PHYSICAL REVIEW B 70, 184429(2004)

Electronic structure and magnetic properties of CePdSb and Cg,La,PdSb

A. Slebarski and W. Glogowski
Institute of Physics, University of Silesia, 40-007 Katowice, Poland

A. Jezierski
Institute of Molecular Physics, Polish Academy of Sciences, 60-179 PoRn&and

J. Deniszczyk
Institute of Physics and Chemistry of Metals, University of Silesia, 40-007 Katowice, Poland

A. Czopnik and A. Zygmunt
Institute for Low Temperature and Structure Research, Polish Academy of Sciences, 50-950 Wroctaw, Poland
(Received 22 April 2004; revised manuscript received 6 July 2004; published 23 November 2004

Using the various full-potential linear augmented plane wawePW) methods we have studied the band
structure of CePdSb and Cegl a,PdSb series of compounds. In the band calculations, CePdSb is half-metallic,
i.e., metallic for majority spin while semiconducting for minority spin bands. The spin-polarized linearized
muffin-tin orbital method also shows a half-metallic behavior of the_I&,PdSb compounds. The magnetic
investigations and the electrical resistivity data indicate the existence of a ferromagnetic statglia,dSb
for x=<0.7. The sample GglLay PdSb is nonmagnetic and shows the power-law exponents in its susceptibility
Ay, resistivity Ap, and specific heakC/T temperature dependences indicative of the non-Fermi liquid behav-
ior. The 3 x-ray photoemission spectroscop¥PS) spectra indicate the occupation number of fhehell,
n=1, in CePdSb and GglLa,PdSb compounds. Analysis of thel®3? weight in the 8 XPS spectra using
Gunnarsson-Schonhammer theory suggestd-8tates and conduction electron-states hybridization interac-
tion A of about 80 meV for different configuratioxsof the system. We interpret the XPS data in terms of the
band-structure calculations.
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I. INTRODUCTION Kondo-lattice behavidgtAn idea to put CePdSb into a group
of half-metallic ferromagnets is new.

Band structure calculations carried out from first prin-  On the base of HMF ground state properties of CePdShb
ciples have led to the discovery of a class of itinerant magwe discuss its magnetic properties and electrical resistivity
netic intermetallic compounds, having an energy gap for the,(T) data. We also investigate the solid solutions
partial density of statesDOS) for one of the spin g _|aPdSb to determine the influence of alloying on the
projections. As a consequence there is complete spin polarmagre of the ground state across the series, when trivalent
ization of the conduction electrons at the Fermi level. Thes‘?nagnetic Ce in CePdSb is replaced by nonmagnetic La.
compounds are metallic, e.g., for majority, but semiconduct- We have performed spin-polarized LMTO band structure
ing for minority spin electrons. They have therefore beencalculations on the GeLa,PdSb series, which show also a
called half-metallic ferromagnets(HMFs). Standard ex- Ohalf—metallic band. i.e aé energy gap,a&tinside the spin

N , i.e.,

amples of HMFs are the semi-Heusler alloys NiMnSb a
PtMnSb! The complete spin polarization of the charge car-SUbbandg\ll(E) for the components=0.1. Therefore, the

riers at low temperatures have important consequences fogmpPerature dependences pf and x obtained for the
magnetic and electric transport properties: Cel_xL_aXPdSb series are alsq discussed in terms of the half-
(i) HMF easily achieves the maximum saturation magnenetallic ground state properties. . _
tization because a further increase in the spin splitting in this  The first part of the paper contains a discussion of the
state does not increase the magnetic moment. system Ce.,La,PdSb by high-energy probe and is followed
(i) The temperature dependence of the resistivity in thdy its characterization in terms of an overall single-particle
rangeT < T is dominated by a two-magnon process whichélectronic structure. We compare the valence b@ati) XPS
gives rise to different power exponehia p(T) than a one- spectra with the electronic-structure calculations for the va-
magnon scattering procegspin-flip scatteringyexpected for lence bands. In the second part we present new experimental
conventional metallic ferromagnets, for whichp  data on resistivity and susceptibility of Cgd a,PdSb series.
o |2NT(EF)Nl(€F)(T/TC),2 wherel is thed-s exchange param- We discuss the temperature dependence of the resistivity and
eter andN, (&) is the spin polarized DOS at the Fermi level. the susceptibility which could result from the half-metallic
Our band structure calculations show that a state veryproperties. We also report an unusual temperature depen-
close to a HMF with near zero-densi;(er) also appearsin dence ofx(T), p(T) and specific heaC(T) divided by T,
CePdSbh. CePdSb has been known as a ferromagnet withG{T)/T, for a Cg ;Lag PdSb sample.
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1 (ASA) and the local spin density approximatighSDA).

The exchange correlatigiXC) potential was assumed in the
1,002 —o—x20.7 form proposed by von Barth-Hediand Langreth-Mehl-Hu
—e— %209 (LMH) corrections were includetiThe electronic structure
—e—LaPdSb — was computed for the experimental lattice parameters for the
0.998 supercell model. The values of the atomic Wigner—Seitz
(W-S) sphere radii were chosen in such a way that the sum of
all atomic sphere volumes was equal to the volume of the
unit cell.

To test the reliability of the approximate TB LMTO re-
0.996 sults and to investigate the effect of the Coulomb correlation
interaction within the Ce-#4band states, the electronic struc-
ture of the stoichiometric CePdSb was also studied by the
Ce, La PdSb general potential(full potential) linear augmented plane
wave (FP-LAPW) method. The calculations were performed
0 100 200 308'994 using the the WIEN2K cod&In the FP-LAPW approach the

T(K) crystal potential is expanded into spheri@altice) harmon-
ics within the muffin-tin(MT) atomic spheres and into plain
FIG. 1. The temperature dependence aff)/a(300 K) and  waves outside MT spheres.
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¢(T)/c(300 K) ratio for Cq_,La,PdSb polycrystalline samples. The FP-LAPW calculations were performed with the use
of the gradient corrected LSD XC potential in the form de-
Il. EXPERIMENTAL DETAILS veloped by Perdew, Burke and ErnzeriBBE).1° The elec-

tronic structure of CePdSb was studied by means of FP-

Polycrystalline samples of GglLaPdSb have been pre- LAPW with the use of the PBE XC potential, corrected
pared by arc melting the constituent elemef@e 99.99%, according to the LSDA+U methdtito account for the Hub-
La 99.9%, Pd 99.999%, Sb 99.99% in puyityn a water bard correlation interaction within thef4éand states. The
cooled copper hearth in a high purity argon atmosphere witth SDA+U XC potential was implemented for the 4rbitals
a Zr getter. Each sample was remelted several times to pr@f Ce atoms with the values of the Coulonid) and ex-
mote homogeneity and annealed at 800 °C for 2 weeks, anghange(J) parameters equal to respectively 6.7 and 0.68 eV
then quenched in water. The samples were carefully exarnfRef. 12. The calculations have been spin-polarized and all
ined by x-ray diffraction analysig¢Siemens D-5000 diffrac- relativistic effects have been taken into account. The valence
tometey and found to consist of a single-phase. Analysis ofelectrons were calculated within the scalar relativistic ap-
the x-ray diffraction patterns with the Powder-Cell programproach including spin-orbit interaction, using second varia-
revealed that the samples are hexagotspace group tional method.
P6smc). Shown in Fig. 1 is a comparison of the reduced
lattice parametera(T)/a(300 K) and c(T)/c(300 K) deter- ll. RESULTS AND DISCUSSION
mined from x-ray-diffraction measurements at various tem-
peraturesT for the Cq_La,PdSb series. The lattice thermal
expansion obtained respectively in thendc directions is X-ray photoemission spectroscopy is a powerful tech-
almost the same for the different compounds of thenique for studying the electronic properties of solids near the
Ce_,La,PdSb series, indicative of the comparable phonorFermi level. Such studies can be used to determine the den-
contribution to the electrical resistivity of the investigated sity of states of the alloy, and, more interestingly, the contri-

A. Electronic structure of Ce;_,La,PdSb

compounds. bution of the constituent elements to the valence bands. The
The electrical resistivity was measured with the four-pointXPS valence bands of ¢gla,PdSb are compared in Fig. 2.
method in the temperature region 4.2—300 K. The bands extend from Fermi energy locatecEat0 to a

The dc magnetization was measured using a commercidinding energy of~12 eV. The VB XPS spectra are charac-
SQUID magnetometer from 1.8 K to 400 K in magnetic terized by the major peaks located -aB8.5 eV. A detailed
fields up to of 5 T. comparison shows that a half width of the VB XPS peak

The XPS spectra were obtained with monochromatizedoughly does not depend on the concentration ofeéaclud-

Al K, radiation at room temperature using a PHI 5700ing a case of the GelLa, sPdSb samplg and is about 3 eV.
ESCA spectrometer. The spectra were measured immediatefhis suggests similar partial distributions of the ®dtates
after cleaving the sample in a vacuum of ¥0Torr. Avery  in the bands. The VB XPS spectra of CgaPdSb also
small amount of oxygen could barely be detected in the noisghow a weak hump around 10 eV binding energy that indi-
of the XPS spectra. Calibration of the spectra was performedates the Sks valence band states. In Fig. 2, we present
according to Ref. 5. Binding energies were referenced to theumerical calculations of the electronic density of states of
Fermi level(e=0). CeLaPdSh. Also shown in the figure, for comparison, are

The electronic structure of Ggla,PdSb was studied by the XPS VB spectra. The spectra were measured at room
the self-consistent tight binding linearized muffin-tin orbital temperature, i.e., much above the Curie temperature, there-
(LMTO) method within the atomic sphere approximation fore, to obtain a better agreement between the experimental
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FIG. 2. The total DOS calculated for paramagneticis calculated by LAPW with the use of LDA XC potential to
Ce,-,La,PdSh(thin curve convoluted by Lorentzians of half-width be half metallidi.e., NT(EF) =73 1/eVspian(eF) =0], with
0.4 eV, taking into account proper photoelectron cross sections fog magnetic moment of 1.0g/f.u. roughly consistent with
bands with different symmetries(dashed ling compared to the  that reported in Ref. 1%us=0.95ug), and the electronic
measured XPS valence-band data corrected by backgipomis.  ghacific-heat coefficieny of 116 mJ/mol-K that is larger

and calculated bands we compare in Fig. 2 the XPS valence
band spectra with the calculated one for paramagnetic com-
pounds. The densities of states were convoluted by Lorentz-
ians with a half-width 0.4 eV to account for the instrumental
resolution. The partial densities of states were multiplied by
the corresponding cross sectidd#\ background, calculated

by a Tougaard and Sigmund algoritifhwas subtracted
from the XPS data. The experimental spectra are qualita-
tively very similar to the approximated DOS curve. We note
very good agreement of the combined plots, especially in the
low-energy region of the VB.

For the compounds of the series Gga,PdSb the total
DOS spectra decomposes into two clearly separated parts. A
band located in the binding energyBE) range of
~9-10.5 eV and separated by a gap oft eV from the
valence band originates mainly from teestates of Sb. The
part of the valence-band which extends from 5 eVetois
composed mainly of Pddistates. The Cef4dstates become
dominant of the total DOS around the Fermi level. In the
calculated densities of states we obtained the pseudogap lo-
cated in the bands near the Fermi energy, having almost 0
DOS value(Fig. 3). The substitution of Ce by La decreases
the number off electrons, in result the pseudogap continu-
ously moves towards the Fermi leyasee Fig. 3. However,

a standard resolution of only 0.4 eV of the measured VB
XPS spectra makes discussion of this pseudogap enegetic
shift impossible, even though the recorded spectra are quali-
tatively similar to the approximated DOS curves.

The majority and minorityjwhich we will refer to as up
(1) and down(])] band structure resulting from various FP-
LAPW methodqLDA, LDA+SO, LDA+SO+U) are shown
in Fig. 4. FIG. 4. FP-LAPW calculated total- and atom-spin projected

(i) The shape of the DOS generally does not depend odensity of states of CePdSb, with the majority plotted upward and
the method used for the calculations, excluding the narrowninority plotted downward.

DOS [(eV fu)™]
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LDA+S0+U p=po eXplAcon/ ksT) (the resistivity follows an activated be-
@ S : havior, e.g., for Cg,La,RhSh on the Ce rich sid®.
i ’\ ] Another possibility to answer this question is to compare
2 ] the XPS VB spectra to the calculated one, obtained with
0r % [case(iii )] and without[caseqi) and(ii)] correlation energy
2 total . U. We, however, did not observe significant differences be-
Py A ] tween all three calculated XPS spectra, especially between 0
r-f"4 . . — 1 and 5 eV, which all are in good agreement to the experimen-
J® . 1 tal data. A narrowf electron peak generated byat ~2.7 eV
T , 1 1 in the DOS(in Fig. 5) is covered by the Pd states which
§ I ] dominate the shape of the total DOS, thus its influence on the
0=z e XPS VB intensities can be neglected. We therefore assume
§ 2t W ] the interference between the ground state calculated in the
4t +p ] LDA and LDA+U approximation, respectively. Thaixed
T . . — ground statecould explain either the experimentaivalue,
© 1 which is larger than that obtained from LDA+U and smaller
0 —%"&%ﬂﬁ‘ﬁ than y calculated from LDA, or the high resistivity value. A
. local environment of each Ce atom resulting from an atomic

-6 -4 -2 0 2 disorder could be a reason of the more intricate electronic
Energy [eV] structure of CePdSb and its alloys. A possible explanation is
the formation of two differenf DOSs in the electronic band,;
one, predicted by LDA, and the other one, obtained from
LDA+U, which could be attributed respectively to different
than the y=11 mJ/mol-K experimentally obtainetP The  Ce atoms distributed in the disordered alloy.
wrong y-value obtained from this calculation eliminates this The assumption of thenixed ground statgrovides the
method for obtaining the DOS of CePdSb and Qea,PdSb  following simple physical picture. It is assumed that the nar-
alloys. We, however, present here the results obtained foiow f band located at-2.7 eV in the band, interacting via
LDA+ XC potential for comparison. hybridization with a broad Pd states, delocalizes, which
(i) The LDA+SO method shows the almost half-metallic can lead to an enhancement of the DOS at the Fermi level.
ground state for CePdSh. The minority DOS obtained at thd his process could have a character of fluctuation.
Fermi energy in the LDA+SO approximation is about 6% of  Figure 4 shows the splitting 0f0.3 eV in the projected
the total DOS ater. The calculated magnetic moment per DOS of the 4 states, which is not well understood. This
formula unit is 0.95ug. decomposition of spin-polarizetl bands can not be inter-
(i) The bands obtained with the use of LDA+SO+U preted as the product of the crystal field effect, because the
correction show the gap for both the spin projectiongmat  splitting is not reflected in the paramagnetic calculations. \We
The most important result obtained fdr 0 is the character attribute thisf band splitting to the Coulomb interaction in
of the location of the majority #Ce states~2.7 eV below thef bands.
€, while the minority 4 DOS is O(see Fig. 5. The differ- The LMTO spin-polarized band calculations performed
enceN;(E)-N,(E) for the f states can be related to ferro- for the Cq_,La,PdSb series of compounds give evidence
magnetism due to more localized than itinerérdtates. In  (Fig. 6) that the componentz<0.9 of the series are also
this method the magnetic moment localized on the Ce atorhalf-metals.
is 0.98 ug, whereas the total magnetic moment per formula
unit (CePdSh is 1 ug. Additionally, the strong Coulomb
correlation U separates occupied and emptystates in B. Ce a XPS spectra
the spin polarized bands, and in effect, the calculated Figure 7 shows Ce®3XPS spectra of Ce,La,PdSbh se-
y=3.4 mJ/mol-K¥ is only§ of that, obtained experimentally. ries, which exhibit different final states depending on the
In case(iii) we can interpret thé-electron states as the lo- occupation of thef shell: f* and f2 (Refs. 17 and 18 The
calized Kondo state$the hybridization between localized component, which is a clear evidence of the mixed valence
f-electron and conduction states can lead to the gap formaf Ce, was not detected in Cal XPS spectra of CePdSb
tion (see Fig. ], while both situationsi) and(ii) correspond and its alloys, which suggests a stable configuration of the
to the Anderson lattice model and the formation of narfow f shell. The f> components located at the low-binding
band states of widtkg Ty, whereTy is a Kondo temperature. energy side of thef! components are attributed within
It has been controversial whether the Ce ground state in CePhe Gunnarsson—-Schonhammer theoretical model to the
dSb is localized or itinerant. The gap.., resulting from  hybridization between thef states and the conduction
LDA+U method should be observed in the resistivitfT)  band. The hybridization energ=mV4N,., describes the
data; this is, however, not the case. Experimental studies fdrybridization part of the Anderson impurity Hamiltoni&h,
CePdSh and Cg_,La,PdSb compounds do not provide di- where Ny, is the maximum in the DOS anl¥s is the
rect evidence of the insulating or semiconducting behaviorhybridization matrix element. Since the intensity ratio
the resistivity p(T) is not described by an activated law r=1(f?)/(I(f})+1(f?) has been calculated as a functionfof

FIG. 5. Atom and symmetry projected FP-LAPW DOS of
CePdsb for Céin (a)], Pd[in (b)] and Sb[in (c)], respectively.
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FIG. 8. Magnetic susceptibility measured aHH=0.5 T versus
temperaturerl for various Ce_,La,PdSb samples. The solid line is
the Curie—Weiss fit to the datghe parameters for the best fit are
tabulated in Table)l

C. Magnetic properties

Shown in Fig. 8 are magnetic susceptibiljydata plotted
asy versusT between 1.9 and 400 K for GglLa,PdSh. The
susceptibility above the Curie temperatdrg shows modi-
fied Curie—Weiss-typg(CW) behavior. Least squares fits
of x to a modified CW lawx(T)=xo+C/(T+86), where
C:NA,ugff/3kB, et IS the effective magnetic moment in
Bohr magnetong.z, and 6 is the CW temperature, yieldg;
which decreases with increasing of La concentration in

FIG. 6. The LMTO spin-polarized density of states calculatedCe,_,La,PdSb serieqthese values are listed in Tablg. |

for Ce,_,La,PdSh series of compounds.

When theC is renormalized to the number of Ce atoms, all
samples(except CePdSbhave nearly the same value of

in Ref. 18, it is possible to estimate the hybridization energyC=0.46 emu/mol-K, which giveg..(=1.9 ug/Ce, smaller
A, when the peaks of the C&lXPS spectra that overlap in than that expected for the free ion TeThe values of

Fig. 7 are separated. The intensity ratio gives for

Xo Obtained from the fit to they(T) data are smaller in

Ce_LaPdSb series a crude estimate of a hybridizationmagnitude in comparison to the temperature-independent

width ~80 meV for the components< 0.5, and~140 meV
for the compoundx=0.3 and 0.1. The and A values ob-
tained for different compounds are tabulated in Table II.

Ce, La PdSb
1-x X

x=0

Intensity (Arbitrary Units)

x=0.1

930 920 910 900 890 880 870
E (eV)

FIG. 7. Ce 3l XPS spectra for Ge,La,PdSh.

contribution to the susceptibility in LaPdSb, which is about
2.5x 1072 emu/mol (Fig. 8, Table ), suggesting the mag-
netic contribution to susceptibility of the reference com-
pound LaPdSh.

As can be seen in Fig. 9, the magnetizatigncurves
measured at 1.9 K up to 5 T exhibit similar features in the
CeLa,PdSb compounds. No hysteresis was observed after
cycling betweenH=+5T. M achieves saturation above
H=~3 T, providing evidence for ferromagnetism.

As shown in Fig. 10 are electrical resistivigyversusT
data for Ce_,La,PdSb between 4.2 K and 300 K. In order to
remove the phonon contribution frop(T) of Ce,_,La,PdSh,
the p(T) data of the isostructural reference compound LaP-
dSb were subtracted from th&T) data of Ce_,LaPdSh,
under the assumption that the phonon contributiong(9
are similar for both compoundsee inset of Fig. 10

The resistivity of Cgglay,PdSb, CgsLayPdSb, and
CeysLaggPdSb is ~450, ~330, and ~300ulcm at T
=300 K, respectively. Thesp values are very high com-
pared to those observed in several Ce-based compounds
(e.g., in Ref. 21 So high resistivity was also observed for
CePdSb sampleRef. 4), the origin of which was not under-
stood. In our view a high resistivity value like these could be
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TABLE |. Comparison of structural properties, saturated magnetic mopgmhagnetic susceptibility and electrical resistivity data
for the Cq_,La,PdSb samples. Thes units andC are per formula unit.

Lattice parameters peatT=10K T X=xo+C/(T+6) (emu/mo) -
X a(h) c (A (ug) (K) Xo C 0 K p(T) dependence
0 7.913 4.594 0.95 175 1410°% 059 -11.7;forT>20 K pxT23 T<Tc (Ref. 28
01  7.910 4.595 16 215 pr T3 T<Te
0.3 7984 4.596 0.74 122 73810°% 032 -10.7;forT>13 K
05 8.012 4.591 0.50 86 210° 023 -7.7;forT>95K 150 prT23 T<T.
0.7 8.078 4.608 0.32 38 w10° 014 -4.7; forT>6 K
09  8.092 4.597 0.14 2810°% 0.048 -0.6 100 poeTO1S T<20 K
1 8.131 4.606 0.04

characteristic of the metals with a low carrier quasiparticle statg¢ds associated with the effective Kondo
concentratiorf? (hybridizatior) temperatureTy, not with the temperature
The samplex<0.5 show the behavior characteristic of TmaxWhich represents a good characteristic from the experi-
magnetic metals. The(T) curves exhibit a pronounced mental point of view. In re_zality the low-lying excitations in
change of slope near the magnetic ordering temperature. THBe Anderson{Kondo-) lattice state appear beloW < Tpay
Curie temperaturd determined as a maximum dp/dT ~ Which is Tc=W/2 exq~1/(J;No)), whereW is the band-
correspond closely to the values obtained from magneti¢vidth with DOS(per atom per spirat €x equal toNo, andJ;s
measurements. The resistivity of ferromagnetic metals at lo® the Schrieffer—Wolf exchange coupling integfalwhich
temperature usually has a magnetic term proportionaPto depends on the location of thd 4evel in the band and is

ascribed to one-magnon scattering of conduction electrongroPortional to]Vd?/ € in case olVg<U. The substitution

I g ; of La for Ce in Ceg_,La,PdSb should not distinctly change
(spin-flip scattering® In a HMF all states at the Fermi level .~ * exchange couplingl, sinceJ;s|V;4? and the hy-

are spin polarized, and spin-flip scattering_is_ not pOSZSiblebridization strength is almost-independeniTable II). [In
Therefore, for a HMF one expects the deviation frorfi*a reality, the substitution of La results in an increase in the

term in the resistivityRef. 2. In our resistivity data for th unit-cell volume(see Table)l This rise in unit-cell volume
CeLaPdSb samples there is no evidence for sucl’a o545 to a reduction in the Kondo couplidg.] On the con-
contribution atT<T.. The electrical resistivity isp o T* trary, Jisx 1/€4 depends on the position of the localizetl 4
at T<Tc, where the power exponente=2.3 in the |eve| with respect to the Fermi level and the intersite Cou-
Ce-rich regime, while for the GglaygPdSb sample |omb repulsionU. Thus, when in LDA+SO approximation
€=0.15(Table ). e—0, Jis increases in magnitude; as result, the magnetic
In the inset of Fig. 10 we display the Ce contribution to ground state would be expected untj} becomes so large
the electrical resistivity, Ap(T)=p(T,Ce_La,PdSh  that the Ce moment is quite quenctédn LDA+U approxi-
-p(T,LaPdSh. The Ap curve has a maximum at tempera- matione,=2.7 eV, in result, the Kondo screening is not so
ture T, (tabulated in Table)| which is a coherence tem- high, however, still possiblée,; <U).
perature characteristic of the Kondo lattice system. Theoreti- What is especially significant is that in the La-rich regime,
cally, the quantum coherencee., the appearance of heavy the electrical resistivity, magnetic susceptibility and the spe-

0.8 . s s . . 600
"1 Ce,_LaPdsSb - Ce, La PdSb
X x=0.3 o 1,
.n g% x=o0 i
aeuanes * ° eus w o ® °° 500 izoo - /i % x=0.1
..-.... 3‘50 x=05 e SE——
067 .°° - 400 10 / —
" S L
. x=0.5 _ b / x=0.5
o ' ....Illllll-.llll s m gse @ e 8 sAR R Cq § w00)
2 o4’ i g
= 3 X=0.7 a
S o 2001
02 % x=0.9 100
. sesasssnes et
2" o = NemBEsEEsemssssse B N Sue = @ 0 Rae 80 g 0 . .
0.0 4 . . . , ; 0 100 200 300
0 1 2 3 4 5 T (K)

H(T)
FIG. 10. Electrical resistivityp vs. T of Ce_La,PdSb. Inset
FIG. 9. Magnetizaton M vs. H at T=1.9K for shows the resistivity incrementAp vs. InT, where Ap
Ce_,La,PdSh. =p(Ce,_,La,PdSh-p(LaPdSh.
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TABLE II. The intensity rati

or=I(f3/(1(fH+1(f2)) obtained

for the both spin-orbit componentsl, and 35/, of the Ce 3 XPS
spectra, and the hybridization energy

CeLa,PdSb r A (in meV)
x=0 0.14 ~60
x=0.1 0.15 ~70
x=0.3 0.2 ~100
x=0.5 0.16 ~80
x=0.7 0.24 ~110
x=0.9 0.29 ~140

PHYSICAL REVIEW B 70, 184429(2004)

experimental data give3x=4 K and c=y(0)=0.08. The
susceptibility exponent is close to tlieexpected for mean-
field model of a Kondo alloy with randomly distributed mag-
netic impurities?®

(iii) Between 2.7 and 7 KAC(T)/T can be fitted to ei-
ther a —InT or b(T/T,) 1® dependence, wherb= y(0)
=98 mJ/molK¥, and T«=5 K, thus, the Kondo disorder
model is also a candidate for NFL-type behavior. It is amaz-
ing that the NFL characteristics are observed for the Ce-
diluted system, suggesting a magnetic critical point at
0.1<x<0.3 region. Experiments on a variety belectron
systemge.g., Y;_U,Pd;, Ref. 26 suggest, however, that the
NFL behavior can be observed in contiguity to the region in
which spin glass freezing occurs, i.e., for0.2. The scaling

cific heat exhibit power laws characteristic of non-Fermi lig- of Ap(T), AC(T) or Ax(T) with T¢ suggests that NFL-like

uid (NFL) behavior. Shown

in Fig. 11 arAp and AC/T

behavior is a single ion phenomenon that is associated with

versus InT and Ay versusT on a double logarithmic scale the Kondo effect.
for Cey 4Lag PdSh. The Ce contributions {&T), x(T), and

C(T)/T in Ceg) 1Lay PASb have the followind dependences:

(i) Ap(T)=Ap(0)[1-a(T/Tk)¢], with e=~0.15, Tx=4 K,
anda=0.14. TheT dependence of the resistivity increment ity has a broad maximum. Treating the system as a dilute
Ap(T) could be determined by subtracting the lattice contri-alloy, Cornut and CogblitiRef. 27 suggested that the broad
bution of LaPdSh. Thus, to exclude the possibility that sub-maximum in resistivity, such as that observed in CePdSb and

traction of the background contribution g§T) could gener-

We would like to comment on a value dik=4 K ob-
tained for Cg 4Lay jPdSb from various experiments, which is
much less thai,,,,= 100 K, at which the electrical resistiv-

Ce _,La,PdSh, is associated with the combined effect of the

ate the NFL exponent seen in the incremental resistivitycrystalline electric fieldgCEFg on the 4 moments and

Ap(T) we have compared the power-law exponents for thé<ondo-type interaction. This theory predicts different Kondo
as-measured resistivity obtained between 4.2 and 16 K. Th@&mperatures corresponding to different crystal-field levels.
power-law exponent is exactly the saméTable |).

(i) Ax(T)=c(T/T,) 14 for T<20 K. The best fit to the

_017{ (@
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FIG. 11. Cg1LagPdSh:(a) 1-Ap(T)/Ap(0) vs. InT; (b) Ay
vs. T in a double logarithmic scale, whetey=x(Ce, 1Lag PASH
—-x(LaPdSh; and (c) specific heatAC/T vs. InT, where AC

=C(Ce 1Lag PbSH-C(LaPdSh.

The experimental results in Fig. 10 support this prediction;
the firstAp~In T dependence corresponds to the Kondo ef-
fect on the totaI(J=g) manifold, and a second one for
T << Scee corresponds to the Kondo effect on the ground state
levek(s).

D. Concluding remarks

We have shown that the numerical calculations of the
electronic density of states leads to the HMF properties of
CePdSb. An energy gap for the minority band structure was
determined by LMTO and FP-LAPWLDA, LDA+SO)
methods, which give the magnetic moment of CePdSb very
close to the saturation magnetization obtained experimen-
tally from M versusH dependence af=1.9 K.

It has been, however, controversial whether the ground
state of CePdSb is in the HMF or on metallic state. Electrical
resistivity of CePdSb is very larfieand p(T)«T¢, where
€>2 in the temperature range< T, indicative of the HMF
state, whereas the Hall coefficierRy(T) is strongly
anisotropié® and it shows al-scaling forHlic, Illa, charac-
teristic of ferromagnetic metaf$, i.e., RyxaT3+ BT * for
T<Tc, and unusual low-temperature behavior Fifa, |lic
below T¢. In addition, experimental data in Ref. 28 reported
the low carrier concentration of about 0.011/f.u. for CePdSb,
expected for HMF.

We are well aware that these experimental results only
indirectly motivate the HMF properties of CePdSb and
CeLa,PdSb alloys. In other words, the HMF state in these
compounds is rather hypothetical from the experimental
point of view, whereas band structure calculations predict the

184429-7
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HMF properties explicitly. Specifically, spin polarized pho- gradually into the NFL state in the regime>0.7. The
toemission studies are necessary. sample withx=0.9 shows a non-Fermi liquid behavior, and
We have shown that the LDA and LDA+SO approxima- the power-law exponents dfy, Ap, andAC/T are expected
tions predict the HMF character of the CePdSbh, while theby the Kondo-disorder model. gg¢ a, PdSb is a rare ex-
LDA+U potential predicts much more localizddelectron — ample of the Ce-diluted alloy which exhibits a NFL-like be-

states which are located in the majority banéd.7 eV below havior attributed to the on@majority) spin projection.

er, and the gap at¢r for both spin directions. This result is,

however, in contradiction to the resistivityT) experimental

observation, which has not shown an activated behavior.
The half-metallic ground state was also calculated for the A. S. would like to thank the Polish State Committee for

Ce_,La,PdSb compounds, which are fge<0.7 ferromag- Scientific ResearctKBN) for financial support from Project

netic. The ferromagnetic Kondo-lattice state transformdNo. 2 PO3B 098 25.
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