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3332 A. �lebarski et al.1. Introdu
tionCeNiSn and CeRhSb exhibit an puzzled ground state in the Kondo latti
e[1�3℄. The 
lass of these materials, e.g., �Kondo insulators�, is 
hara
terizedby their ele
troni
 properties, whi
h at high temperatures is asso
iated witha set of independent lo
alized 4f moments intera
ting with the Condu
tionEle
trons (CE), while at low temperatures the ele
troni
 properties resemblethose of narrow gap of the order � 10 K (Ref. [4℄). The energy gap openingin these 
ompounds is believed to be due to the hybridization between thestrongly 
orrelated 4f ele
trons and a 
ondu
tion band, whi
h is almost half�lled [5℄.Among the �Kondo insulators� CeNiSn and its isostru
tural 
ompounds("-TiNiSn type stru
ture belonging to a spa
e group Pnma) have attra
tedmu
h attention, be
ause they exhibit behaviors of anisotropi
 �semi
ondu
-tors� with a highly renormalized energy gap. These 
ompounds are alsofound to be very sensitive to a small amount of impurities su
h that theresidual density of states (DOS) at the Fermi level in
reases drasti
ally pro-portional to the square root of impurity 
on
entration [6℄. A V-shapedDOS near EF was inferred from the nu
lear magneti
 relaxation rate [7℄and thermodynami
 properties [8℄. CeNiSn thus seems to exhibit an appar-ent 
on
entration of CE between the metalli
 
ondu
tivity and the gaprisebehavior.Band stru
ture 
al
ulations predi
t CeNiSn and CeRhSb to be a semi-metal with a pseudo gap that 
loses along some dire
tions, [9�12℄ or small-gap insulator with an anisotropi
 hybridization gap and a V-shaped DOSat EF [13℄. The numeri
al 
al
ulations [11℄ and the XPS valen
e band spe
-tra [12℄ also show that a V-shaped pseudo gap formation is strongly depen-dent both on the hybridization between the Ce 4f states and the transitionmetal-d states, and on the Ce 4f�Sn sp hybridization. Thus it is of interestto investigate the properties of other members of the family of equiatomi
ternary 
ompounds. In this paper we report our results on the ele
troni
stru
ture and magneti
 properties of CeMSn and CeMSb, where M is d-typemetal.Re
ently, we have been engaged in a systemati
 study of the 
ubi
 L21-type intermetalli
 
ompound Fe2TiSn, the physi
al properties of whi
h arequite unusual [15,16℄. Fe2TiSn is an ex
ellent example of a Heusler-type al-loy, in whi
h the lo
al environment profoundly in�uen
es the magneti
 andele
tri
al transport properties. Fe2TiSn is a weakly ferromagneti
 Kondosystem with a semi
ondu
ting gap whi
h, however, is strongly redu
ed bya lo
al environment. A similar feature in the ele
troni
 stru
ture and asemi
ondu
tor-like resistan
e anomaly have been observed in FeSi, whi
hhas been 
lassi�ed as a unique d-ele
tron system that belongs to the fam-



Hybridization Gap in Some Ternary : : : 3333ily of the Kondo insulators [17℄. Some Heusler -type alloys, e.g., Fe2VAl[14℄, Fe2TiSn [15, 16℄ are narrow gap semi
ondu
tors with unusual featureswhi
h are shared with Ce-hybridization gap semi
ondu
tors or Ce-Kondoinsulators. Another 
ommon behavior that is emerging for heavy fermionf -ele
tron and d-ele
tron intermetalli
s is that the 
hemi
al substitution onthe lo
al disordering tends to suppress the gap [16℄. The main goal of thispresentation is to �nd the in�uen
e of the ele
troni
 stru
ture on the 
oher-ent gap formation at EF in the Kondo-insulators.2. Experimental detailsPoly
rystalline samples were ar
-melted on a water 
ooled 
opper hearthin a high purity argon atmosphere with a Zr getter and annealed at 800 ÆC.The 
ompound was 
arefully examined by X-ray di�ra
tion analysis and wasfound to 
onsist of a single-phase. The d
 magnetization was measured usinga 
ommer
ial SQUID magnetometer from 1.8 K to 300 K in magneti
 �eldsup to of 5 T. Ele
tri
al resistivity measurements were made with an a
 resis-tan
e bridge operating at 16 Hz, using a standard four-wire te
hnique. Thespe
i�
 heat C was measured in the temperature range 0.5 K�70 K with a3He relaxation 
alorimeter using the heat pulse te
hnique. The XPS spe
trawere obtained with mono
hromatized Al K� radiation at room temperatureusing a PHI 5700 ESCA spe
trometer.The ele
troni
 stru
ture of the ordered 
ompound was studied by the self-
onsistent tight binding Linearized Mu�n-Tin Orbital (LMTO) method [18℄within the Atomi
 Sphere Approximation (ASA) and the Lo
al Spin Density(LSD) approximation. The ex
hange 
orrelation potential was assumed inthe form proposed by von Barth�Hedin [19℄ and Langreth�Mehl�Hu (LMH)
orre
tions were in
luded [20℄. In the band 
al
ulations, we assumed aninitial atomi
 
on�guration. The ele
troni
 stru
ture was 
omputed for theexperimental latti
e parameters for the super
ell model. The values of theatomi
 sphere radii were taken in su
h a way that the sum of all atomi
sphere volumes was equal to the volume of the unit 
ell.3. Band gap stability in ternary intermetalli
 
ompounds3.1. Gap suppression in CeNiSn and CeRhSbIn re
ent years, 
erium-based ternary intermetalli
 
ompounds of theform CeMX, where M is a transition metal and X is an sp element, havebeen a subje
t of intensive studies [21℄. These 
ompounds have a number ofdi�erent types of ground state in
luding magneti
, metalli
, and insulating,and they exhibit anomalous physi
al properties, su
h as the Kondo e�e
t,Heavy Fermion (HF) behavior, Valen
e Flu
tuations (VF) and also non-



3334 A. �lebarski et al.Fermi liquid behavior. Tables I and II display these interesting properties ofthe 
ompositionally similar 
ompounds CeMSn to CeNiSn, and CeMSb toCeRhSb. We will dis
uss the properties when Rh or Ni is repla
ed by neigh-bour transition metals M in the periodi
 table. Only CeNiSn and CeRhSbhave a hybridization gap (in Tables I and II), while the remaining 
ompoundsare magneti
 and nonsemi
ondu
ting materials. Let us fo
us on CeNiSn,sin
e it has been isoele
troni
 with Pd, naively, we would expe
t CePdSnto be Kondo insulator, however, CePdSn is found to be antiferromagnet.However, CePdSb has a ferromagneti
 ground state whi
h one 
an brie�y
omment on the base of Donia
h diagram, [22℄ who has proposed me
hanismfor the heavy Fermi liquid to RKKY metal transition. The key ingredient ofthis me
hanism is the 
ompetition between the Kondo energy (TK) and theRKKY 
oupling (Jsf ) between the lo
al moments. While the RKKY inter-a
tion temperature TRKKY / J2sfN("F), where N("F) is DOS at the Fermilevel, the Kondo temperature is given by TK / exp(�1=jJsfN("F)j). Sin
ein general the hybridization matrix element (and hen
e the Kondo 
oupling)between the 
ondu
tion and Ce f -ele
trons de
reases with in
reasing vol-ume of the unit 
ell (Table 1 and 2), the RKKY intera
tion dominates overthe Kondo e�e
t and magneti
 ordering 
an o

ur as in the 
ase of CePdSn[44℄, CeCuSn [45℄, or CeAgSn [46℄. An analogous situation is in the CeMSbseries of alloys. TABLE ICrystallographi
 and magneti
 properties of the ternary intermetalli
 alloys of theCeNiSn-type, when Ni is repla
ed by neighbour transition metals M in the periodi
table. Symbols: P, AF, or F � paramagneti
, antiferromagneti
, or ferromagneti
ground state, VF � valen
e �u
tuation of Ce ions, K- Kondo-like behavior, HG� hybridization gap at the Fermi level, DNE � the ternary Ce-intermetalli
 
om-pound does not exist.M=Co CeNiSn M=Cu3d74s2 3d84s2 3d104s1DNE "-TiNiSi, Pnma CaIn2 [21℄, P63mm
(GaGeLi [35℄, P63m
)V=f:u: = 66 Å3 V=f:u: = 72 Å3P, K, VF, HG AF, K (?)M=Rh M=Pd M=Ag3d84s1 4d10 4d105s1Fe2P, P�62m "-TiNiSi, Pnma CaIn2 [21℄, P63mm
(GaGeLi [35℄, P63m
)V=f:u: = 98 Å3 V=f:u: = 71 Å3 V=f:u: = 77 Å3AF, K, VF AF, K AF, K (?)
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 and magneti
 properties of the ternary intermetalli
 alloys of theCeRhSb-type, when Rh is repla
ed by neighbour transition metals M in the periodi
table. Symbols are the same as used in Table I.M=Fe M=Co M=Ni3d64s2 3d74s2 3d84s2DNE DNE CaIn2, P63mm
(GaGeLi [35℄, P63m
)V=f:u: = 67 Å3F, KM=Ru CeRhSb M=Pd4d75s1 4d85s1 4d10DNE "-TiNiSi, Pnma CaIn2, P63mm
V=f:u: = 67 Å3 V=f:u: = 72 Å3P, K, VF, HG F, KM=Os M=Ir M=Pt5d66s2 5d76s2 5d94s1DNE DNE CaIn2, P63mm
V=f:u: = 72 Å3FIn 
on
lusion, a �volume e�e
t� modi�es the 
ondu
tion ele
tron band-width (see Fig. 1) either in CeNiSn or CeRhSb if Ni or Rh is substituted, e.g.,by Pd [23,24℄. The doping at the Ni (Ref. [23℄) or Rh (Ref. [24℄) site leads toan in
rease in the unit 
ell volume, whi
h redu
es the Kondo 
oupling Jsf ,so that, a

ording to the phase diagram of Wang et al. (Ref. [25℄) below a
riti
al 
oupling the system has a magneti
 ground state, moreover, the gapis suppressed by � 10 % substitution. Tables I and II display that CeCoSnand CeMSb, where M=Fe, Co, Ru, Os, and Ir have not been obtained asone-phase 
ompounds. The question of the stability of the 
rystallographi
stru
ture of CeMSn or CeMSb is so 
omplex that it is not easy answerable.However, the lo
ation of the d-ele
trons in the 
ondu
tion band and theintra-atomi
 hybridization between f and d states seems to be importantand de
iding on the stability of the 
rystals.3.2. Ele
troni
 stru
tureIn Fig. 1 we 
ompare DOS obtained from the LMTO 
al
ulations and theXPS valen
e band spe
tra of CeNiSn, CeRhSn, CeRhSb, and CeNiSb. DOSwere 
onvoluted with Lorentzians with a full width at half maximum 0.4 eVto a

ount for the instrumental resolution. The partial DOS were multiplied
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3338 A. �lebarski et al.by 
orresponding 
ross se
tions [26℄. A ba
kground, 
al
ulated by Tougaardand Sigmund algorithm [27℄ was subtra
ted from the XPS data. The spe
trareveal a Valen
e Band (VB) that has a major peak mainly due to the Ni orRh d states lo
ated near the Fermi energy. A half width of the VB XPS peakis about twi
e as wide in CeRhSb than in CeNiSb (Fig. 1), and is redu
edfrom� 5 eV in CeRhSb to� 3:5 eV in CeRhSn, while for CeNiSn a half widthof the d-band is only � 2 eV. This indi
ates di�erent partial distributionsof the d-states in the bands and suggests di�erent intersite hybridizationbetween Ce 4f - and d-band states. In our re
ent works we argued that thef�d hybridization determines the formation of the gap at EF.From the LMTO 
al
ulations we obtained a pseudo V-shape gap (Fig. 1)lo
ated at the Fermi level on CeNiSn and CeRhSb. This gap is not observedin the band of CeNiSb, however, an indire
t gap having a very small numberof DOS results from LMTO 
al
ulations in the partial DOS of Rh and Snin CeRhSn, while Ce gives a main 
ontribution to the total DOS at theFermi level. Con
erning also the fra
tional valen
e of Ce in CeRhSn and thehybridization energy V between f and the 
ondu
tion states, whi
h is similarto that of CeRhSb, we try to explain the 
ontributions whi
h remove a gapin CeRhSn. Probably the large volume of the unit 
ell of CeRhSn seems tobe a reason whi
h 
ould indu
e a stronger lo
alization of the f ele
trons inCeRhSn than in CeRhSb Kondo insulator, then a possible magneti
 groundstate (more itinerant than lo
alized) may redu
e the gap at EF.3.3. Ce 3d XPS spe
traThe XPS spe
tra of the 3d 
ore levels give more information aboutthe 4f shell 
on�gurations and f -
ondu
tion ele
tron state hybridization.The intermetalli
 
ompounds often show di�erent �nal states dependingon the o

upation of the f shell: f0, f1 and f2 (Refs. [28, 29℄). Fig. 2shows the Ce 3d XPS spe
tra obtained for CeNiSn, CeRhSn, CeRhSb, andCeNiSb. Three �nal-state 
ontributions f1, and f2 are 
learly observed,whi
h exhibit a spin�orbit splitting �SO �= 18:6 eV. The appearan
e ofthe 3d9f0 
omponent in the 3d XPS spe
trum of CeRhSb, CeRhSn, andCeNiSn is 
lear eviden
e of the intermediate valen
e behavior of Ce. Basedon the Gunnarsson�S
hönhammer theoreti
al model, [28, 29℄ the intensityratio I(f0)=(I(f0) + I(f1) + I(f2)), whi
h should be dire
tly related tothe f -o

upation probability in the �nal states, indi
ates an f -o

upationnumber nXPSf . The separation of the overlapping peaks in the Ce 3d XPSspe
tra was made on the basis of the Donia
h��unji¢ theory [30℄. The o

u-pation number of the f shell nXPSf experimentally obtained from the Ce 3dXPS spe
tra is respe
tively 0.93 (CeRhSn), 0.86 (CeRhSb), 0.95 (CeNiSn),and � 1 (CeNiSb).



Hybridization Gap in Some Ternary : : : 3339

870890910930

f
0 f

2
f
1

3d
3/2 f

2
f
1

f
0

3d
5/2

Al Kα

Mg Kα

CeNiSn

CeRhSn

CeNiSb

CeRhSb

Energy ( eV )

In
te

n
si

ty
 (

 a
rb

itr
a

ry
 u

n
its

 )

Fig. 2. Ce 3d XPS spe
tra obtained for CeNiSn, CeRhSn, CeRhSb, and CeNiSb.The 3d94f0, 3d94f1 and 3d94f2 
omponents are separated on the basis of theDonia
h��unji¢ theory.The 3d9f2 
omponents in the Ce 3d XPS spe
tra in Fig. 2 are attributedwithin the Gunnarsson�S
hönhammer model to f -
ondu
tion ele
tron hy-bridization. The hybridization energy �, whi
h des
ribes the hybridiza-tion part of the Anderson impurity Hamiltonian, [31℄ is de�ned as �V 2�max,where �max is the maximum in the DOS and V is the hybridization matrix el-ement. It is possible to estimate � from the ratio r = I(f2)=(I(f1)+I(f2)),
al
ulated as a fun
tion of � in Ref. [29℄, when the peaks of the Ce 3d XPSspe
tra that overlap in Fig. 2 are separated [30℄. The intensity ratio givesfor CeRhSb, CeRhSn, and CeNiSn a 
rude estimate of a hybridization width� 150 meV, while for CeNiSb � is only � 50 meV.3.4. Magneti
 propertiesThe magneti
 sus
eptibility of CeNiSn [10℄ and CeRhSb [11℄ is typi
alfor the 
erium valen
e �u
tuation 
ompounds having a nonmagneti
 groundstate. However, if Ni is repla
ed by Rh, or Rh is repla
ed by Ni the mag-neti
 ground state appears both in CeRhSn and CeNiSb, in agreement tothe phase diagram of Wang [25℄. However, the magneti
 behaviors are inthese alloys 
ompletely di�erent.



3340 A. �lebarski et al.CeNiSb:Magneti
 measurements suggest that CeNiSb is a ferromagneti
 Kondo-latti
e system [32℄. We have shown that the magneti
 behavior of the Kondolatti
e 
ompound CeNiSb 
an be explained in terms of the Donia
h phasediagram where applied pressure in
reases the quantity jJsfN("F)j. The Ce3d XPS spe
tra indi
ate that Ce is trivalent in CeNiSb and the f -
ondu
tionele
tron hybridization is small in 
omparison with that observed for CeNiSn.The hybridization energy � obtained from the 3d XPS spe
tra allowed usto estimate jJsfN("F)j, whi
h is small [32℄. This means that CeNiSb withits linear pressure-dependen
e of the Curie temperature is lo
ated at thelow value of jJsfN("F)j in the Donia
h diagram. Ele
tri
al resistivity � vsT data at various applied hydrostati
 pressures P / jJsfN("F)j up to 18.6kbar are shown in Fig. 3.CeRhSn:The ground state of CeRhSn is very unusual; heavy fermion behavior isobserved in the presen
e of antiferromagneti
 order. Provided that the in-terpretation that the low temperature upturn in�C=T is a result of a Kondorenormalized e�e
tive mass, the observation of the magneti
-type transitionat 6.2 K 
ompli
ates the understanding of the spe
i�
 heat data, whi
h dis-play a logarithmi
 divergen
e over the temperature range 0:6 < T < 1:8 K[33℄. Su
h a behavior indi
ates heavy fermion behavior and is in striking
ontrast to a 
onventional Kondo e�e
t where �C=T approa
hes a 
onstantvalue whi
h varies as 1=TK at low temperatures T � TK. Eviden
e formagneti
 
hara
ter of the phase transition would be the Curie�Weiss tem-perature � = �6:2 K determined from the sus
eptibility data �(T ) below40 K, and a very small hump at � 6 K in the �(T ) 
urve of the CeRhSnsample. A possible interpretation of the small magneti
 entropy obtainedfrom a spe
i�
 heat data is that the ground state of CeRhSn is an itinerantantiferromagnet. The spe
i�
 heat C(T )=T data estimate at � 600 mK TKthat ex
eed TN; in sense of Donia
h's model, a non-magneti
 ground stateshould exist. Su
h a non-magneti
 ground state exists for a number of 
om-pounds in
luding for example CeAl3 [36℄ or CeCu2Si2, [37℄ however, nu
learmagneti
 resonan
e or muon spin rotation te
hniques [38℄ did not ex
ludea magneti
 ground state in these 
ompounds [39℄. It is possible to explainsu
h ordering with extremely small magneti
 moments as in UPt3 [40℄ or ametamagneti
 transition o

urring in the paramagneti
 temperature rangeof 
ertain Kondo 
ompounds as CeRu2Si2 [41℄.Ele
tri
al resistivity �, magneti
 sus
eptibility �, and spe
i�
 heat Creveal non-Fermi liquid temperature dependen
es: �(T ) � T 0:8, �(T ) �T�1=2, and C(T )=T � � log T with C(T )=T � 370 mJ/mol-K2 at 1 K(Fig. 4). However, the C(T ) data reveal eviden
e of a phase transition
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al properties indi
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e of 3.07 [33℄.3.5. Is Fe2TiSn a Kondo insulator?In Refs. [15,32℄ Fe2TiSn was identi�ed as a weakly ferromagneti
 Kondosystem with a semi
ondu
ting gap whi
h, however, is strongly redu
ed bythe lo
al environment. A similar feature in the ele
troni
 stru
ture and asemi
ondu
tor-like resistan
e anomaly have been observed in FeSi, whi
h



3342 A. �lebarski et al.has been 
lassi�ed [17℄ as a unique d-ele
tron system that belongs to thefamily of Kondo insulators. An example of a Kondo insulator that has beenthoroughly studied is the 
ompound CeNiSn, [1,34℄ whi
h has a pseudo gapand a small number of 
arriers at the Fermi level (� 0:07 states/eV 
ell).In Ref. [16℄ we dis
ussed Fe2TiSn and its Ni-alloys as a system of isolatedspins, ea
h of whi
h has two distin
t states: a ground state with S = 0 andan ex
ited state with S 6= 0 a distan
e kBT0 above the nonmagneti
 state (Inthe limit T � T0, the sus
eptibility would have the form � = CT e�T0T [42℄).An intera
tion between the lo
alized spin S 6= 0 and the 
ondu
tion ele
tronsspins through a Kondo intera
tion seems to be possible. In this pi
ture,the weak ferromagnetism observed for Fe2TiSn 
ould arise from lo
alizedmagneti
 moments of Fe whi
h are not Kondo 
ompensated. The DOS atEF strongly depends on the lo
al environment and in
reases up to � 1state/(eV 
ell) at EF for a real Fe2TiSn 
rystal with a known amount ofdisorder [15℄.Anderson [43℄ has shown that if spin 
ompensation is the dominant e�e
twith regard to low temperature magneti
 behavior, ��1 varies as T 1=2 in thelow temperature limit. The magneti
 sus
eptibility � is linear with T�n forFe2TiSn, where n is about 0.3 [16℄. Also, the �e� = (3kB=N)1=2(�T )1=2plot for Fe2TiSn has a maximal value of 4.8 �B at � 180 K, while belowthis temperature it de
reases smoothly to an estimated value of � 0:5 �Bat T = 0. Similar behavior is observed for the Ni substituted alloys. Thislends support to the idea that spin 
ompensation is responsible for the partialredu
tion in � by Kondo-like intera
tion.One of us (A�) thank the Polish State Committee for S
ienti�
 Resear
h(KBN) for �nan
ial support from Proje
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