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Abstract.

We investigate the properties of the off-stoichiometric CeNi1−δSn1+δ−xSbx systems

with δ ≈ 0.06 and 0 < x ≤ 0.22. Such a semimetallic CeNi1−δSn1+δ−xSbx system is

shown to transform into a Kondo semiconductor upon the substitution of about 2% of

Sb for Sn. The effects of Sb doping on the low-temperature properties of CeNiSn were

studied by means of electrical resistivity, magnetic susceptibility and specific heat. We

interpret the ground state properties of the series of CeNi1−δSn1+δ−xSbx compounds

as resulting from the carrier number change acting together with the hybridization

between the 4f electrons and the conduction electrons. For the Kondo semiconductor

state we observe the scaling law χρ = const of the susceptibility χ and the resistivity ρ,

which is regarded the basic feature for this class of materials, as was reported earlier.

The magnetic properties of the system gradually evolve from the Kondo semimetallic

state to the spin-glass behavior when the Sb doping increases.

PACS numbers: 71.27.+a, 72.15.Qm, 71.30+h
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1. Introduction

Heavy fermion materials containing Ce display several distinct ground states [1], which

depend crucially on a delicate balance between the competing Ruderman-Kittel Kasuya-

Yosida (RKKY) and Kondo interactions [2]. Among possible ground states there

is a low-carrier Kondo-lattice system CeNiSn, which has a small pseudogap in the

electronic density of states at the Fermi level. Very recently, we have reported [3] that

for CeRhSb1−xSnx system the formation of the Kondo-insulator gap is caused by the

formation of a collective spin-singlet state, which is directly evidenced by the magnetic

susceptibility behavior χ(T ) → 0, and the activated behavior of the resistivity ρ(T ), both

with T → 0. Furthermore, the universal scaling law ρ(T )χ(T ) = const is obeyed in the

low-temperature region. From the experimental point of view, the above three features

namely, the activated behavior of ρ(T ), the reduction of χ(T ), and ρ(T )χ(T ) = const,

define [3] the Kondo semiconductor/insulator as T → 0. CeRhSb is a good example of

such a cerium-containing Kondo insulator with a very narrow energy gap of the order of

1 meV in the electronic density of states (DOS) [4, 5]. CeNiSn, however, does not fit into

this class of compounds [5, 6]. The first measurements showed an activated behavior

in electrical resistivity ρ(T ) below ∼ 6 K [6], but very pure samples of CeNiSn have a

semimetallic and anisotropic conductivity [7], whereas the susceptibility increases when

T → 0.

Subsequent improvements in sample quality show, as presented in detail here

that the CeNi1−δSn1+δ−xSbx system can be described as a Kondo semimetal or a

hybridization-gap semiconductor depending on value of δ. A systematic study has also

shown that the gap formation in CeNiSn is very sensitive to the magnitude of the

hybridization V between the f -electron and conduction-electron (c) states. This can be

visualized by, e.g., partial substitution of Cu, Pd or Pt for Ni (Refs [8, 9, 10]), which

strongly suppresses the pseudogap and even leads to a long-range magnetic order. A

cerium valency close to 3+ [11] is likely to explain the nearness to magnetism of CeNiSn

and is observed not only in many doped samples, but also in undoped CeNiSn. There is

also evidence for a magnetic phase transition below 6 K in the off-stoichiometric samples

CeNi1±δSn∓δ; δ ≈ 0.05 [12]. In particular, there is an interesting report that CeNiSn

undergoes a transition from a normal semimetallic state to a magnetically ordered one

under pressure [13]. Moreover, it has been also reported that, since the critical pressure

for this transition is about 0.1 GPa, CeNiSn can be regarded as a system on the brink

of a magnetic instability or quantum critical point.

To investigate in detail the appearance of magnetism in the doped CeNiSn system

we study the series CeNi1−δSn1+δ−xSbx and analyse its ground-state properties upon

the substitution of Sb or the slight off-stoichiometry. In the course of the work we

have discovered that a small substitution of Sb (∼ 2%) for Sn in a off-stoichiometric

CeNi0.94Sn1.06 stabilizes the Kondo-insulating state with the gap of magnitude ∆ ∼ 4 K.

In this manner we clarify the apparent disagreement between various authors concerning

the Kondo-insulating or semimetallic nature of CeNiSn. This allows us also to detect the
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collective-Kondo-state formation as a function of the increasing number of carriers in

the systems investigated. We also argue, that the stability of paramagnetic vs. magnetic

ground states in the series CeNi1−δSn1+δ−xSbx is strongly dependent on the hybridization

magnitude V , which is either of intersite (see Ref. [11]) or intrasite nature. The gap

associated with the collective-Kondo spin-singlet-state formation is reflected also by an

intrinsic magnetic susceptibility χ(T ) reduction when lowering the temperature. Finally,

we observe the fundamental scaling law ρ(T )χ(T ) = const, characteristic of Kondo

semiconductors, as determined by us earlier for CeRhSb1−xSnx [3]. Here, we have found

additionally, that the magnetic properties of the system evolve from a nonmagnetic

Kondo-semimetallic state to a spin-glass behavior when the concentration of Sb in the

CeNi1−δSn1+δ−xSbx system is larger than ∼ 10%. In brief, our results show a rich variety

of phases of nonstoichiometric CeNi1−δSn1+δ−xSbx with changing of either δ or x.

This work has an additional motivation. Namely, in our previous work [3] we

doped the Kondo insulator CeRhSb with Sn and observed a spectacular transition from

the insulating state to a nonmagnetic non-Fermi liquid state with decreasing number

of carriers (i.e., for the concentration x = 0.12 of Sn). Now, by starting from a

nonmagnetic off-stoichiometric Kondo insulator and increasing the number of carriers

by the substitution of Sb for Sn the residual gap of the Kondo-type persists to the

highest possible concentrations x ∼ 0.2 of Sb, but the system exhibits the properties

of a spin glass. These results mean that the evolution from the Kondo insulating state

into a non-Fermi liquid state may encompass a formation of a nonstandard magnetic

state. But even then the proposed by us earlier [3] the scaling law ρ(T )χ(T ) = const is

obeyed for all of the doped systems, in the T range depending on the doping x.

2. Experimental details

Pure CeNiSn and CeNiSb samples were first prepared by arc melting. The dilute

CeNi1−δSn1+δ−xSbx alloys were then prepared by diluting nominal compositions of the

master compounds. To ensure homogeneity, each sample was turned over and remelted

several times and then annealed at 800 oC for 2 weeks. The Sn-rich samples were

carefully examined by x-ray diffraction analysis and found to be single phase (ǫ-TiNiSn

type structure belonging to a space group Pnma) for the x < 0.22 concentration range.

The lattice parameters of the components x are practically not x-dependent because of

similar atomic radia of Sn and Sb atoms.

Stoichiometry and homogeneity were checked by the microprobe technique

(scanning microscope JSM-5410) and the deviations from the nominal composition

were small but substantial. The CeNiSn sample has the composition CeNi0.94Sn1.06,

when normalized to the Ce content. The same happens for all the remaining Sb-

doped samples. The off-stoichiometry CeNi1−δSn1+δ−xSbx samples with δ ≤ 0.06 were,

however, homogeneous, except very small islands of highly non-stoichiometric Ce-Ni-

Sn-Sb components (compare to the results in Ref. [14]).

A standard four-terminal ac technique was used to measure the resistance of each
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sample.

The magnetic susceptibility was measured in the 1.9 − 300 K regime by use of a

commercial ac Lake-Shore susceptometer. The amplitude of the excitation field was 1

mT at a fixed frequency of 10 kHz. dc magnetic measurements were carried out in the

temperature range from 1.8 to 300 K in applied magnetic fields up to 1 T employing a

Quantum Design superconducting quantum interference device (SQUID) magnetometer.

The XPS (x-ray photoelectron spectroscopy) spectra were obtained with

monochromatized Al Kα radiation at room temperature using a PHI 5700 ESCA

spectrometer. The spectra were measured immediately after cleaving the sample in

a vacuum of 10−10 Torr. The spectra were calibrated according to Ref. [15]. Binding

energies were referenced to the Fermi level (ǫF = 0).

Specific heat measurements have been performed in a fully adiabatic calorimeter

between 2.7 K and 30 K.

3. Electronic band structure

It has been controversial whether CeNiSn has a V-shaped type of DOS (i.e., has a

pseudogap) or is a semimetal with low carrier density. Different experiments: NMR

[16], specific heat [17], or high-resolution photoemission spectroscopy [18] have shown

the appearance of a residual DOS at the Fermi level (ǫF ) 10− 100 times larger than the

corresponding value coming from band structure calculations [19].

In Fig. 1 we compare XPS valence-band (VB) spectra of CeNi1−δSn1+δ−xSbx, with

x = 0, 0.06, and 0.18 with those for CeRhSb. The spectra are normalized by this way,

that the background intensities of each spectrum in the energy range −2 ÷ 0 eV are

the same. The XPS valence bands of CeNiSn and CeNiSn1−xSbx alloys are very similar

and the intensities at E = 0 (at ǫF ), are the same within the experimental resolution,

whereas the energy distribution for the bands in CeRhSb are quite different. The most

important result is that the DOS at ǫF for CeNiSn is ∼ 1.8 times larger than that of

CeRhSb, which suggests a stronger metallicity of CeNiSn.

Fig. 2 shows the Ce 3d XPS spectra obtained for the series of compounds

CeNi1−δSn1+δ−xSbx. The two final-state contributions f 1 and f 2 are clearly observed

and exhibit the spin-orbit splitting 18.6 eV. The f 2 components in the Ce 3d XPS

spectra are attributed within the Gunnarsson-Schönhammer theory to the f -conduction

electron hybridization [20, 21]. The energy ∆fs which describes the hybridization part

of the Anderson impurity Hamiltonian [22], is defined as πV 2N(ǫF ), where N(ǫF ) is the

DOS at the Fermi energy, and V is the magnitude of the hybridization matrix element.

The ∆fs can be estimated from the integrated intensity ratio r = I(f 2)/(I(f 1)+ I(f 2)),

calculated as a function of ∆fs in [21]. The separation of the overlapping peaks in the

Ce 3d XPS spectra is determined using the Doniach-Šunjić approach [23]. The intensity

ratio provides a rather crude estimate of ∆fs ∼ 0.15 eV for CeNiSn and ∼ 0.25 eV for

the CeNiSn1−xSbx samples with x = 0.06 and x = 0.09, respectively, which means that

the hybridization energy increases rapidly with the Sb doping.
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In order to determine the ground-state f -level occupation, nf , from the 3d XPS

spectra we use Fig.4 of Ref. [21], where the dependence of the intensity ratio r
′

=

I(f 0)/(I(f 0) + I(f 1) + I(f 2)) on the f occupation is shown for ∆fs = 120 meV. The

relative f 0 intensities of magnitude r
′

< 0.06 for CeNiSn and r
′

= 0 for the remaining

CeNiSn1−xSbx compounds correspond to nf ∼ 0.94 and 1, respectively, within the

accuracy better than 15%. Parenthetically, the occupation nf = 1 corresponds to the

valency Ce3+ and in consequence, to the localized nature of 4f 1 state. This in turn,

will lead to a magnetic behavior of the corresponding systems, as discussed in detail in

what follows.

The stability of paramagnetic vs. magnetic ground states in the Kondo-lattice limit

[24] is strongly dependent on the on-site hybridization magnitude V and the number of

valence electrons ne. Previous alloying studies showed, that substituting either Sb for Sn

in CeNiSn [25] or Sn for Sb in CeRhSb [26], leads to a formation of a weak ferromagnetic

Kondo-lattice or to the non-Fermi liquid ground states, respectively. Doradziński and

Spa lek [24] (DS) discussed possible magnetic phases in the periodic Anderson model and

obtained the phase diagram on the V − ne plane, which is in a qualitative agreement

with the experimental results on the series of Ce-ternary intermetallics [27]. In DS

diagram CeNiSn is located on the line ne ≈ 2 in the Kondo-insulator region, very close

to the critical value of V ≈ 0.3 eV, which separates the KI and antiferromagnetic Kondo-

insulator (AKI) phases (see Fig. 3). The high-resolution photoemission study of CeNiSn

[11] indicates a nonzero DOS at ǫF , suggesting a semimetallic ground state. The XPS

experiment also provides an evidence that the electronic states located at ǫF have a

mixed character composed of the Ce 4f , Ce5d, Ni3d, and Snsp states. The semimetallic

nature of CeNiSn means also that a sizeable part of the hybridization between 4f and the

remaining valence electrons is of the intersite nature, and can vanish in some directions

in the k space, which means that the Kondo insulating gap can open up. When the

Sb doping is small, the intraatomic part of V dominates, as observed in the low-T

resistivity data, which display the activated behavior. In effect, the intraatomic Kondo

coupling can become stronger. Let us assume that a small doping of Sb (x ≤ 0.02) does

not change much DOS, whereas it significantly increases ∆fs. Then, the compound

x = 0.02 has a stable KI state in the DS diagram. However, from the 3d XPS spectra it

follows that for x > 0.02, ∆fs is ∼ 1.3 times larger compared to that of CeNiSn, whereas

the specific heat data display the γ ∼ N(ǫF ) value about 2 − 3 times larger in relation

to that of CeNiSn. In result, Sb doping locates the samples x > 0.02 on the AKI line of

the DS diagram. Therefore, the magnetic ground state could be formed simultaneously

with the Kondo-pseudogap appearance.

Next, we comment a possible critical behavior in CeNiSn under external pressure

[13]. In the DS diagram CeNiSn is located in the V − ne plane near the critical point,

which separates the nonmagnetic KI and AKI states. Since the critical pressure Pc is of

∼ 0.1 GPa, as was shown in Ref. [13], the residual DOS at the Fermi level increases twice

at P > Pc. In consequence, the hybridization energy V = [∆fs/(πN(ǫF )]1/2 decreases

crossing the critical point on the V − ne ≈ 2 plane. In this speculation, one has to
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assume that the hybridization energy ∆fs increases too. However, it has a weaker P -

dependence [13]. Note, a quantum critical behavior at the Kondo insulator-non-Fermi

liquid boundary was observed as a function of x in the system CeRhSb1−xSnx [3]. The

critical concentration xc ≈ 0.12 separates the semiconducting KI from the metallic NFL

phases. The reason for the quantum critical behavior in CeNiSn and CeRhSb1−xSnx

system is, however, different; in CeNiSn the pressure leads to the quantum critical

point, while in the case of CeRhSb1−xSnx, doping (i.e., the increasing number carriers)

leads to quantum criticality at xc. However, in both situations a weak magnetic moment

was detected in the vicinity of the QCP.

4. Electrical resistivity and magnetic properties.

4.1. Resistivity

In Fig. 4 we display the temperature dependence of the electrical resistivity

ρ(T )/ρ(300K) versus lnT for the CeNi1−δSn1+δ−xSbx samples [28]. The curves for

x < 0.18 exhibit a well defined activated behavior ρ ∼ exp(∆/T ), with the activation

energies ∆ shown in the phase diagram shown later. The substitution of Sb for Sn, which

increases nominally the number of carriers, produces an enhanced activated behavior

with the conductivity gap ∆ ∼= 4.6 ± 0.1 K for x in the range 0.02 ÷ 0.06, as compared

to the value of the overall gap ∆ ∼= 1.7 ± 0.1 K for the pure CeNi0.94Sn1.06 compound.

In the concentration range 0.1 ÷ 0.14, ∆ ∼= 3.7 K and for larger Sb doping, ∆ value

rapidly decreases. For the compositions x = 0.2 and x = 0.22, ρ ∼ −lnT in the range

∼ 7 ÷ 25 K, suggesting the Kondo-lattice type of behavior.

The most important fact is that the Sb impurities stabilize the semiconducting-gap

state in CeNi1−δSnδ. The formation of the coherent state in the Kondo lattice could be

studied by introducing disorder into the system investigated. The extreme sensitivity

of ρ(T ) to nonmagnetic impurities is well known from the low-carrier compound CePd3

[29]. These impurities are known as the Kondo holes and are experimentally realized

by subtracting a Ce ion in a stoichiometric Ce compound by La or Th atoms [30, 31].

Adding impurities to a Kondo lattice gradually destroys the coherence of the HF ground

state. The addition of Sb, however, can not be simply interpreted as adding Kondo holes,

but rather as adding carriers. In this case, the fractional number of electrons needed

to produce the semiconducting state (the case of the sample x ≈ 0.2) could complete

filling of a band in CeNiSn semimetal.

4.2. Susceptibility

In Fig. 5 we present the temperature dependence of ac magnetic susceptibility

χ = (χ
′2 + χ

′′2)1/2. For CeNi1−δSnδ χ(T ) is increasing with decreasing temperature. In

the T < 30 K temperature range, χ(T ) = χ0+yC/(T−θ), with χ0 = 5.7×10−4 emu/mol,

the effective Curie constant yC = 1.8 × 10−3 emu/Kmol, and θ = −0.7 K. In view of

the circumstance, that the Curie constant for Ce3+ ion is C = 0.807 emu/Kmol, the
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susceptibility upturn is due to Ce3+ interstitial impurities of the concentration y ∼= 0.3%

[32]. On the contrary, the samples with x > 0 display a pronounced downturn even

without the subtraction of the Ce3+ impurity contribution, which we attribute to the

formation of the collective Kondo-singlet type of state (cf. Fig. 4). The increase of χ

for x > 0 at T < 2.5 K is regarded again as due to the impurity contribution. The χdc

susceptibility of the samples with x ≥ 0.12 has a sharp maximum at Tf (see Fig. 6d).

Tf is x-dependent (not shown) and increases with increasing x, revealing the magnetic

ordering of the spin-glass-type at approximately 3 K. A very similar behavior is often

observed, when CeNiSn is doped [33], or defected [12]. It seems possible, that atomic

disorder creates a spin glass-type state for the systems CeNi1−δSn1+δ−xSbx having a

nonzero pseudogap. To confirm this hypothesis, we have studied the zero-field cooled

(ZFC) and the field cooled (FC) dc magnetic susceptibilities for the magnetic field of 100

Oe, as well as the ac magnetic susceptibility for the field amplitude of 3 Oe vs. frequency.

In Fig. 6d we present the ZFC and FC dc magnetic susceptibilities χ ≡ M/H measured

for CeNi1−δSn0.84+δSb0.16. The χ(T ) data display hysteretic features typically related

to the development of a spin glass-like (SG) state below a freezing temperature Tf . A

similar behavior was observed for other CeNi1−δSn1+δ−xSbx samples with x > 0.12. Fig.

6a − c displays the frequency dependent maxima of the real component χ
′

of χ for the

sample x = 0.16 [panel (b)], that are characteristic of the SG state. This behavior

is observed for samples with smaller than 12% amount of Sb [see, panel (a)]. The

imaginary component χ
′′

of χ indicates the appearence of a weak anomaly only at Tf

for the low frequency of 50 Hz, whereas, it is almost constant for higher frequencies.

The low-frequency susceptibility curves looks like those of a short-range antiferromagnet

with a weak frequency dependence of χ
′

and no change in χ
′′

. Such a behavior of χ
′′

was

reported [34] for the Y1−xUxPd3 system, in which there is an interplay between the spin-

glass and the non-Fermi liquid behavior, and is ascribed to the atomic-disorder. χ
′

of

CeNiSn0.98Sb0.02 shows a sharp upturn with decreasing T , consistent with the presence

of paramagnetic impurities with concentration less than 2%. The dotted line is a fit the

of modified Curie-Weiss law specified in the Figure caption.

Finally, in Fig. 6c, we present magnetization M versus H data, which show a

hysteresis loop below Tf for CeNi1−δSn0.84+δSb0.16; this behavior is not observed for

CeNi1−δSn1+δ−xSbx samples with x < 0.12.

All of these measurements strongly support the interpretation that there exists a

spin-glass state in the compounds CeNi1−δSn1+δ−xSbx containing more than 12% of Sb.

The dc magnetic susceptibilities (cf. Fig. 7), measured for the series CeNi1−δSn1+δ−xSbx

of alloys, do not follow the Curie-Weiss law in the whole temperature range between

2 and 300 K. As is shown in Fig. 6a, the χ-curve exhibits a upturn below ∼ 10

K for paramagnetic samples with x < 0.12 due to the presence of impurities. Fig.

7 presents the dc susceptibility with the impurity contamination (yC/T ) subtracted.

This χ reduction when T is lowered is at least as evident as in that coming from the ac

measurements (cf. Fig. 5)

In Fig. 8 we plot the scaling of the inverse resistivity ρ−1 vs. χ. This type of
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scaling is spectacular for low concentrations x = 0.02 and x = 0.06, as was the case for

CeRhSb1−xSnx [3]. We regard this as one of the fundamental properties of the Kondo

semiconducting system. This ρχ = const behavior is absent for CeNi1−δSn1+δ. This

behavior has been explained in an elementary manner in [3].

4.3. Specific heat and the phase diagram

A direct evidence for strong electronic correlations in the present CeNi1−δSn1+δ−xSbx

system is provided by the large magnitude of the electronic specific heat coefficient

γ0 ≡ C(T → 0)/T , which reaches the value of ∼ 175 mJ/molK2 for x = 0.04, 0.16

and 0.18. In Fig. 9, we plot the specific-heat ∆C/T data versus T on a log-log scale,

where ∆C = C(CeNiSn1−xSbx) − C(LaNiSn). By subtracting the heat capacity of

pure LaNiSn, we observe a power-law increase of ∆C/T in the temperature range 5−14

K, i.e., above the spin-glass-paramagnetic phase transition. The quasi-singular part

of the specific heat in this T-regime is parametrized by the power-law ∆C/T = cT−n

(dotted lines in the figure) with exponent n ≈ 1 for the samples x = 0.16 and 0.18,

often observed for the spin glasses. For the sample x = 0.04 the exponent is n ≈ 0.5

and this indicates the magnetic correlations set in at low temperatures, while at ∼ 6 K

∆C/T exhibits a pronounced maximum which is linked to pseudogap formation at the

HF Fermi level in CeNi1−δSn0.96+δSb0.04. Moreover, ∆C/T ∼ T in the T ≈ 2 K regime

below the maximum, which is evidence for the opening of a narrow pseudogap in this

Kondo system [16]. In Fig. 9 ∆C/T also shows a feature at ∼ 6 K for the remaining

samples x = 0.16 and 0.18, that can be linked to the opening of the pseudogap in those

disordered alloys.

Fig. 10 shows the overall phase diagram for the Sn-rich system CeNi1−δSn1+δ−xSbx

studied in this paper.

5. Physical discussion.

Although we did not find out evidence for the quantum critical behavior to the

Kondo insulating state [3] as a function of the increasing Sb substitution for Sn

(i.e., with the carrier concentration increase), several interesting new features appear.

The stabilization of the Kondo gap/pseudogap state in CeNi1−δSn1+δ semimetal and

the role of atomic disorder and of the increased carrier concentration on the ground

state properties seem to be important. In other words, we believe that the disorder

created by the off-stoichiometry creates a gap, but the additional increase of the carrier

concentration (via Sb addition) creates the true Kondo semiconducting state.

From the susceptibility data we know that almost all Ce3+ moments in the Kondo-

insulator are compensated, i.e., the effect is of collective nature. At high temperature

T >∼ 50 K [3], i.e., higher than the coherence temperature, the itineracy of the

f electrons is destroyed by the thermal disorder. The coherence temperature TK is

about 30 K for CeNiSn, using the relation TK = 0.68R/γ [35]. In effect, the system
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evolves from metal with localized f electrons at high temperature, through the heavy-

Fermion (HF) phase, to the Kondo semimetal or insulator phase as T → 0. The scaling

χ ∼ ρ−1 is expected to be observed for T < TK , however, the χρ = const behavior

is visible here in the limited T -range above the temperature Tf . The formation of the

collective Kondo-singlet state in the KI or KS regimes is determined by reduction of the

magnetic susceptibility in low-T range and presence of scaling χ(T )ρ(T ) = const. The

presence of the spin-glass phase at T < Tf means that the 4f localized moments are not

compensated completely, so the semiconducting behavior is not as clear cut, as it is found

in CeRhSb. It is possible, that the disorder creates localized states in the pseudogap of

CeNiSn. However, it does not change drastically the activated behavior for x < 0.1, so

we attribute the persistence of the KI state with the increasing hybridization gap at ǫF

for the low x as a result of increased binding energy caused by the carrier concentration

increase, with the concomitant f -electron localization at the lowest temperatures. In

result, for small concentration of Sb (i.e., for x ∼ 0.02) one could expect a gradual

evolution from the heavy fermion state into the Kondo semiconductor at T < ∆.
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Figure 1. The valence band XPS spectra as a function of binding energy for the

characteristic components of the series CeNi1−δSn1+δ−xSbx, with δ ≈ 0.06 (x = 0,

0.03, and 0.09). The spectrum of CeRhSb Kondo semiconductor is presented for

comparison. The energy E = 0 represents the Fermi level position. The peak is

due to the 4d states due to Rh or 3d states due to Ni.

Figure 2. The 3d Ce core-electron XPS spectra for CeNi1−δSn1+δ−xSbx (x = 0, 0.06,

and 0.18). The peaks are split by the spin-orbit interaction ∆SO = 18.6 eV.

Figure 3. Magnetic mean-field phase diagram on the plane: number of electrons per

atom-hybridization (details in Ref. [24]). FM, WFM and SFM denote ferromagnetic,

weakly ferromagnetic or strongly ferromagnetic metallic phases, respectively. AFM

1 and 2 represent different antiferromagnetic metallic phases, and PKI or AKI

are paramagnetic or antiferromagnetic Kondo insulators, respectively. The point

represents the experimental data for the Kondo lattice CeNiSn, which is experimentally

obtained from the 3d Ce XPS spectra. In the V = 0 limit all the states have same

energy, as no magnetic interaction within f system and between the systems (f − c)

appears.

Figure 4. CeNi1−δSn1+δ−xSbx: a) temperature dependence of the resistivity

normalized to the resistivity at 300 K. The presence of plateau indicates the impurity-

band contribution; b) lnρ vs. 1/T showing explicitly the activated character for same

samples.

Figure 5. CeNi1−δSn1+δ−xSbx: ac magnetic susceptibility vs temperature, measured

in the applied field of amplitude Ha = 10 Oe. Note the reduction of the susceptibility

for 0 < x < 0.1, speaking for the Kondo singlet formation at low T . The off-

stoichiometric system with x = 0 has a markedly different T dependence due to

magnetic impurities.

Figure 6. CeNi1−δSn1+δ−xSbx: (a): real χ
′

and imaginary χ
′′

components of ac

magnetic susceptibility for x = 0.02. The other parameters are: δ ≈ 0.06, ν = 500Hz,

Ha = 3 Oe. The fit in (a) to the expression χ = χ0 + yC/(T − θ) gives the fitting

parameters: χ0 = 4.4×10−3 emu/mol, y = 0.02, and θ = −1.7 K. In panel (b): χ
′

and

χ
′′

for CeNi1−δSn0.84+δSb0.16 versus temperature and frequency is carried out in the

applied field of 10 Oe. The panel (c) shows the magnetization M vs. magnetic field for

the sample CeNi1−δSn0.84+δSb0.16. The hysteresis loop is observed for T < Tf . The

panel (d) exhibits temperature dependence of the zero-field cooled (ZFC) and field

cooled (FC) dc susceptibility for the sample CeNi1−δSn0.84+δSb0.16 in the field of 100

Oe.

Figure 7. ZFC dc magnetic susceptibility vs. T in the field of 100 Oe. The magnetic

contribution yC/T is subtracted from the data. For all the samples the value y = 0.015

was taken. Note the characteristic downturn of χ(T ) as the Kondo insulating state is

approached, as marked by the dashed line.
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Figure 8. Linear scaling law between the inverse resistivity ρ and the susceptibility

χ for the samples with nonvanishing Kondo gap. The values of χ and ρ for different

x are shifted to zero values at the minimal positions. The scaling law ρχ = const is

obeyed in the temperature range 5 ÷ 35 K for CeNi1−δSn1+δ−xSbx.

Figure 9. CeNi1−δSn1+δ−xSbx, δ ≈ 0.06; specific heat ∆C/T versus T for samples

with x = 0.04, 0.016, and 0.018 in the log-log scale; ∆C = C(sample) − C(LaNiSn).

For 5 < T < 14 K, ∆C(T )/T ∼ T−n, with n = 0.96, 0.82, and 0.57 for samples

x = 0.16, 0.18, and 0.04, respectively. The slope of the linear portion is marked by a

dashed line in each case, it changes slightly in a nonsystematic manner and the overall

value of n is approximately equal to unity, and regarded as typical for the spin-glass

state.

Figure 10. Schematic phase diagram for CeNi1−δSn1+δ−xSbx systems with δ = 0.06.

The activation energy ∆ is obtained from the fit of expression ρ(T ) = ρ0exp(∆/T )

to the resistivity data in the Kondo insulating/semimetallic regime (KS). TSG is the

temperature at the maximum of the χ ac data in the spin-glass (SG) state.
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