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a b s t r a c t

The effect of Rh or Sb doping in Kondo insulator CeNiSn, and Rh doping in the Kondo lattice system CePdAl
is investigated. The studies indicated the spin glass-like states in these materials caused by a statistical
distribution of the nonmagnetic transition elements.
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. Introduction

Ce-based Kondo lattice intermetallics exhibit a variety of
nusual ground states, including complex magnetic structures [1],
eavy fermion (HF) states both normal and superconducting [2],
nd paramagnetic insulating Kondo lattices (KI) [3]. The reason
or such a diversity of physical phenomena is a delicate inter-
lay between two competing mechanisms: the local on-site Kondo
ffect and the long-range Ruderman–Kittel–Kasuya–Yosida (RKKY)
nteraction [4]. These two scales in the Kondo lattice, the Kondo
emperature TK and the temperature of the magnetic ordering
TRKKY) depend, however, on the on-site hybridization between the
ocalized f-electron and the d- and s-electron conduction states.
here are known examples of Ce-Kondo lattices with nonmagnetic
ransition elements, which (if they are disordered in the crystal)
ntroduce a varying electronic environment around the Ce ions

ccupying a periodic lattice. As the Ce–Ce exchange interactions
epend on the random occupation in the vicinity of the Ce ions, a
pin glass-like state would be possible at low temperatures which
ccounts for the large observed electronic specific heat � ≡ C/T
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alue [5]. The CePd1−xRhxAl series of alloys might be representa-
ive of so-called nonmagnetic atom disorder (NMAD) spin glasses.
n the series, CePdAl is an antiferromagnetically ordered Kondo lat-
ice compound [6], with 1/3 frustrated moments [7], while CeRhAl
s antiferromagnetic Kondo lattice. The ab initio band structure cal-
ulations showed that randomness associated with the distribution
f nonmagnetic atoms in the CePd1−xRhxAl alloys may be respon-
ible for the formation of inhomogeneous magnetic states. We also
ound that the random Ce–Ce exchange interactions give rise to the
pin glass-like behaviour in the doped CeNiSn. CeNiSn is param-
gnetic Kondo insulator (KI) with respect to that of magnetically
rdered CePdAl or CeRhAl, it is of interest to examine the series
f CeNi1−xRhxSn samples, to see the effect of decreasing number
f the valence band states on the ground state properties. Very
ecently we have shown that the magnetic properties of the sys-
em gradually evolve from magnetic spin glass-like state (x < 0.08)
o non-Fermi liquid behaviour, when Rh doping increases [8]. The
pin glass-like state was discussed as an effect of NMDA disorder
n Ce-based system.
A third NMAD spin glass-like material is the off-stoichiometric
eNi1−ı Sn1+ı−xSbx system with ı ≈ 0.06 and 0 ≤ x < 0.22, where Sb
toms randomly occupy the Sn and Ni sites [9].

In this paper I review the spin glass-like behaviours observed in
ifferent doped Ce-intermetallics, resulting from the localized Ce
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Fig. 1. Total valence charge densities in CePd Rh Al (in electron/a.u.3) for the plane (0 2 0), calculated (LAPW) for two different structures (1) and (2) with different
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ccupation of the 4c sites by Pd and Rh atoms.

agnetic moments, and random distribution of the d- or p-electron
onmagnetic atoms.

. Spin glass-like behaviour in CePd1−xRhxAl

The samples CePd1−xRhxAl with 0.2 ≤ x ≤ 1 crystallize in
rthorhombic structure of C-- -TiNiSi-type with space group Pnma. Pd
nd Rh atoms randomly occupy 4c atomic sites. The charge bonding
etween Ce1 and Pd or Rh atoms in the unit cell is much stronger
han the bonding between Ce2 and Pd, Rh or Al. Consequently, in
ull potential linear augmented plane waves (LAPW) approach the
alculated magnetic moments of Ce1 and Ce2 in CePd0.5Rh0.5Al are
uite different and strongly dependent on the structural ordering
f Pd and Rh atoms in 4c sublattice. The value of the Ce magnetic
oment depends on the interatomic hybridization between Ce and

d or Rh valence states. It is very likely that Pd/Rh atomic disorder
t 4c sites changes the Jfc coupling between different Ce atoms,
nd just this effect can result in the spin glass behaviour in the
ePd1−xRhxAl series. In classical spin glasses, random freezing of
he magnetic moments arises due to the dominant RKKY exchange
nteraction between the randomly placed magnetic moments. Ce
toms occupy a periodic lattice in CePd1−xRhxAl, but the nonmag-
etic elements (Pd, Rh, Al) are disordered and in this way they

ntroduce varying electronic environment around the Ce ions. In
onsequence, spin glass state can be formed in the Kondo lattice

ePd1−xRhxAl, as was evidenced in Ref. [10].

Fig. 1 shows the total valence charge densities in (0 2 0) plane
or CePd1−xRhxAl with different atomic ordering: in (1) the atomic
ositions 4c (Pnma space group) are occupied by Ce1, Ce2; Rh, Pd;
nd Al1, Al2, while in structure (2) the atomic positions of Pd and

I
p
o
t
s

h are switched. Within this simple approach, it was possible to
nd out that the overall shapes of the x-ray photoelectron spec-
roscopy (XPS) spectra are strongly sensitive to atom ordering [10].
urther discussion of this issue requires, however, more advanced
heoretical modelling of the system.

. Interplay between spin glass-like and non-Fermi liquid
ehaviour in CeNi1−xRhxSn

Kondo insulators are characterized as a class of nonmagnetic
arrow gap � semiconductors and semimetals, which display
metallic HF state at T > �. CeNiSn is an example of a small

ap/pseudogap insulator, with the gap in the doped CeNiSn very
ensitive to the degree of hybridization V between the f-electron
nd conduction electron states [8]. The gap is strongly reduced
ith Rh substitution. The magnetic properties of the system grad-
ally evolve from magnetic spin glass-like (glassy) state observed

or 0 < x < 0.08, to NFL behaviour, when the Rh doping increases.
he detailed investigations of magnetic properties for small x-value
0 < x ≤ 0.06) suggest also an interplay between the spin glass-like
nd NFL ground states [8]. In Fig. 2 we present the ac and dc
usceptibility and specific heat data, both characteristic for inho-
ogeneous magnetic state. Susceptibility is frequency dependent

panel (b)) and displays hysteretic features (c) typically related to
he development of a SG-like state below freezing temperature Tf.

n panel (a) specific heat shows a feature at 6 K characteristic for
seudogap formation in KI, while a peak at ∼3 K corresponds to SG
rdering. However, the SG phenomena presented in Fig. 2 are not
ypical for an intrinsic spin glass transition, namely the magnetic
usceptibility is sensitive to the magnitude of the applied field, and
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Fig. 2. CeNi0.98Rh0.02Sn; (a) specific heat �C = C (sample) − C (LaNiSn). For
6 < T < 13 K, �C/T ∼ T−n with n = 0.25 (note, the susceptibility � ∼ T−n , with n = 0.21 at
Tf < T < 36 K). At the lower temperatures than ∼6 K �C/T displays the features char-
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Fig. 3. Schematic phase diagram for CeNi1−xRhxSn system. Temperature � is
o
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we observed the spin glass-like features for a small x concentra-
tions in CeNiSn, which means that the atomic disorder leads to
the formation of the SG state in the Ce-Kondo lattice. In the case of
CeNiSn doped by Sb, the spin glass-like behaviour was observed for
cteristic for the gap formation (at 6 K) and at ∼3 K, resulting from the spin glass-like
tate. (b) Real �

′
and imaginary �

′′
components of ac magnetic susceptibility with an

pplied field 10 Oe at different frequencies. (c) ZFC and FC dc susceptibility measured
n the field 100 Oe.

he strong frequency dependence is visible at � > 500 Hz. The ampli-
ude of �

′
decreases, and the shift of �

′
maximum is downwards

n temperature with decreasing frequency for � ≤ 100 Hz, while the
mplitude and position of �

′
maximum is only slightly �-dependent

n the frequencies � > 500 Hz. Likewise, the observed freezing tem-
erature does not change very much with Rh concentration, and in
he imaginary part of the susceptibility no loss has been recorded.

oreover, in canonical spin glasses the peak in the specific heat is
sually observed at temperatures exceeding the freezing tempera-
ure by about 20% and it usually shows a broad maximum, which is
ot observed for the investigated sample. These facts would mean

hat the spin glass transition is not intrinsic for the present system
ith the NFL character and is possibly due to the local atomic dis-

rder. The low-frequency susceptibility curves of x = 0.02 sample
ook more like those of a short-range antiferromagnet with a small
requency dependence of �

′
and almost no �

′′
. Such a short-range

F
a

btained from the fit of expression �(T) = �0exp(�/T) to the resistivity data in the
ondo insulating regime [4]. TSG is a temperature of the maximum in the �ac data,

coh is taken as Tmax in the �(T). With increasing x, the antiferromagnetic correlations
re observed.

ntiferromagnet may display a glassy behaviour associated with
tomic disorder (discussed in Ref. [8]). The phase diagram of this
ystem is shown in Fig. 3.

A similar SG-like formation is observed for CeNiSn, when Sn
toms are replaced by Sb. In this case the number of conduction
lectrons quasi-continuously increases. In Fig. 4 the phase diagram
or the system CeNiSn1−xSbx is shown. The SG-like state results
rom the atomic disorder in the Sn-sites.

In conclusion, impurities (Rh or Sb) first stabilize the semicon-
ucting gap in CeNiSn, if the x concentration is of about 2%. Such a
tabilization of KI state upon substitution leads to the localization
f 4f-electrons, as evidenced by the formation of the localized SG-
ike state in CeNi1−xRhxSn. Further increase of doping decreases the
ap, which is reduced for x about 8%.

In the compounds studied, the Ce atoms occupy a periodic lat-
ice, however, the nonmagnetic elements if they are disordered,
ntroduce a varying electronic environment around the Ce ions. As
he Ce–Ce exchange interactions depend on the random occupation
n the vicinity of Ce, a spin glass-like state is possible. The effect
s, however, dependent on the concentration of doping element,
ig. 4. Schematic phase diagram for off-stoichiometry CeNiSn1−xSbx system of
lloys. KS means the Kondo semimetallic (Kondo insulating) phase.
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.1 < x < 0.2. The spin glass behaviour in CePd1−xRhxAl series may be
aused by random distribution of the Pd, Rh, and Al. atoms. The SG
rising from nonmagnetic atom disorder in these compounds could
ead to apparent large � values, characteristic for heavy fermions,

hich are known as false heavy fermions [5].
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10] A. Ślebarski, W. Głogowski, J. Goraus, D. Kaczorowski, Phys. Rev. B 77 (2008)

125135–125143.


	Spin glass-like behaviour in Ce-based Kondo systems arising from d-type nonmagnetic atoms disorder
	Introduction
	Spin glass-like behaviour in CePd1-xRhxAl
	Interplay between spin glass-like and non-Fermi liquid behaviour in CeNi1-xRhxSn
	Acknowledgements
	References


