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The CeNjAl compounds have been studied using the magnetic susceptibility, specific heat, electrical resis-
tivity and x-ray photoemission spectrosco@¥PS) measurements. The XPS experiments were supported by
the theoretical calculations employing the TB LMTO method. The estimation of the hybridizAtiketween
the f-level and the conduction states was based on the XPS measurements of3tesGees and revealed a
small value ofA =37 meV accompanied by a nearly fiiloccupancy(n;~0.88. The temperature measure-
ments of the dc susceptibility have shown paramagnetic behavior fulfilling the Curie-Weiss lawwith
=0.6ug/f.u. Experimental values of the specific heat coefficigr29 mJK2mol™* and the Debye tempera-
ture =315 K have been obtained. The electrical resistivity measurements revealed a presence of a minimum
at about 16 K.
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[. INTRODUCTION employing the spin-polarized Tight Binding Linear Muffin
Tin Orbital (TB LMTO) method in the atomic sphere ap-

In the series of rare earth-intermetaliiR—1) compounds  proximation(ASA).2 We provide first such extended studies
the use of cerium as the element is especially interesting of this compound employing four different experimental
because it can lead to such properties as the intermediaigethods and theoretical calculations of the electronic struc-
valence or Kondo effect. The intermediate valence is obture. CeNjAl belongs to the RNiX (R=rare earth, X=B,
served in the presence of relatively strong hybridization beAl) series exhibiting a wide range of interesting fundamental
tween thef-orbitals and the conduction states and can beproperties like large anisotropy, superconductivity, mixed-
extracted from x-ray photoemission spectrosca@$PS)  valency, etc. The RNAI materials have attracted attention
measurements® owing to the appearance of the additional after successful commercial use of the LaMiloys in bat-
satellites within the G&ds/, 3, doublet. The theoretical teries and for hydrogen storage due to the large hydrogen
background for the interpretation of the XPS(8w# spectra  absorptiorf:1°
was put by Gunnarsson and Schonharinmerthe approxi-
mation of the single impurity Anderson Hamiltonian. The
XPS studies play an important role in understanding the elec- [l EXPERIMENT
tronic structure of Ce-based alloys and compounds.

The second effect of interest, i.e., the Kondo behavior The polycrystalline CeNAl compounds were synthe-
appears as a minimum in the temperature dependence of reized by the induction melting under an argon atmosphere.
sistivity due to the interplay between the increasing spin-As the ingot a stoichiometric amounts of the Ce, Ni and Al
disorder resistivity and the decreasing lattice scattering duwere used. The crystallographic structure is of the hexagonal
ing cooling down the sample. It occurs on conditions thatCaCu-type, space group6/mmm Ce occupies thedlsite
localized magnetic moments exist in a metallic matrix, which(0,0,0 and Ni1) the Z site (1/3,2/3,0. Ni(2) and Al are
are decoupled and tisef direct exchange interaction integral statistically distributed on the @3site (1/2,0,1/2. The
Js¢ is negative. Below the so called Kondo temperafligea  structure was verified by x-ray diffraction studies using
Kondo system is characterized by a large magnetic suscepiGu Ko radiation(A=1.5418 A. Figure 1 shows the profile
bility and increased electronic specific heat coefficient. analysis carried out with FULLPROF. The resulting lattice

These fundamental phenomena are still in a focus of inconstants ara=4.953A andc=4.089A. The analysis of the
terest because they can provide an insight into the groungiray data confirms that the studied samples are single phase.
state properties. Recently we have observed a mixed-valence The XPS experiments were performed at the photon en-
state in CeNjB compounds. In this paper we present the ergy of 1487.6 eV with the energy resolution of 0.3 eV. An
results of the XPS experiment as well as the measurements-K o« source was employed using a PHI 5700/660 Physical
of the temperature dependence of the dc magnetic suscepEiectronics Spectrometer. The samples were broken and
bility, electrical resistivity and specific heat of CgNl. The  measured in a vacuum of 16 Torr.
properties of the XPS @&d) spectrum have been analyzed Measurements of the dc susceptibility in a magnetic field
within the limits of the Gunnarsson and Schonham@&iS) up to 9 T and temperature down to 4.2 K were carried out on
model and the valence band spectrum has been calculatedViagLab2000 instrument.
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FIG. 1. X-ray diffraction pattern measurégointg for CeNi,Al. © !
A solid line presents the profile refinement using FULLPROF. The g 0.03 CeNiB .
bottom solid line shows the difference between the measured and £ 0.02 [ aoK
calculated pattern. The ticks indicate the position of the structural 2 ™ ]
reflections. 2 oo1 .
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The electrical measurements were carried out by a stan- T . . —— —— ——
dard four-probe technique on a rectangular-shaped sample 0 1 2 3 4 5 6 7 8 9
for a correct determination of the sample resistivity. magnetic field (T)

The specific heat was measured using a calorimeter en-
P 9 gd FIG. 2. (a) Temperature dependence of the dc susceptibility.

abling measurements in the temperature range from pumped . ' < o ; i

helium temperatures up to room temperature. Over the whol olid line: fit W.'th the modified Curie-Weiss lawb) M(H) depen-

temperature range the quasi-adiabatic method was applied ence for CeNjAl at 4.2 K and 300 K. For a comparison th(H)
tdependence of CelB at 4.2 K is displayed as a dashed line.

curvature may be also due to the typical tendency to satura-

tion of the Brillouin function when the ratibl/T is large and

we have both low temperatur@.2 K) and relatively high
Our previous magnetic, neutron diffraction and XPS stud-magnetic fieldgup to 9 T).

ies of theRNi,Al compounds have shown that the Ni atoms  The largerues of CeNij,Al as compared with CeNB can

in this system do not contribute any magnetic momentpe explained by the difference in the distance between the

Therefore, the CeNAl compound shows paramagnetic be- nearest Ce neighbors. CeRicrystallizes in the structure of

havior like the previously studied CeJ.!! The temperature CeCoB with space grougP6/mmm The Ni atoms occupy

dependence of the dc susceptibility for CeMiis presented the crystallographic sitesc2and &, the rare earth is also

in Fig. 2@). The experimental data were fitted with the modi- |ocated in two sites 4, 1b, and boron atoms are located in

fied Curie-Weiss lawy(T)=xo+C/(T-#6), which provided the 24 positions. The lattice constants aae5.00 A andc

very similar values of the parameters as in the case 0£6.99 A. The values for the Cepil compound area

CeNiB. We have obtainedx,=17.6x10°m3/kg, 6 =4.953 A andc=4.089 A. However, the resulting Ce-Ce

=-6.2 K andC=14.2x 107" m*K/kg, whereas for CeNB  distance isd,=3.49 A in thec direction of CeNjB andd,

the values werey=16.6xX 10° m3/kg, §=-10.7 K andC  =4.089 A for CeNjAl. As it will be shown in Sec. IV it can

=11X 10" m3K/kg.'* The effective magnetic moment is be a source of a smaller hybridization effects in G@i

teir=0.6ug/f.u., which is slightly larger than for Cel8  Larger coupling between tHestates and the conduction elec-

(Mef=0.52ug/f.u.). The increased magnetic susceptibility is trons leads to an increased contribution of tQens having a

also confirmed by the magnetization curve measurementgero magnetic moment, thus implying a smaller average

Figure 2b) shows theM(H) dependence for Cel\l at  value of u. We found that dy(CeNi,B)/d.(CeNjAl)

4.2 K and 300 K and for a comparison th&H) dependence =~ yu.4(CeNi,B)/ uer(CeNi,Al). From the G-S modélit is

of CeNi,B at 4.2 K is also displayed as a dashed line.known that the hybridization parametér=1/y. We have

CeNi,Al exhibits a larger moment, besides, it is evident thatobtained largey and smallers for CeNi,Al than for CeNjB

for both compounds, but especially for CgNi, a small  in accordance to this proportionality.

magnetic order, revealed by the curvature of ki¢H) line, Our dc and ac magnetic susceptibility studies do not show

can be induced if using high magnetic fields. They may bean evidence of any magnetic transition, however, specific

the Ni atoms or some minor impurities giving this effect. Theheat measurements illustrated in Fig. 3 reveal a small peak at

IlI. MAGNETIC AND THERMODYNAMIC
PROPERTIES
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FIG. 3. Temperature dependence of the specific Ggatnset: g al
C,/T versus square of temperature. »
Q 0
0.9
about 6 K(see the inset This is developed by the crystal
field induced Schottky anomaly often observed in similar 0.6
compounds. oal
From a linear fit to the low temperature part Gf/T
versus T2 data the electronic specific heat coefficient 0.0 . r ; T2
=29 mJK?mol* and the Debye temperaturéy=315 K Energy (V)

were extracted. The Debye temperature obtained directly

from the specific heat at a given temperature, but above FIG. 4. The calculated total DO&) and the DOS for the Ce,
about 15 K, i.e., in the range were the phonon contributiorlNi, and Al atoms in the different crystallographic positidis—d)].
dominates, increases from 275 K up to 325 K. In the case of ) ) )

the temperature dependence of the electrical resistivity fof€nts are approximately zero in the ferromagnetic state. The
the isostructuraj nonmagnetic YM' Compound we have Calculated denSItIeS of Staté:‘;OS) are ShOWI’] n F|g 4, The

previously obtainedd,=204 K by fitting to the standard total DOS is presented in Fig(# and the DOS for the Ce,
Bloch-Griineisen formul& Ni and Al atoms in the different crystallographic positions is

included in Figs. #&)-4(d). The contribution to the DOS
between 0 and 6 eV is mainly due to the Ni atoms in posi-
tions £ and 3. Those states are mostly occupied. The
f-states of Ce are close to the Fermi level. The density of
The electronic structure was calculated by the spinstates for CeNiAl is N(Ep)=6.7 states eV/cell at the Femi
polarized Tight Binding Linear Muffin Tin OrbitakTB  level. The electronic specific heat coefficienty
LMTO) method in the atomic sphere approximati@®A).8  =(mkg)?N(Ep)/3 estimated from band calculations is about
The values of the atomic sphere radii were taken in such 45.8 mJK? mol™%. This value is lower then that of Ce)
way that the sum of all atomic sphere volumes was equal taompound (27.6 mJK? mol™!) and is roughly in agreement
the volume of the unit cell. The standard combined correcwith the specific heat studies presented in Sec. Ill.
tions for overlapping were used to compensate for errors due The theoretical XPS spectrum in the region of the valence
to the ASA. The exchange correlation potential was assumefland was extracted from the DOS by weighting with appro-
in the form proposed by Barth and Hetfirand Langreth- priate atomic cross-sections and a convolution with a Lorent-
Mehl-Hu nonlocal corrections were includ&iThe scalar  zian function of width 0.4 eV. In Fig. 5 we plot the calcu-
relativistic wave equation was solved. In the band calculatated XPS together with the experimental data. A larger DOS
tions the initial atomic configurations were taken accordingat Fermi level for CeNjB in comparison to CeNAl is ex-
to the Periodic Table of Elements. We assumed for Ceected because the calculated position of the4Qepeak is
corgXe) +4f15d'6s?, for Ni: corg/Ar)+3d%4s?, and for Al:  closer by about 0.07 eV t& for the former than for the
corgNe)+2s’2pl. The computations were done for latter [Fig. 4b)]. The shift of the valence band is also con-
512 k-points in the irreducible wedge of the first Brillouin firmed by the experimental studies because the measured
zone. XPS peak in Fig. 5 is also shifted by about 0.1 eV to the
The energy band calculations performed for C#Ni  right comparing to its position for Cep8.2 The appearance
have shown that the paramagnetic state is more stable, bef the 4f states closer t& suggests the possibility of larger
cause the total energy of the paramagnetic state is lower hyybridization effects for CeNB. It is really corroborated by
0.37 meV/atom than the ferromagnetic one. Hence, the cathe XPS(3d) spectra analyzed in the next section.
culations support the paramagnetism of C&bbserved in We cannot conclude qualitatively about the DOS based on
magnetic measurements described in the previous sectiothe experimentally obtained XPS valence band but some re-
The calculations show that the total and local magnetic molations can be roughly compared. The ratio of the XPS in-

IV. XPS VALENCE BAND: CALCULATIONS
AND EXPERIMENT
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FIG. 5. The experimental and calculated XPS valence band of I /
CeNjAl — 905} (b) /
g ¢
tensity of CeNjB and CeNjAl at Er is 1.36 and the corre- c ool
sponding ratio of the calculated DOS is 1.45. This consistent =&
tendency confirms the correctness of the theoretical treat- o
o 895
ment. ¥
€
Q& 80} , "
V. XPS OF CE(3d) STATES s Y
An inherent feature of the x-ray photoemission spectros- 885 L -1' : -100

copy is that it drives the system into an excited state. How-

ever, models like the G-S thedrgnable drawing conclu-

S|on:_s . als.o about  the ground state. Conce_rnlng the FIG. 7. (@) Temperature dependence of resistivity for the

hybridization effects and mixed-valence behavior in the Ce-. . - ) o :

b d d d all inf fi b CeNijyAl compound.(b) The minimum in resistivity shown in a
ased compounds an .a 0ys, some information can be e1((Sgarithmic scale after subtracting the phonon contribution; solid

tracted from the analysis of the (3gl) states. The appear- line: fit with Eq. (1).

ance of the @%4f° configuration is related to the

modification of the valence state, whereas tH¥®° satellite  _ o 1 2 e

is a measure of the hybridization strengthThe measured :I(];)/[IS )+|dg‘f )*1(F%)] thewhybr|d|zat|0n E?ramgteﬁ d

Ce(3d) XPS spectrum of CelAl is presented in Fig. 6 to- >/ M€V andi-occupancyn;~0.88 are roughly estimate

gether with a decomposition performed assuming the pea@ssuming that the ratios4depend opand A in this same
positions as in the case of the CeNbmpounc?5An addi- manner as for Ce met&f* These values can now be com-

tional peak at 900.6 eV is due to an oxide. Th##4° and pared with our previous studies of CeRi’ where we 0b-
3d%f? satellites are not very well pronounced, neverthelesst"’.“nGdAz85 meV andf-occupancyn = 0.83. A S|gr!|f|cant
based on the intensity ratias=I(f2)/[1(f})+1(f3)] and r, dlfferenqe between of these two compounds is ewdent._ To
explain it we recall once again the argument of the differ-
18 ences in the crystallographic structures BNi,Al and
i ¢ [Ce@D]| ¢ ] RNi,B. The Ce-Ce distance in thedirection for the former
er 5 o is significantly larger than for the latter. It is then clear that
1r ] the hybridization for CeNiAl should be smaller than for the
12 e £, o . B-based counterpart.

2

T T (K

10F 1
. VI. ELECTRICAL RESISTIVITY MEASUREMENTS

%'R:

The next step of our studies on CgAli compound con-
cerns the temperature dependence of resistivity. Ft1®
- . curve shown in Fig. (& does not reveal any transition to a
[ different(ordered phase, which supports additionally the re-
S e e % sults_ of_ magnetic studie_s described_in Seg. Il, as well as the
Binding energy (eV) prediction of the theore.tlcal calculations vy|th the TB LMTO
method(Sec. IV) revealing a paramagnetic ground state. A
FIG. 6. Measured G&d) XPS spectrum of CelAl. A decom-  total resistivity is given by the sump(T)=po+p,n(T)
position is displayed assuming the peak positions as in the case dfom(T), Wherep, is a residual resistivityp,, represents the
CeNis compound. phonon contribution ang,, includes the spin-disorder resis-

Intensity (arb. units)

o N R ] [+
T ™ y
1
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tivity and the spin fluctuations term. To extract the magnetic VIl. CONCLUSIONS
contribution a procedure described in more details elsewhere The TM LMTO calculations, the ac magnetic susceptibil-

was employed;**®i.e., the nonmagnetic YN reference ity and the specific heat measurements of the @&Niom-

sample was fitted by the modified Bloch-Grineisen relatlor‘bound have shown that it is a paramagnetic material. The

f_or metal-like compounds and the resul_tlng phonon (.:O.nmbu'calculation of the valence band reveals the dominance of the
tion p,n(T) was subtracted from Cepil. The remaining

. T . Ni(3d) states below the Fermi level and thgeak is about
magnetic contributionp,,+pg, as a function of temperature

: e . . 0.56 eV abovég. The theoretical valence band beld&y is
in the range 4.2 K-100 K is displayed in Figby. It is in good agreement with the XPS measurements. The thermo-

evident that a minimum occurs in the temperature depen ; : e 3
dence of resistivity at abouti 16 K. Beloyv this threshold theﬁé’%ﬁ?ﬁrgg ?ns\llj}fzmn?cr)]ltj,wxﬁ:r? :g\gg?ndp;ﬁgtigevs:zf;?r?éoc.oef
results can be described using the relation retically calculated value of 15.8 mJKmol™*. The Debye

temperature is equal to 315 K. In comparison with the earlier
(1) studied CeNjB, the CeNjAl compound is characterized by

(i) a smaller DOS aEg as results from TB LMTO calcula-

tions and a comparison of the measured XPS valence bands;
where the spin-disorder resisitivityy =891 uQ)cm and the (ii) a lower value of the hybridization parameteas derived
coefficient px=0.85udcm. This formula is usually em- from the Gunnarsson-Schonhammer analysis of thede
ployed for Kondo systems, however, the magnetic susceptpeaks. It is confirmed by a longer Ce-Ce distance in¢he
bility and the electronic specific heat coefficient do not sup-direction;(iii ) a larger residual resistivity, which results from
port the presence of the Kondo effect in the studied samplehe large lattice disorder at they 3ite occupied randomly by
The increaseg, is mainly due to the random distribution of Ni and Al; (iv) a better pronounced minimum in the tempera-
the Ni(2) and Al on the 8 site as has been also observed forture dependence of resistivity.

Pmad 1) =po —px INT,

NdNi,Al 12
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