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Magnetic and related properties of the CePd,;_,Rh,Al system
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In view of the contrasting behavior of the ternary compounds CePdAl and CeRhAl, the solid solutions
CePd;_,Rh,Al have been investigated in order to determine the dependence of their electronic structure prop-
erties on the number of conduction electrons. Magnetic susceptibility, electrical resistivity, and heat capacity
studies revealed an evolution from an antiferromagnetic state at x=0 through short-range ordering for 0 <x
=0.9 to another antiferromagnetic state for x>0.9. Simultaneously, a crossover was found from the behavior
characteristic for a Kondo lattice, seen for x<0.6, to a state in which the Kondo effect is nearly quenched (for
larger x). The observed changes in the electronic structure across the CePd;_,Rh,Al system have been cor-
roborated by the results of x-ray photoemission spectroscopy.
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I. INTRODUCTION

Ce-based Kondo-lattice intermetallics exhibit a variety of
unusual ground states, including complex magnetic struc-
tures, heavy fermion (HF) states (both normal and supercon-
ducting), and paramagnetic insulating Kondo lattices. The
reason for such a diversity of physical phenomena is a deli-
cate interplay between two competing mechanisms: the local
on-site Kondo effect and the long-range Ruderman-Kittel-
Kasuya-Yoshida (RKKY) interaction. The result of this com-
petition was first discussed by Doniach on the basis of the
Kondo-lattice model Hamiltonian.! The simple phase dia-
gram presents the magnetic ordering temperature Tgrggy VS
J;.N(€f) and displays a quantum critical point (QCP) at a
critical value of J;N(er), where J;,~V represents the
strength of the exchange interaction between f and conduc-
tion electrons, N(e€g) is the density of states (DOS) at the
Fermi level, and V is the on-site hybridization energy among
f and conduction electrons. The diagram, however, does not
explain the character of the low-temperature magnetic
ground state, because of its simplicity. In the Kondo-lattice
limit, the stability of different ground states is strongly de-
pendent on the on-site hybridization strength V, the bare
f-level position in the conduction band, Eg the number of
electrons per atom, 7,, and the magnitude of the on-site Cou-
lomb interaction U within the shell. Doradzinski and Spatek®
(DS) discussed the magnetic phases in the periodic Anderson
model and constructed the magnetic phase diagram on the
V-n, plane. This diagram has been shown to give a good
qualitative account of experimental results on the series of
Ce ternary intermetallics.’> For an even number of electrons
per atom (n,=2), it predicts paramagnetic Kondo insulator
state with large hybridization V of bare f- and conduction-
electron states, as is the case of CeRhSb and CeNiSn. In
turn, CeRhAl lies on the V-n, diagram on the line which
separates antiferromagnetic and ferromagnetic metallic
phases. The competition between these two different mag-
netic states can lead to the non-Fermi-liquid (NFL) behavior,
recently observed indeed in CeRhAL*

In the series of ternary intermetallic compounds, CeRhSb
or CeNiSn, CePdAl, and CeRhAl, the number of valence
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electrons per formula unit is 18, 17, and 16, respectively. A
paramagnetic Kondo insulator discussed within the periodic
Anderson model provides an insulating state for a
k-independent hybridization and for an even number of
strongly correlated electrons per unit cell.> Additionally, the
numerical calculations show that the Kondo gap depends
strongly on the magnitude of hybridization between Ce 4f
and the transition metal d states,” since the Ce 4f and Sn or
Sb 5p mixing is small. In the case of the momentum-
dependent hybridization V), the gap may vanish at either
some points or along the lines where V=0, providing thus a
semimetallic ground state of the system. In this series, CeR-
hAl is expected to be an insulator; this is, however, not the
case.% Actually, the compound has a nonzero value of the
DOS at the Fermi level* and is located on the V-n, plane far
from the paramagnetic Kondo insulator phase.* In turn, CeP-
dAl is an antiferromagnetically ordered (7Ty=2.7 K) HF
compound,’™ which exhibits coexistence of 2/3 magnetically
ordered Ce®* moments with 1/3 frustrated disordered
moments.'? It was also shown!!'2 that CePdAl is very near
to the crossover from the magnetic to the nonmagnetic re-
gime.

In view of the diverse behavior of CePdAl with respect to
that of CeRhAl, it is of interest to examine the solid solution
between these two compounds, to see the effect of a decreas-
ing number of valence band states (conduction states, if one
treats the d electrons as almost localized) on the ground state
properties. The aim of the present work was to investigate
the magnetic and related properties of the CePd;_,Rh, Al se-
ries by means of ac and dc magnetic susceptibility, heat ca-
pacity, and electrical resistivity measurements. Moreover, the
electronic structure of these alloys was studied by x-ray pho-
toemission spectroscopy (XPS) and the obtained valence
band spectra were compared with the results of ab initio
band structure calculations. The hybridization energy be-
tween the Ce 4f shell and the conduction band states, and the
occupation number of the f shell, ny, were estimated based
on the Gunnarsson-Schénhammer theoretical model.'*> The
experimental and calculated results are discussed here in
terms of formation at low temperatures of a spin-glass state.
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TABLE 1. CePd;_,.Rh Al: structural properties, hybridization energy A obtained from the Ce 3d XPS
spectra, V={A/[7N(ex)]}""?, and the Sommerfeld coefficient y obtained experimentally.

X Symmetry  a, b, ¢ A 1% y
(A) (meV) (meV) (mJ/mol K?)

0 P62m 7.218, 4.229 210 150 70
0.2 Pnma 7.209, 4.281, 16.192 180 80
0.4 Pnma 7.195, 4.277, 16.133 200 120 60
0.5 Pnma 7.182, 4.268, 16.097 50 60

0.6 Pnma 7.168, 4.253, 16.046 190 74
0.8 Pnma 7.124, 4.235, 15.965 180 96
0.9 Pnma 7.118, 4.232, 15.963 150
0.95 Pnma 7.105, 4.220, 15.941 160

1 Pnma 7.102, 4.213, 15.939 70 70 92

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CePd;_,Rh,Al were prepared
by arc melting the stoichiometric amounts of the elemental
constituents (Ce 99.99, Pd 99.99, Rh 99.95, and Al 99.999
at. %) on a water-cooled copper hearth in high-purity Ar at-
mosphere gettered by a melting Al ingot. The samples were
remelted several times to promote homogeneity and subse-
quently annealed at 800 °C for 3 weeks. X-ray diffraction
measurements showed only single phases. The x-ray pattern
of CePdAl was fully indexed within a hexagonal unit cell of

the ZrNiAl type (space group P62m), in agreement with the
literature data.” All the other CePd;_,Rh,Al samples with
0.2=x=1 were found to crystallize with orthorhombic unit
cells of the Pd,(MnPd)Ge, type (space group Pnma). The
lattice parameters were acquired from the diffraction patterns
using the POWDER-CELL program'4 and they are listed in
Table I.

The x-ray photoelectron spectroscopy spectra were ob-
tained with monochromatized Al K« radiation using a PHI
5700 ESCA spectrometer. The samples were scraped with a
diamond file under high vacuum immediately before taking a
spectrum.

The ac magnetic susceptibility was measured in the 1.8—
300 K temperature interval using a Lake-Shore susceptom-
eter. The amplitude of the excitation field was 1 mT at a fixed
frequency of 10 kHz. dc magnetic measurements were car-
ried out in the temperature range from 1.8 to 300 K in ap-
plied magnetic fields up to 50 kOe employing a Quantum
Design superconducting quantum interference device
(SQUID) magnetometer. Electrical resistivity measurements
were made in the range 2-300 K using a homemade setup
and standard four-wire technique. The specific heat was mea-
sured by the adiabatic method between 2.7 and 70 K and in
magnetic fields up to 70 kOe using a homemade calorimeter.
Moreover, for selected samples the electrical resistivity and
the specific heat were studied over the temperature interval
300 mK-10 K employing a Quantum Design physical prop-
erties measurement system (PPMS) platform equipped with a
90 kOe superconducting magnet.

The electronic structures of the compounds CePdAl and
CeRhAl, as well as that of the mixed alloy CePd,sRhgsAlL

were studied by full potential linearized augmented plane
wave (FPLAPW) methods.!> The calculations were scalar
relativistic and spin polarized. The general gradient
approximation'® (GGA96) was applied to account for the
inhomogeneities of electronic charge density. Muffin-tin
spheres with radii of 2.50, 2.50, 2.50, and 2.28 a.u. were
assumed for Ce, Pd, Rh, and Al atoms, respectively. All the
electronic structure calculations were performed using the
experimental lattice parameters. Obviously, such an oversim-
plified treatment cannot properly account for the ground state
properties of the CePd;_,Rh,Al alloys, and hence the results
of the numerical calculations are not meaningful in this re-
spect. However, they can be used to calculate the theoretical
valence band spectra, because these concern the Pd and Rh
d-electron states, which decide the energy position and the
overall shape of the main feature in the XPS response (see
below). For this purpose the densities of states were convo-
luted by the Lorentzians with a full width at half maximum
(FWHM) of 0.4 eV to account for the instrumental resolution
and thermal broadening. The partial /-resolved densities of
states were multiplied by the corresponding cross sections!”
and by the Fermi-Dirac function for 300 K.

II1. RESULTS AND DISCUSSION
A. Magnetic, electrical transport, and thermal properties

Figure 1 displays the temperature dependencies of the ac
magnetic susceptibility y,. of the series CePd;_,Rh,Al. The
susceptibility of CePdAl exhibits a clear maximum at Ty
=2.7 K, similar to that observed previously by others,”
which suggests an antiferromagnetic ordering below T. The
recent studies showed, however, that this anomaly may alter-
natively manifest a spin-glass freezing that arises due to
structural disorder in a Kagomé-like lattice.'® Apparently
such an anomaly is absent above 1.8 K for the samples with
0.2=x<0.95. The observed suppression of the susceptibility
maximum is similar to that recently reported for the
CePd;_,Ni, Al system for which the critical concentration of
Ni was ~10%. Interestingly, the x,.(T) curves measured for
0.4=x=0.9 show at low temperatures a divergent behavior
(see the insets to Fig. 1). The susceptibility of the sample
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with 95% Rh shows a weak anomaly near 4.5 K which is
very similar in character to that reported recently for pure
CeRhAl*

Shown in Fig. 2 are the temperature variations of the
dc magnetic susceptibility x and its inverse y~' measured
for CePd, 4Rhj 4Al and CeRhAl The magnetic susceptibility
data of CePd,¢Rh,4Al obey, in the entire temperature range
studied, the modified Curie-Weiss law with an effective
magnetic moment of 2.1up, paramagnetic Curie temperature
0=—-6 K, and temperature-independent term o =2.2
X 1073 emu/mol. Above 200 K the x~'(7) curve shows a
straight-line behavior with u ;=2.60up, i.e., close to the free
ion value for Ce®* (2.54u3), and 6 being as large as =114 K
(note the dashed line in Fig. 2). The field variation of the
magnetization M taken at 1.8 K, presented in the inset to Fig.
2, is linear in fields uoH<<3 T, and only slightly deviates
from linearity in higher fields. This behavior is distinctly
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FIG. 2. dc magnetic susceptibility and its inverse vs temperature
(note different scales) for CePd,¢Rhj 4Al and CeRhAl. The dashed
and solid lines through the xy~!(7) data are the Curie-Weiss and the
modified Curie-Weiss fits, respectively. The inset shows the magne-
tization M versus magnetic field measured for CePdj¢Rhj4Al at
T=1.8 K. The dashed line emphasizes the straight-line behavior
below 3 T.

different from that observed for the CePd;_,Rh, alloys with
x<<0.8, which exhibit ferromagnetic ordering at low
temperatures.' %20

The temperature dependence of ™' of CeRhAl shows a
pronounced curvature up to 400 K and can be described by
the modified Curie-Weiss formula with the fitting parameters
Wer=1.5T g, 6=—11.3 K, and y,=7 X 10™* emu/mol. The
effective magnetic moment thus calculated is considerably
smaller than the Ce3* free ion value. The magnetic bulk data
are thus in line with the scenario of a mixed valence state of
Ce atoms in this compound, which is discussed below.

Figure 3 displays the temperature dependencies of the
electrical resistivity of the CePd;_,Rh,Al samples with x
=0.6, Fig. 3(a), and x=0.8, Fig. 3(b). These data exhibit
two qualitatively different temperature variations character-
istic for the samples displayed in Figs. 3(a) and 3(b), respec-
tively. The samples with x=0.6 show a Kondo-like behavior
with a characteristic minimum in p(7) occurring at T,
~30 K, which somewhat depends on the concentration x,
and a logarithmic increase of the resistivity for 7— T,,,,. For
CePdAl the p(T) curve shows a Kondo-type maximum at a
temperature 7,,,,=6 K, which is much higher than 7). On
the other hand, if the maximum seen in x,.(7) at 2.7 K arises
due to spin-glass freezing,'® then the value of T,,~2Ty
could be explained by an interplay of spin-glass properties
and the Kondo effect.?’?? Actually, the resistivity of
CePd, sRh sAl varies proportionally to 7%? in the tempera-
ture range 300 mK-1 K, and it decreases linearly with T in
the range 3.5<7T<<12 K. Such behavior is typical for spin
glasses below and above the resistivity maximum, respec-
tively, that is related to the spin freezing temperature 7. The
T%? power law qualitatively corresponds to the effects of
frozen-in disorder, as observed, for example, in amorphous
metals and polycrystalline spin glasses,?® which is expected
to lead to a diffusive motion of charge carriers on length
scales substantially larger than the mean free path.>*> Alter-
natively, the p~T%? variations can be interpreted in the
framework of nearly ferromagnetic Fermi-liquid models,?® as
recently discussed for the itinerant-electron ferromagnets
ZrZn, (Ref. 27) and Ni;AL?® In the case of CeRhAl, how-
ever, the latter scenario should be ruled out, because of the
absence of any hints at ferromagnetism coming from the
bulk magnetization data (see Fig. 2).
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FIG. 3. Temperature dependencies of the resistivity of the
CePd,_,Rh,Al alloys, normalized to the room temperature values.
The inset in (a) shows the resistivity on a logarithmic scale. The
inset in (b) displays Ap=p(CePd,_,Rh,Al)-p(LaRhAl) on a semi-
logarithmic scale. The Ap data for the samples with x=0.8 and 0.9
are fitted by the formula Ap=a-bT—-c/T with the residual resistiv-
ity =190 and 160 w() cm for the former and the latter alloy, re-
spectively, the modified phonon term 5=0.6 u{) cm/K for both
samples, and the coefficient ¢=117 and 535 w{)cmK, for the
samples with x=0.8 and 0.9, respectively.

It should be noted that the upturns in p(7) found for the
CePd;_,Rh Al samples with x=0.6 cannot be interpreted in
terms of a simple activated behavior. Consistent with this
finding are the results of band structure calculations, which
did not reveal the presence of any energy gap for these
phases (see below). Instead, the resistivity in the temperature
range 7<<T<<27 K can be well described by a two-channel
conduction model, in which one considers a temperature-
independent term that accounts for the occurrence of a
pseudogap in the density of states near the Fermi level and a
Mott term p~exp(Ty/T)"* that describes variable-range
hopping (VRH) of carriers between localized states.?” The
In p versus T-""# plots of the experimental data of the alloys
with x=0.6 display a linear behavior between ~7 and
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~27 K (not shown). The VRH mechanism was found to
dominate the electronic transport in the Pauli paramagnets
ZrNiSn and TiNiSn (Ref. 30) as well as ThPtSn,?! and the
two-channel model was successfully applied to the case of
the resistivity behavior of PuTe measured under high
pressure.?

The p(T) curves displayed in Fig. 3(b) are qualitatively
different in comparison to those measured for the alloys with
x=0.6. The resistivity of the samples with x=0.8 varies
proportionally to 7°? at low temperatures, as usually ob-
served for T<Ty in diluted metallic spin glasses.”* The tem-
perature interval in which the p(7) ~ 7> behavior was found
is 43<T<29 K, T<10 K, and T<3.5 K for the sample
with 95%, 90%, and 80% of Rh atoms, respectively. The
inset in Fig. 3(b) displays the resistivity of these alloys upon
subtracting the resistivity of the compound LaRhAl with no f
electrons. The apparent maxima in Ap(7) can be explained in
two ways: (i) it can result from an interplay of the spin-glass
behavior and the Kondo effect,?'-?? or (ii) the Kondo effect is
negligible’® and the maximum arises due to the combined
effect of a modified-phonon contribution Ap,,~—bT as the
impurity atoms differ in valence (charge density) and size
from the host, and the RKKY spin-flip scattering contribu-
tion Aprixy=—c/T=m"*/(ne*mgxxy).>* In the second sce-
nario the impurity resistivity is related to the scattering time
Trrky> Where m* is the effective electron mass, e is the elec-
tron charge, and n denotes the electron density. As shown in
the inset to Fig. 3(b), the formula Ap=a—bT—c/T describes
well the maximum in Ap observed for the samples with x
=0.8 and 0.9. However, the resistivity of the alloy with 95%
Rh and that of pure CeRhAl cannot be interpreted within this
expression. The Ap curves of both samples exhibit a maxi-
mum at 7,,~80 K that probably manifests the coherence
effect, and a clear logarithmic decrease for 7> 100 K, both
features being expected for Kondo lattices. Alternatively, the
maximum in Ap can be attributed to an interplay of the
crystal-electric field (CEF) effect and the Kondo effect,>3
as suggested recently for CeRhAl (for details see Ref. 4).

The results of specific heat measurements performed on
two characteristic samples from the CePd;_,Rh,Al series,
namely, for CePd, ,Rh gAl and CePd, ¢Rh,Al, are shown in
Fig. 4. For both alloys, the ratio C/T follows at low tempera-
tures (below about 8 K) a power-law behavior C/T~T™"
with the exponent n=0.25 for the former composition and
n=1.2 for the latter. The exponent n=1 was found also for
other samples with x=0.4 and 0.6. In contrast, for pure CeP-
dAl the specific heat data®?7 display an onset of magnetic
fluctuations expected in the magnetic chain for 7> Ty (see
Ref. 38) with a 72 dependence of C,,(T). Similarly, for the
other terminal compound, i.e., CeRhAl, a N-type anomaly in
C(T) indicates the onset of antiferromagnetic ordering.*
Clearly, the Rh concentration of ~80% seems to separate the
spin-glass-like behavior for the Rh content 0.2=x<{0.8 and
the antiferromagnetic ordering that occurs for x>0.9.

The C/T vs T?> plot of the data measured for
CePd, gsRhj,Al, shown in the inset to Fig. 4, yields for T
— 0 a rather large value for the linear specific heat coeffi-
cient, y=7yg+7v,=80 mJ/(mole K?), where 7y, denotes the
electronic contribution and v, stands for the magnetic con-
tribution. A similarly enhanced y was found also for the
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FIG. 4. Specific heat divided by temperature, C/T, versus tem-
perature on a log-log scale taken at different magnetic fields for
CePd, 3Rh ,Al and for CePd, ,Rh, ¢Al. The inset shows C/T vs T2
for CePd, gRh,Al measured in zero field.

other alloys from this series (see Table I). Although coexist-
ence of HF behavior and spin-glass freezing has been re-
ported for several ternary intermetallics [e.g., URh,Ge,,*
U,PdSi;,* CeAgAl (Ref. 41)], it is impossible to separate
the two linear contributions to the specific heat data, and
hence unambiguously draw conclusions about possible HF
character in the materials studied.

The low-temperature specific heat of CePd, ,Rh, Al mea-
sured in different applied magnetic fields is shown in Fig.
5(a) in the form of C versus T and in Fig. 5(b) as C/T versus
T (the latter in a logarithmic scale). The C(T) curve is domi-
nated by a broad hump that is located at ~2.8 K in zero field
and slightly shifts to higher temperatures with rising field
strength up to ugH=6 T. In stronger fields the change in
C(T) is more evident. At low temperatures the specific heat is
roughly a linear function of 7. Qualitatively the C(T) data in
Fig. 5 are reminiscent of spin-glass behavior,*? as observed
for several classical spin glasses, like, e.g., CuMn alloys.** It
is worth noting that for 7<<2 K the magnetic contribution to
the specific heat AC cannot be described by the expression
appropriate for an anisotropic magnetic system with a gap &
in the magnon dispersion: AC=AT"¢~%7, where n=3 for an-
tiferromagnetic or n=3/2 for ferromagnetic interactions. The
overall behavior of the specific heat of CePd,,Rh, Al may
also be discussed in the context of the Kondo effect.** In-
deed, the C/T data shown in Fig. 5(b) are similar to those
reported for various Kondo systems.***® The maximum ob-
served in zero field at 340 mK presumably manifests an on-
set of long-range magnetic order that replaces the spin-glass
state present at higher temperatures.

Figure 6 shows the nonlattice contribution AC
=C(CePd,_,Rh,Al)- C(LaRhAl) to the specific heat for a
few compositions x, derived assuming that the phonon con-
tribution Cp, to the specific heat of LaRhAl is a good ap-
proximation of Cy, in the Ce compounds.*® The AC curve
obtained for CeRhAl was deconvoluted for 7> T} into three
terms AC=C4+Cg+ Cgq,. In this analysis the CEF doublet-
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FIG. 5. Temperature dependence of the specific heat of
CePd, 4Rh( Al (a), and the ratio C/T vs T (b), measured at several
different magnetic fields.

doublet-doublet scheme was accepted with the energy sepa-
rations A;=103 K and A,=140 K, as derived in Ref. 4, and
the Kondo contribution was calculated according to the
theory by Desgranges and Schotte.*” For the other alloys the
maxima in the AC vs T dependence can be attributed to the
CEF effect with a similar energy level scheme; however, the
magnitude of the excess specific heat below ~10 K is much
smaller than the calculated Kondo contribution Cg. This
finding confirms the hypothesis formulated above on the ba-
sis of the resistivity results that the CePd,_,Rh, Al alloys with
0.8=x<0.95 exhibit rather weak Kondo screening effect.
In conclusion, the low-temperature experimental data for
the CePd,_,Rh, Al series reveal that long-range antiferromag-
netic order develops in CePdAl and in the Rh rich samples
with x=0.95, whereas for the intermediate compositions
short-range magnetic correlations are observed to prevail,
which lead to inhomogeneous magnetic states. The specific
heat coefficient y is ~80 mJ/mol K? for all samples from
the concentration range 0.2=x<0.8, and the C(T) and p(7T)
variations exhibit features typical for spin-glass systems. The
paramagnetic Curie temperature 6 extrapolated from the tem-
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FIG. 6. Temperature dependence of the nonlattice contribution
AC=C(Ce sample)—C(LaRhAl) to the specific heat of
CePd,_,Rh,Al. The solid line is a sum of the free electron (C,) and
Schottky (Cs.,) contributions and the dotted curve is the Kondo
contribution (Ck) to the specific heat of CeRhAL

perature region 7>200 K is negative and of the order of
~-100 K (see an example in Fig. 2), which suggests an
interplay of the magnetic interactions between the Ce mo-
ments and the Kondo effect. The standard single-impurity
Kondo model predicts Tx=~|6|/4,* which yields a reason-
able estimate for the Kondo temperature 7Tx=20-25 K.
These values of T roughly correlate with the values of T,
at which the p(T) curves show minima (see Fig. 3).
For the terminal compound CeRhAl and the alloy
CePdOOSRhO osAl one observes a resistivity maximum at
Tax~80 K and a p~—In T dependence at higher tempera-
tures [see the inset in Fig. 3(b)]. This behavior is character-
istic of Kondo lattices with coherence effect below T,,.. The
standard expression for the virtual bound state width® pre-
dicts that kgT,,,, ~ mV>N(er), where V is the magnitude of

1 1 1 1 1 1 i 1 1 1
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intra-atomic hybridization of the f states with the conduction
electrons and N(ep) is the density of states in the bare con-
duction band at the Fermi energy. Assuming typical values
N(ep)~1/3 (eV atom)™' and V~0.07 eV (see Table I), one
obtains T, ~60 K, which agrees reasonably well with the
experimental findings. Competition between the Kondo ef-
fect and the spin-glass freezing at x=0.8 seems to divide the
entire CePd;_,Rh,Al series into two composition ranges: one
with dominant Kondo interactions (for larger x) and the other
with predominance of spin-glass features (for smaller x). For
the alloy CePd, ,Rh,gAl one observes C/T~T™", where n is
only ~1/5 of that obtained for the samples with 0<x
< 0.8, and the resistivity of this alloy follows the formula
appropriate for spin glasses with weak Kondo interactions
(see the discussion above).

B. Electronic structure

Ce core level photoemission is an appropriate method to
get insight into the character of the Ce 4f states in Ce-based
intermetallics owing to the strong Coulomb interaction be-
tween the photoemission core hole and the electrons located
near the Fermi level. This coupling results in a complex
structure of the Ce-core level XPS spectra.'> Figure 7(a)
shows the Ce 3d XPS spectra obtained for the series
CePd,_,Rh,Al (background, calculated using the Tougaard
algorithm,’! was subtracted from the experimental data). The
separation of the overlapping peaks in the spectrum was
done on the basis of the Doniach-Sunji¢ theory.5? The spin-
orbit (SO) interaction results in two sets of Ce 3d photoemis-
sion lines in the XPS spectrum, which are assigned to the
3ds,, and 3ds;, components of the final states. Each SO set of
the Ce 3d XPS lines can consist of contributions marked as
7%, £, and f2. The main peaks 3d°f' originate from Ce**. The
3d°f? final state components appear when the core hole be-
comes screened by an additional 4f electron due to the hy-
bridization of the Ce 4f shell with the conduction band. Con-
sequently, the contribution of the 3d°f? lines in the measured
Ce 3d spectrum reflects the hybridization strength, A

7 CePd,_Rh Al @r

AL /\w—_
AW

FIG. 7. Ce 3d XPS (a) and Ce 4d XPS (b)
spectra obtained for CePd,_,Rh,Al. The f°, f,

% n v B } £ ' L NPT, and f2 components in v(a) are separated on the
2 [=02 / ,‘/\’_‘_ P HI RN basis of the Doniach-Sunji¢ theory. As an ex-
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=mV?N(eg). The presence of the 3d°f° component clearly
indicates an intermediate valence character of the Ce ions.
The quantitative analysis was performed based on the Gun-
narsson and Schénhammer (GS) theory.!? The details of the
method were described elsewhere.”? It is worthwhile to stress
that the measured Ce 3d XPS spectra represent the total sig-
nal from all of the Ce atoms. In the samples CePd;_,Rh Al
with x=0.2 there are two crystallographic positions occu-
pied by Ce atoms. The Ce atoms in nonequivalent positions
have different local environments, which can lead to differ-
ent chemical shifts of the respective photoemission lines. Re-
cently, we have shown that these shifts are of the order of 0.1
eV, and they are much smaller than the intervals between the
f' and f> final state contributions in the Ce 3d XPS
spectrum.>* We therefore interpret the estimated A value as
the average hybridization energy for the two Ce atoms. The
A value is ~200 meV for CePdAl, and ~190 meV for
CePd,_,Rh, Al samples with 1 >x=0.2, whereas for CeRhAl
the hybridization energy drastically decreases and is about 70
meV.>

The 4f occupation number in CeRhAlI is ns=0.9, whereas
for the other CePd,_,Rh,Al alloys n,— 1. The peak located
at ~917 eV at the high-energy side of the f' component [see
Fig. 7(a)] in the 3d XPS spectra of CePdAl should be attrib-
uted to plasmon losses arising from group oscillations of the
conduction electrons (iw,=11 eV). The same energy plas-
mons are visible in the Ce 4d XPS spectrum of CePdAl [see
Fig. 7(b)]. There is other evidence for fluctuating valence of
Ce in CeRhAl, as shown in Fig. 7(b). The Ce 4d XPS spectra
of CeRhAl exhibit two peaks at ~119 and 123 eV which can
be assigned to the f° final state.’® The indicated splitting 3.1
eV has almost the same magnitude as the spin-orbit splitting
of the La 4d states.

Figure 8 shows the XPS valence band (VB) spectra for
the series of CePd;_,Rh, Al alloys. Each spectrum exhibits a
maximum that originates mainly from the Pd d states. A band
located in the binding energy range of ~5-7 eV originates
from the s states of AL The VB XPS intensities distributed
near the Fermi level result from the occupied Ce 4f states,
but there is some contribution of the Pd d states and the Al p
states. For CePdAl the hybridization energy V
={A/[7N(ep)]}"? is about 150 meV. According to the Ander-
son model, J;.~—|V|*/E;;~0.1 eV, if the 4f states are lo-
cated near €, in the band. From this value one obtains
IN(€r)J | > 0.3, which locates CePdAl on the left side of the
Doniach phase diagram, near the maximum in the Ty vs
IN(€r)J 7| function, in agreement with Ref. 37. The strength
of the f-c¢ exchange interaction can, however, be tuned by
changes in composition or external pressure, and by these
means influence the competition between the intrasite Kondo
and intersite Ruderman-Kittel-Kasuya-Yoshida interactions.
The investigations of the resistivity of CePdAl under exter-
nal pressure confirmed that this compound is very near to the
crossover from the magnetic to the nonmagnetic regime.!?

In the Doradzinski-Spatek model the stability of the para-
magnetic vs the magnetic ground state in the Kondo-lattice
limit is strongly dependent on the on-site hybridization mag-
nitude V, the bare f-level position, and the number of con-
duction electrons n,. Based on our XPS data, the DS phase
diagram on the V-n, plane (n,=n+n.— 2 is the total number
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FIG. 8. Valence XPS bands for CePd;_,Rh Al. The dotted lines
show the maxima of the d VB XPS spectra of Pd and Rh,
respectively.

of electrons per site) describes CePdAl as an antiferromag-
netic Kondo-lattice compound.

As is apparent from Fig. 8, the maximum observed in the
XPS VB spectrum of CePdAl slightly shifts to lower binding
energies when Pd is substituted by Rh. With increasing Rh
content, the second maximum appears at ~2.5 eV, and its
location in the conduction band of the series CePd;_,Rh,Al
is dependent on x. Figure 9 compares the calculated LAPW
XPS bands and the experimental XPS VB spectrum of
CePd, sRh sAl. The scalar relativistic spin-polarized calcu-
lations were carried out for two different geometries: in
structure 1, space group Pnma, the atomic positions 4c are
occupied by Cel, Ce2; Rh, Pd; All, and Al2, respectively,
while in structure 2 the atomic positions of Pd and Rh are
switched. The atomic radii of Pd and Rh are similar, and
hence in reality these atoms are statistically distributed over
the same sites. As mentioned above, the main goal of these
calculations was to identify the partial DOS contributions to
the valence bands. However, even within this simple ap-
proach, it was possible to find out that the overall shapes of
the XPS spectra are strongly sensitive to atom ordering. Fur-
ther discussion of this issue requires more advanced theoret-
ical modeling of the system (see, e.g., Ref. 57).

It is very likely that Pd and Rh atomic disorder at the 4¢
sites changes the Jy. coupling between Ce atoms, and just
this effect could result in the spin-glass behavior in the
CePd;_,Rh,Al series. In classical spin glasses, random freez-
ing of the magnetic moments arises due to the dominant
RKKY exchange interaction between the randomly placed
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FIG. 9. Comparison of the DOS (LAPW) in CePd,sRhjsAl
convoluted with Lorentzians of half-width 0.4 eV, taking into ac-
count proper cross sections for bands with different / symmetry,
calculated for two different Pd-Rh configurations (structures 1 and
2) and the measured XPS VB spectra, with the background sub-
tracted. Also shown 1is the spin-polarized total DOS in
CePd sRh( sAl derived from the LAPW calculations for the struc-
tures 1 and 2. The Fermi energy is at E=0.

magnetic moments. In the compounds studied, the Ce atoms
occupy a periodic lattice, but the nonmagnetic elements (Pd,
Rh, Al) if they are disordered, introduce a varying electronic
environment around the Ce ions. As the Ce-Ce exchange
interactions depend on the random occupation in the vicinity
of the Ce ions, a spin-glass state would be possible at low
temperatures, as evidenced in several other systems with
structural disorder.8 Recently, a statistical distribution of the
Rh and Pd atoms over the same crystallographic sites was
postulated to explain the weak magnetic anisotropy effect in
the series CePd,_,Rh,."

IV. SUMMARY

The present studies corroborated the antiferromagnetic or-
der in CePdAl and indicated antiferromagnetism in the
CePd;_,Rh Al alloys with x>0.9. For the Rh content 0 <x
=0.9 no long-range ordering was found. The results of the
specific heat and electrical resistivity measurements hint at
the formation at low temperatures of spin-glass-like states.

PHYSICAL REVIEW B 77, 125135 (2008)

Another possible explanation of the observed features might
be itinerant-electron ferromagnetism, which is unlikely, how-
ever, because of the low-temperature magnetic properties of
these alloys. The spin-glass behavior in the CePd;_Rh Al
series may be caused by random distribution of the Pd, Rh,
and Al atoms in the crystallographic unit cell, which affects
the exchange interactions between the Ce atoms (the non-
magnetic atom disorder mechanism). Similar effects of sta-
tistical distribution of the Rh and Pd atoms have recently
been discussed for the CePd,_,Rh, system.!*-?°

For some of the CePd;_,Rh Al alloys the Kondo effect
was evidenced at low temperatures. It appears that its
strength depends on the number of conduction electrons,
which quasicontinuously decreases with rising Rh content.
The Kondo screening is strong enough to be observed in the
resistivity and specific heat data of samples with x <0.6. For
alloys richer in Rh atoms (0.6<x=0.9) this effect is par-
tially quenched. The terminal compound CeRhAl is charac-
terized as an antiferromagnetic Kondo lattice. In this mate-
rial, however, an atomic disorder provokes unusual
temperature dependences of the magnetic susceptibility and
electrical resistivity above the temperature 7. The magnetic
ground state properties of CePdAl or CeRhAl can be ex-
plained in the framework of the Doradzinski and Spatek the-
oretical approach. On the V-n, plane of the DS diagram the
compound CePdAl is located in the region of antiferromag-
netic Kondo lattices, while CeRhAl lies on the line that sepa-
rates the antiferromagnetic and ferromagnetic phases. Hence,
in the entire system CePd;_,Rh Al antiferromagnetic ground
states are more likely than ferromagnetic ones. However, the
DS model is still rather simple and does not consider frus-
tration effects or disordering, which both lead to the inhomo-

geneous magnetic states actually observed in the
CePd;_,Rh,Al series.
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