
CeCo4B with space groupP6/mmm. The Ni atoms occupy
the crystallographic sites 2c and 6c, the rare earth is also
located in two sites 1a, 1b, and boron atoms are located in
the 2d positions. The lattice constants area=5.00 Å andc
=6.99 Å. The values for the CeNi4Al compound area
=4.953 Å andc=4.089 Å. However, the resulting Ce-Ce
distance isdc=3.49 Å in thec direction of CeNi4B and dc
=4.089 Å for CeNi4Al. As it will be shown in Sec. IV it can
be a source of a smaller hybridization effects in CeNi4Al.
Larger coupling between thef states and the conduction elec-
trons leads to an increased contribution of Ce4+ ions having a
zero magnetic moment, thus implying a smaller average
value of m. We found that dcsCeNi4Bd /dcsCeNi4Al d
<meffsCeNi4Bd /meffsCeNi4Al d. From the G-S model1 it is
known that the hybridization parameterD~1/x. We have
obtained largerx and smallerD for CeNi4Al than for CeNi4B
in accordance to this proportionality.

Our dc and ac magnetic susceptibility studies do not show
an evidence of any magnetic transition, however, specific
heat measurements illustrated in Fig. 3 reveal a small peak at

FIG. 1. X-ray diffraction pattern measured(points) for CeNi4Al.
A solid line presents the profile refinement using FULLPROF. The
bottom solid line shows the difference between the measured and
calculated pattern. The ticks indicate the position of the structural
reflections.

FIG. 2. (a) Temperature dependence of the dc susceptibility.
Solid line: fit with the modified Curie-Weiss law.(b) MsHd depen-
dence for CeNi4Al at 4.2 K and 300 K. For a comparison theMsHd
dependence of CeNi4B at 4.2 K is displayed as a dashed line.
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about 6 K (see the inset). This is developed by the crystal
field induced Schottky anomaly often observed in similar
compounds.

From a linear fit to the low temperature part ofCp/T
versus T2 data the electronic specific heat coefficientg
=29 mJK−2 mol−1 and the Debye temperatureuD=315 K
were extracted. The Debye temperature obtained directly
from the specific heat at a given temperature, but above
about 15 K, i.e., in the range were the phonon contribution
dominates, increases from 275 K up to 325 K. In the case of
the temperature dependence of the electrical resistivity for
the isostructural nonmagnetic YNi4Al compound we have
previously obtaineduD=204 K by fitting to the standard
Bloch-Grüneisen formula.12

IV. XPS VALENCE BAND: CALCULATIONS
AND EXPERIMENT

The electronic structure was calculated by the spin-
polarized Tight Binding Linear Muffin Tin Orbital(TB
LMTO) method in the atomic sphere approximation(ASA).8

The values of the atomic sphere radii were taken in such a
way that the sum of all atomic sphere volumes was equal to
the volume of the unit cell. The standard combined correc-
tions for overlapping were used to compensate for errors due
to the ASA. The exchange correlation potential was assumed
in the form proposed by Barth and Hedin13 and Langreth-
Mehl-Hu nonlocal corrections were included.14 The scalar
relativistic wave equation was solved. In the band calcula-
tions the initial atomic configurations were taken according
to the Periodic Table of Elements. We assumed for Ce
coresXed+4f15d16s2, for Ni: coresArd+3d84s2, and for Al:
coresNed+2s22p1. The computations were done for
512 k-points in the irreducible wedge of the first Brillouin
zone.

The energy band calculations performed for CeNi4Al
have shown that the paramagnetic state is more stable, be-
cause the total energy of the paramagnetic state is lower by
0.37 meV/atom than the ferromagnetic one. Hence, the cal-
culations support the paramagnetism of CeNi4Al observed in
magnetic measurements described in the previous section.
The calculations show that the total and local magnetic mo-

ments are approximately zero in the ferromagnetic state. The
calculated densities of states(DOS) are shown in Fig. 4. The
total DOS is presented in Fig. 4(a) and the DOS for the Ce,
Ni and Al atoms in the different crystallographic positions is
included in Figs. 4(b)–4(d). The contribution to the DOS
between 0 and 6 eV is mainly due to the Ni atoms in posi-
tions 2c and 3g. Those states are mostly occupied. The
f-states of Ce are close to the Fermi level. The density of
states for CeNi4Al is NsEFd=6.7 states eV−1/cell at the Femi
level. The electronic specific heat coefficientg
=spkBd2NsEFd /3 estimated from band calculations is about
15.8 mJK−2 mol−1. This value is lower then that of CeNi4B
compound3 s27.6 mJK−2 mol−1d and is roughly in agreement
with the specific heat studies presented in Sec. III.

The theoretical XPS spectrum in the region of the valence
band was extracted from the DOS by weighting with appro-
priate atomic cross-sections and a convolution with a Lorent-
zian function of width 0.4 eV. In Fig. 5 we plot the calcu-
lated XPS together with the experimental data. A larger DOS
at Fermi level for CeNi4B in comparison to CeNi4Al is ex-
pected because the calculated position of the Ces4fd peak is
closer by about 0.07 eV toEF for the former than for the
latter [Fig. 4(b)]. The shift of the valence band is also con-
firmed by the experimental studies because the measured
XPS peak in Fig. 5 is also shifted by about 0.1 eV to the
right comparing to its position for CeNi4B.3 The appearance
of the 4f states closer toEF suggests the possibility of larger
hybridization effects for CeNi4B. It is really corroborated by
the XPSs3dd spectra analyzed in the next section.

We cannot conclude qualitatively about the DOS based on
the experimentally obtained XPS valence band but some re-
lations can be roughly compared. The ratio of the XPS in-

FIG. 3. Temperature dependence of the specific heatCp. Inset:
Cp/T versus square of temperature.

FIG. 4. The calculated total DOS(a) and the DOS for the Ce,
Ni, and Al atoms in the different crystallographic positions[(b–d)].
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tensity of CeNi4B and CeNi4Al at EF is 1.36 and the corre-
sponding ratio of the calculated DOS is 1.45. This consistent
tendency confirms the correctness of the theoretical treat-
ment.

V. XPS OF CE„3d… STATES

An inherent feature of the x-ray photoemission spectros-
copy is that it drives the system into an excited state. How-
ever, models like the G-S theory1 enable drawing conclu-
sions also about the ground state. Concerning the
hybridization effects and mixed-valence behavior in the Ce-
based compounds and alloys, some information can be ex-
tracted from the analysis of the Ces3dd states. The appear-
ance of the 3d94f0 configuration is related to the
modification of the valence state, whereas the 3d94f2 satellite
is a measure of the hybridization strengthD. The measured
Ces3dd XPS spectrum of CeNi4Al is presented in Fig. 6 to-
gether with a decomposition performed assuming the peaks
positions as in the case of the CeNi5 compound.2,15An addi-
tional peak at 900.6 eV is due to an oxide. The 3d94f0 and
3d94f2 satellites are not very well pronounced, nevertheless,
based on the intensity ratiosr = Isf2d / fIsf1d+ Isf2dg and r0

= Isf0d / fIsf0d+ Isf1d+ Isf2dg the hybridization parameterD
<37 meV andf-occupancynf <0.88 are roughly estimated
assuming that the ratios depend onnf and D in this same
manner as for Ce metal.1,2,4 These values can now be com-
pared with our previous studies of CeNi4B,3 where we ob-
tainedD<85 meV andf-occupancynf <0.83. A significant
difference betweenD of these two compounds is evident. To
explain it we recall once again the argument of the differ-
ences in the crystallographic structures ofRNi4Al and
RNi4B. The Ce-Ce distance in thec direction for the former
is significantly larger than for the latter. It is then clear that
the hybridization for CeNi4Al should be smaller than for the
B-based counterpart.

VI. ELECTRICAL RESISTIVITY MEASUREMENTS

The next step of our studies on CeNi4Al compound con-
cerns the temperature dependence of resistivity. ThersTd
curve shown in Fig. 7(a) does not reveal any transition to a
different (ordered) phase, which supports additionally the re-
sults of magnetic studies described in Sec. II, as well as the
prediction of the theoretical calculations with the TB LMTO
method(Sec. IV) revealing a paramagnetic ground state. A
total resistivity is given by the sumrsTd=r0+rphsTd
+rmsTd, wherer0 is a residual resistivity,rph represents the
phonon contribution andrm includes the spin-disorder resis-

FIG. 5. The experimental and calculated XPS valence band of
CeNi4Al.

FIG. 6. Measured Ces3dd XPS spectrum of CeNi4Al. A decom-
position is displayed assuming the peak positions as in the case of
CeNi5 compound.

FIG. 7. (a) Temperature dependence of resistivity for the
CeNi4Al compound. (b) The minimum in resistivity shown in a
logarithmic scale after subtracting the phonon contribution; solid
line: fit with Eq. (1).
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tivity and the spin fluctuations term. To extract the magnetic
contribution a procedure described in more details elsewhere
was employed,3,12,16 i.e., the nonmagnetic YNi4Al reference
sample was fitted by the modified Bloch-Grüneisen relation
for metal-like compounds and the resulting phonon contribu-
tion rphsTd was subtracted from CeNi4Al. The remaining
magnetic contribution,rm+r0, as a function of temperature
in the range 4.2 K–100 K is displayed in Fig. 7(b). It is
evident that a minimum occurs in the temperature depen-
dence of resistivity at about 16 K. Below this threshold the
results can be described using the relation

rmagsTd = r0
` − rK ln T, s1d

where the spin-disorder resisitivityr0
`=891mVcm and the

coefficient rK =0.85mVcm. This formula is usually em-
ployed for Kondo systems, however, the magnetic suscepti-
bility and the electronic specific heat coefficient do not sup-
port the presence of the Kondo effect in the studied sample.
The increasedr0 is mainly due to the random distribution of
the Ni(2) and Al on the 3g site as has been also observed for
NdNi4Al.12

In our previous studies of CeNi4B compound the param-
eters of Eq. (1) were r0

`=88.4mVcm and
rK =0.29mVcm.3,16 The minimum atrsTd dependence was
more shallow than for CeNi4Al and appeared at about 12 K,
i.e., at a lower temperature.

VII. CONCLUSIONS

The TM LMTO calculations, the ac magnetic susceptibil-
ity and the specific heat measurements of the CeNi4Al com-
pound have shown that it is a paramagnetic material. The
calculation of the valence band reveals the dominance of the
Nis3dd states below the Fermi level and thef peak is about
0.56 eV aboveEF. The theoretical valence band belowEF is
in good agreement with the XPS measurements. The thermo-
dynamic measurements have provided the specific heat coef-
ficient g=29 mJK−2 mol−1, which is comparable with a theo-
retically calculated value of 15.8 mJK−2 mol−1. The Debye
temperature is equal to 315 K. In comparison with the earlier
studied CeNi4B, the CeNi4Al compound is characterized by
(i) a smaller DOS atEF as results from TB LMTO calcula-
tions and a comparison of the measured XPS valence bands;
(ii ) a lower value of the hybridization parameterD as derived
from the Gunnarsson-Schönhammer analysis of the Ces3dd
peaks. It is confirmed by a longer Ce-Ce distance in thec
direction;(iii ) a larger residual resistivity, which results from
the large lattice disorder at the 3g site occupied randomly by
Ni and Al; (iv) a better pronounced minimum in the tempera-
ture dependence of resistivity.
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