PHYSICAL REVIEW B 73, 205115 (2006)

Nonuniversality of the non-Fermi-liquid state in CeRhSb;_,Sn, compounds on the Sn-rich side
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We examine the electronic properties of the CeRhSb;_,Sn, metallic series with 0.78 <x=<1 by treating the
non-Fermi liquid (NFL) state of CeRhSn as a reference state. A nonuniversal behavior of the NFL phase is
observed as a function of x, which is attributed to enhanced magnetic disorder effects introduced by alloying,
from one side and to the role of spin fluctuations due to Rh 4d electrons from the other. The NFL behavior at
the lowest temperatures is attributed to quantum critical fluctuations among 4f electrons due to Ce, whereas the
spin fluctuations become pronounced at higher temperatures 7> 6 K. Thus, in Sn-rich samples those two types
of fluctuations coexist. An itinerant-electron type of spin-glass-like state with a small magnetic moment ap-
pears at temperatures 7<5 K. These studies complement our previous work on the same system in the Sb-rich
region, i.e., with 0=x<0.2, where the Kondo semiconducting state evolves into NFL state via a quantum

critical point located at x=0.12.
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I. INTRODUCTION

CeRhSDb represents a rare example of cerium-containing
heavy-fermion (HF) Kondo insulator with a narrow energy
gap (2A=15 K) in the electronic density of states (DOS).!
The nonmagnetic and insulating state is gradually formed at
temperatures below 7~ 10 K, whereas at higher tempera-
tures it disappears.” The Kondo insulator (KI) discussed
within the periodic Anderson model provides an insulating
state for a k-independent (intrasite) hybridization and for an
even number of electrons per site;> this is the case for
CeRhSb. However, by changing the number of carriers, the
gap should disappear even at temperature 7=0. In this re-
spect our previous alloying studies showed* that the sub-
stitution of Sn atoms for Sb leads to the metallic behavior
above the critical concentration x.=0.12 in the
CeRhSb,_,Sn, compounds. On the other hand, the compound
CeRhSn displays a non-Fermi liquid character of the low-
temperature physical properties,” which were modeled in
terms of the Griffiths phases.6 In this model, the combined
effect of sufficiently strong disorder and the competition be-
tween the Kondo and the RKKY interactions can lead to a
pocket of magnetically ordered regions (Griffiths phases®),
where the order-parameter dynamics may determine thermo-
dynamic properties of the system in the vicinity of a quan-
tum critical point and is due to the tunneling between differ-
ent configurations. Explicitly, it has been shown that the
electrical resistivity increases as a function of the tempera-
ture as ApT ¢, with the exponent £= 1, whereas both the
quantity C(T)/T related to the specific heat, C(T), as well as
the magnetic susceptibility, x(7), vary as T~", with n=0.5.

In view of the diverse behavior of CeRhSb and CeRhSn
compounds, it is of interest to examine in detail the solid
solution CeRhSb;_,Sn,, to see the effect of the decreasing
number of conduction electrons on the gap formation in
CeRhSb, as well as on the changes in the metallic ground-
state properties across the series. The x-ray diffraction stud-
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ies showed, however, that the CeRhSb;_,Sn, compounds ex-
ist in the limited Sn-concentration regimes. Namely, the
samples are single-phase only for either x=<0.2 (with ortho-
rhombic e-TiNiSi structure, space group Pnma) or for
x=0.8 (with hexagonal of the Fe,P structure type, space

group P62m).” On the Sb-rich side (0<x<0.2), we have
observed very recently* the transition: Kondo insulator
— non-Fermi liquid as a function of the number of carriers.
Namely, the system undergoes the nonmagnetic Kondo
insulator-magnetic metal transition via a quantum critical
point located at x~0.12.* On the metallic side, a quantum
critical behavior has been discovered for samples with x
—0.12 from above, that is specified by the power law for the
resistivity, the susceptibility, and the specific heat. This quan-
tum critical behavior is associated with the localization of
correlated electrons in this hybridized system. We have also
observed a universal scaling between the electrical resistivity
and the magnetic susceptibility in the form py=const, in the
quantum-coherence regime for the Kondo semiconductors
CeRhSb,_,Sn,, with x<0.12.*

The purpose of this paper is to discuss in detail and to
interpret, at least qualitatively, the quantum behavior for the
Sn-rich samples (x=0.8) of CeRhSb;_,Sn, compounds. As
mentioned above, CeRhSn is a non-Fermi liquid.5 In the
solid solutions CeRhSb;_,Sn,, resistivity p(T) exhibits differ-
ent types of behavior;” namely p(T)~T¢ for x=1, which
transforms into the dependence p~—In 7 for x=0.9, and fi-
nally, for x=0.8, exhibits a peak at ~7 K which is indicative
of a quantum critical behavior for the NFL state setting in. In
the compounds in this regime, a strong atomic disorder ap-
pears and leads to the spin-glass-like magnetic order, which
modifies and complicates the understanding of the proper-
ties. A detailed study of this last factor, as well as the role of
almost magnetic Rh 4d electrons provide an additional ratio-
nale for this work. Namely, we demonstrate the coexistence
of a quantum critical behavior of 4f electrons with the pres-
ence of spin fluctuations due to 4d electrons and show that
they differ essentially.
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The structure of the paper is as follows. In Sec. II we
provide experimental details of the synthesis and the measur-
ing techniques. In Sec. III we present the magnetization data
and provide the temperature dependence of the specific heat.
Finally, in Sec. IV we discuss in detail the physical implica-
tions of the results and determine the main features of the
phase diagram on the 7-x plane.

II. EXPERIMENTAL DETAILS

Pure CeRhSb and CeRhSn samples were first prepared by
arc melting of the weighted amount of each component. The
dilute CeRhSb;_,Sn, alloys were then prepared by diluting
nominal compositions of the master compounds. To ensure
homogeneity, each sample was turned over and remelted sev-
eral times and then annealed at 800 °C for 2 weeks. The
samples were carefully examined by x-ray diffraction and
found to be single phase (with the hexagonal structure of the

Fe,P type, space group P62m). The single phase samples are
possible to synthetize only in the x=0.78 concentration
range.

A standard four-terminal ac technique was used to mea-
sure the resistance of each 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 susceptibility and
the magnetization-curve measurements were carried out us-
ing a commercial SQUID magnetometer (Quantum Design)
for temperatures in the range of 1.8—-300 K.

Specific heat measurements have been performed in a
fully adiabatic calorimeter between 2.7 K and 30 K.

III. ELECTRICAL RESISTIVITY AND MAGNETIC
PROPERTIES FOR x=0.78

In Fig. 1 we display the temperature dependence of the
relative electrical resistivity p(T)/p(300 K) for the samples
with x=0.82. For CeRhSn and CeRhSby (4Sn o4 the resistiv-
ity has a clear maximum at the temperature 7,,,, =70 K,
below which the coherence effects appear, and the tempera-
ture power law T¢ dependence with exponent €, which is
strongly dependent on x. The resistivity p(7) data displayed
in Fig. 1 can be described by the relation p(T)/p(300 K)
=0{1+(T/Ty)¢], where o, T,, and € are adjustable param-
eters in the temperature range 7<<20 K. The fitting proce-
dure yields the value of T,=6 K and €=0.93, 0.65, and 0.63,
respectively, for the compounds with x=1, x=0.98, and x
=0.96. The value of o is a measure of the residual resistivity.
The resistivity maximum is strongly reduced for the samples
in the regime 0.82<x<<0.9 and the low-temperature p(7) is
almost constant. For the sample with x=0.82 the maximum
is slightly enhanced, while for 7 in the range from 8 to 20 K,
p~-InT, and finally, saturates for 7<<8 K. Details of the
fitting procedure have been discussed already.’

In Fig. 2 we display the ac susceptibility y under zero-
field cooling (ZFC) versus temperature for the series
CeRhSb,_,Sn, with x=0.78. The x(7) data exhibit two
qualitatively different temperature dependences characteris-
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FIG. 1. Temperature dependence of the relative resistivity p for
CeRhSb;_,Sn, system for x>0.80. Inset, illustration of the gradual
disappearance of the resistivity peak as x decreases.

tic for the samples displayed in Fig. 2(a) and Fig. 2(b), re-
spectively. In Fig. 2(a) we show x(7) for 0.8<x<1; it fol-
lows a modified Curie-Weiss (CW) law in the temperature
range 2<T<65 K and y~T" below ~6 K.

The susceptibility of the samples x<0.8 displayed in Fig.
2(b) show a cusplike maximum at ~3 K (cf. the inset) char-
acteristic for the magnetic phase transition, and the modified
CW law between ~3.3 and 65 K. The ac susceptibility
parametrizations for the CeRhSb,_,Sn, samples in the range
x=0.78 are collected in Table 1. In Fig. 2(b) the ac suscep-
tibility also exhibits a second maximum at about 120 K,
suggestive of formation of the magnetic clusters, which is
also confirmed by the dc susceptibility data obtained for
CeRhSb »,Sn, 7 in magnetic field of 300 mT.

The dc susceptibility shown in Fig. 3 is hysteretic under
zero-field and field cooling (FC) and also exhibits a knee-
shaped phase transition at about 120 K (see the inset for
details), which is very similar to that observed in PdFeMn,8
or LaFe;Alq (Ref. 9), and is indicative of a transition to an
inhomogeneous magnet (mictomagnet). The inhomogeneous
magnetic state may be understood as a mutually blocked
assembly of ferromagnetic clusters.

The susceptibility in the higher-temperature regime con-
tains a constant term x, and the Curie-Weiss contribution. As
we will discuss below, the x, contribution comes from the
Fermi-liquid component due to 4d electrons of Rh, whereas
the CW part comes from 4f electrons, which form NFL at
low T.

In our previous works (Refs. 10 and 11) we have dis-
cussed the possible origin of magnetism in these high-
temperature ordered magnetic clusters. The magnetism can
arise from either Rh clusters or Ce 4f electrons interacting
with the Rh 4d and Sn conduction electrons. We note that the
high-temperature magnetic phase transition exists only for
the Sn-rich CeRhSb;_,Sn, compounds, and the ordering tem-
perature strongly decreases with the increasing Sb content.
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FIG. 2. Temperature dependence of the ac susceptibility for
CeRhSb;_,Sn, systems with x=1, 0.98, 0.96, 0.90, 0.86, 0.84, and
0.82 (a); and x=0.80, and 0.78 (b). A qualitative difference of
x(T=3 K) behavior on panel (b) is attributed to the presence of the
magnetic phase transition. Inset, (a) the scaling y~7" on the
double logarithmic scale below 10 K, and (b) the susceptibility in
the log-log scale for 7<<70 K. Note the cusp present below 5 K.

In Fig. 4 the magnetization curves for the sample x=0.8
for different 7, are shown. Drawing of the Arrott plots turned
out to be inconclusive; likewise, a fitting of the Brillouin
curve with a variable spin was unsuccessful. The shape of
M vs H plots at different temperatures exclude, in our view,
a sizeable impurity contribution effect. Conversely, these
curves rather represent a behavior of an itinerant magnet
with a very small moment, originating from the competi-
tive exchange interactions, since the curves do not saturate
in the accessible field range up to 5 T. In Fig. 5 we plot M
vs H/T. In the small-field regime, M =yH, so the scaling
with H/T implies that M=(xT)H/T and xT varies slowly
with 7. The deviation from the straight-line dependence
would suggest the influence of a molecular field (J,,M) on

PHYSICAL REVIEW B 73, 205115 (2006)

the magnetic moments, because M should be a function of
H/ T=(H+J M)/T, where H. is the effective field and J,
is the exchange integral.

The linear dependence and T-scaling of M vs H/T is ob-
served for very small H/T<0.1 T/K region at T~5 K. A
very similar behavior was observed for the sample
CeRhSb 5,51 7s.

IV. SPECIFIC HEAT: SPIN-FLUCTUATION VERSUS
QUANTUM FLUCTUATION CONTRIBUTIONS

In Fig. 6 we plot the specific-heat C/T data versus
T in the log-log scale. In the inset the specific heat data
are displayed as AC/T versus 7, where AC/T
= C/T(CeRhSb,_,Sn,)—C/T(LaRhSn). By subtracting the
heat capacity of pure LaRhSn we can observe a power-law
increase of AC/T for temperatures 2 <7 <10 K, which usu-
ally is taken as experimental evidence for a NFL behavior.
Note that the subtracted LaRhSn contribution eliminates the
contribution due to Ce, as the structure of the two systems is
the same. The singular part of the specific heat can be pa-
rametrized by the dependence AC/T=bT* (cf. solid lines in
the inset), with s and b listed in Table II.

By comparing the C/T curves with that for LaRhSn we
see that the low-T increase must be due to the 4f Ce elec-
trons, whereas the higher-7 maximum is attributed to Rh 4d
electrons, which contribute equally in all cases. This fact
means also that the thermal fluctuations due to 4f-Ce and the
4d-Rh electrons are essentially decoupled as the correspond-
ing maxima as well separated on the 7 scale.

We have also replotted C/T as a function of T2. A T?
dependence in the temperature range 10—20 K provides the
value of y,=C(T—0)/T coefficient ~60 mJ/mol K* (see
Table II), characteristic of correlated-electron behavior,
here characterizing 4d electrons. Furthermore, the specific
heat data in the range 6<7<25 K obey the relationship
C/T=v*+8T* In(T/T*), representing a spin-fluctuation con-
tribution 7% In(T/T*) to the specific heat'? (see also Fig. 7).
Here y* is the linear coefficient enhanced by the mass-
enhancement factor m*/mg, and T* is the spin-fluctuation
temperature.

The above equation also fits well the C/T data for
LaRhSn in the temperature range 2—25 K, with the fitting
parameters included in Table II. We also note, that for the
temperatures 7>6.5 K, the same parameters, obtained for
LaRhSn (Table II) fit well the C/T experimental data for
CeRhSn and CeRhSb,_,Sn,, where x=0.78, which strongly
suggests that the high-T spin-fluctuation contribution comes
from the Rh 4d electrons. In the low-temperature regime
T<9 K, C/T has the dependence T—* (cf. also the fitting in
Fig. 6 to AC/T).

We emphasize, similar values of the exponent s are ob-
tained irrespectively of the circumstance whether we take the
data of C/T of the actual system or the data of AC/T with
the background (LaRhSn) contribution subtracted (cf. Table
II). This means again that the 4f-electron contribution to the
NFL behavior is well separated from the spin-fluctuation
contribution due to 4d electrons. In other words, in our
CeRhSn system we have both the spin and the quantum fluc-
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TABLE 1. ac susceptibility parametrizations of the CeRhSb;_,Sn, samples.

X=xo+C/(T-0) x=aT™
CeRhSb;_,Sn,

X Xo (emu/mol) 0 (K) C (emu K/mol) a (emu/mol) m
1.00 377X 1073 0.29
0.98 375X 1073 0.16
0.96 2.60%x 1074 -2.74 2.52% 1073 1.05x 1073 0.37
0.90 230X 1074 -2.46 2.00% 1073 1.16 X 1073 0.54
0.86 1.98x 1074 -0.69 1.53x 1073 1.08x 1073 0.51
0.84 242X 1074 0.18 277X 1073 2.90% 1073 0.64
0.82 239X 1074 -0.31 1.56 X 1073 1.29x 1073 0.54

1.9<T<65 K T<10K
0.80 14 -11.1 6.2
0.78 21 -0.76 3.1

32K<T<65K

tuations present, albeit originating from different electronic
subsystems. In principle, one can try to fit also the low-T'
(T <6 K) data to the above spin-fluctuation formula for C/T.
The result of such fitting is shown in Fig. 8. The fitted values
of 7y, are in the range 180-260 mJ/mol K2, a typical value
for moderate heavy-fermion compound containing Ce. None-
theless, the fit quality is somewhat poorer, particularly for
x<1, and also obeyed in a narrow temperature interval
2—6 K, whereas the fit to the law 7* to AC/T is better and
in a wider T range, 2—10 K. This is the reason why the NFL
interpretation seems to be more proper. Nonetheless, the ex-
tension of the measurements to much lower temperatures
would probably resolve this problem definitely. The subtlety
of the difference in fitting either the spin-fluctuation formula
(Fig. 8) or the critical behavior T-* (Fig. 7) means that the 4f
subsystem is on the brink of the HF-NFL instability.

We therefore conclude that two types of component quan-
tum liquids appear in the CeRhSb,_,Sn, system: one repre-
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FIG. 3. Field-cooled and zero-field-cooled dc susceptibilities in
the magnetic field of 300 Oe for CeRhSby ,,Sn( 75. Inset, detailed
behavior for 7<<100 K.

sents the low-temperature Ce contribution (absent in LaRhSn
system), and another one, the higher-temperature Rh contri-
bution. Our interpretation of the complicated ground state of
CeRhSn in relation to other Ce-intermetallics with NFL be-
havior, has been recently discussed by the nuclear magnetic
resonance (NMR) studies.'* Namely, the T-dependence of
nuclear spin-lattice relaxation rate 1/7; of Sn strongly sug-
gests that the spin fluctuations are essential for low-energy
excitations in CeRhSn below 10 K, whereas the macroscopic
measurements exhibit NFL-like anomalies at low 7”s down
to 0.1 K.>!> The magnetic instability observed in the ac mag-
netic susceptibility data was also discussed for CeRhSn in
Ref. 16. Although the analysis of an interplay of the atomic
disorder (discussed recently in, e.g., Ref. 17) and the spin
fluctuations still remains open, the present specific heat re-

0.20 oK

25K
3K

CeFthb()ZSn(J.8

0.15 4K

6K

—

= | I
= 0.101 L
= i L

0.051 B

oo ==

FIG. 4. Magnetization curves for the CeRhSb ¢Sn,, sample in
the T range 2—-300 K.
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FIG. 5. Scaling of M data with H/T. The data are roughly con-
vergent with H—0 and 7<6 K. Inset, details of the zero-field
intercept.

sults suggest that CeRhSn is placed in the vicinity of the
magnetic instability and has the NFL behavior. We are aware
of the fact that such a decomposition of the system hybrid-
ized electrons into the Fermi-liquid (4d electrons) and the
non-Fermi (4f electrons) components is probably approxi-
mate and facilitated by the presence of disorder.

It is evident (cf. Fig. 9) that the anomalous low-T contri-
bution to the heat capacity C/T is dependent on applied mag-
netic field. The field-dependent upturn observed in the spe-
cific heat coefficient C/T is not typical for the Fermi-liquid
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<
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FIG. 6. Temperature dependence of the specific heat divided by
temperature, C(T)/T. The inset shows AC(T)/T versus T, where
AC=C(sample)— C(LaRhSn). The critical behavior fitted in the in-
set (solid lines) is explained in the main text.
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materials, where it is generally significantly suppressed by a
strong magnetic field and is connected with the spin fluctua-
tions suppression with the increasing field. However, some
itinerant magnetic materials are known, for which the influ-
ence of magnetic field is quite varied (e.g., for ScsIn C/T is
enhanced for H<5 T, while for H>5 T the spin fluctua-
tions are quenched).!® At present, this effect is not well un-
derstood. We only note that it cannot be related to metamag-
netism, as the magnetization curves displayed in Fig. 4 are
rather typical for a weak ferromagnet.

In the inset of Fig. 9 we plot the specific heat, C/T as a
function of temperature for CeRhSb gSnyg,. C/T has a
sharp maximum at 7=4.8 K of the magnetic nature, indica-
tive of another phase transition in the NFL metallic state
(note, that the power-law exponents e— 0 near the critical
concentration x=0.8 in the system CeRhSb;_.Sn,, see Fig.
1). A sharp feature in the specific heat data at ~4.8 K well
may be correlated with the y,. corresponding cusp in the
results displayed in Fig. 2. Such feature is also pronounced
for the sample with x=0.78 (cf. Fig. 3), but only in y. From
these results two conclusions can be drawn. First, an inho-
mogeneous type of magnetism coexists with the quantum
fluctuations in the systems for x ~0.8. This, in turn, produces
strongly x-dependent exponents dividing the systems into
two classes: those with x<<0.8 and those with x>0.8.

V. PHYSICAL DISCUSSION

In this paper we have analyzed the resistivity, the ac and
dc susceptibilities, the magnetization curve, and the specific
heat of the non-Fermi liquid metallic systems CeRhSb;_,.Sn,,
with 0.78<x=1. On the basis of these results we have
singled out both the spin-fluctuation contribution coming
from the 4d electrons and the singular quantum-fluctuation
part at the lowest temperatures due to Ce 4f electrons. The
two processes can be separated, since the quantum fluctua-
tions show a divergent behavior below 10 K, whereas the
upturn in C/T due to the 4d spin fluctuations could become
observable only for 7<<1 K. This circumstance allowed us to
differentiate between them. Those fluctuations still coexist
with a weak and inhomogeneous magnetic order among itin-
erant electrons, presumably of 4f character. The presence of
both magnetic and atomic disorder leads to a nonuniversal,
i.e., to x-dependent critical exponents of both y, C/T, and p.

On the basis of the experimental results analyzed in this
paper, as well on our previous work,*” we can draw an over-
all schematic phase diagram for CeRhSb;_.Sn, on the 7T-x
plane and in the full x range; this is shown in Fig. 10. The
existence of a low-moment state seems to be a universal
feature of the whole metallic regime. This property is shared
by both NFL and HF systems. Therefore, the appearance of
the non-Fermi liquid phase must be related to specific fea-
tures of electronic states, independent of whether the system
is very weakly magnetic or paramagnetic. In other words, the
itinerant nature of 4f electrons, but at the border of their
localization, is the prerequisite of this singular quantum be-
havior for T— 0. The role of quantum fluctuations leading to
the non-Landau liquid behavior will be particularly enhanced
if the reduced by the correlations kinetic energy of the f
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TABLE II. CeRhSb,_,Sn,; b and s parameters for the best fits of an equation AC/T=bT"* to the experimental data obtained for T
<9 K (see Fig. 6) and C/T=bT* (see Fig. 7), and the Sommerfeld coefficient 7, obtained at 7=0 from the linear dependence of C/T vs T>.
The fitting parameters are obtained with an accuracy: b+(3-7), s+0.01, and y,+1. The parameters listed are also for the best fits of the
equation C/T=+y*+ 6T In(T/T*) to the experimental data for 7> 6.5 K (h), respectively. For LaRhSn the parameters were obtained from the

corresponding fitting in the range 1.9-25 K.

b Yo b 6 T*
mJ AC C mJ mJ mJ
e F EE R R w
mol K T T mol K mol K mol K

1 241 0.57 0.41 76 92.6x1.4 0.15+0.03 0.85+0.03
0.82 394 0.81 0.74 66 85.0+£0.9 0.16+0.03 0.71x£0.02
0.80 444 0.86 0.82 61 852+1.2 0.16+0.03 0.76x0.02
0.78 407 0.78 0.71 76 94.1x£1.0 0.16+0.03 0.66+0.02
LaRhSn 13.3£0.3 0.15+0.01 0.43x0.07

electrons becomes comparable to their characteristic energy
due to magnetic interaction. Also, the instability of the sys-
tems in the concentration regime 0.2<x<<0.78 may be of
electronic origin," since the magnetic and metallic phases
are of competitive nature.

One should also note that the magnetic susceptibility
shows here qualitatively similar divergence with T—0 (in
the regime of measurements with 7<10 K), as the corre-
sponding behavior of NFL on the Sb-rich side, x=0.12.#
However, the resistivity maximum (at 7~ 60-80 K) almost
disappears for x<<0.9. The presence of this resistivity maxi-
mum and the —In 7 behavior accompanying it* was ascribed

1T<5KCT~T®
e 100 * -
P / [
o ] 5 . /
£ 1 T>65K,C/T~8TAN(T/T) [
E / ——LaRhSn |
= ya |
© / ——CeRhSn
/ L
/V/J -
, e x=0.82
/ﬁ/
| / -2—x=0.80
--o- x=0.78
10 : ———T :
2 4 6 810
T(K)

FIG. 7. The specific heat C/T data fitted to the spin-fluctuation
formula C/T=v*+8T% In(T/T*) in the higher temperature (6.5<T
<23 K) region. At low temperatures, C/T~T~* (the straight lines
are the fits plotted in the log-log scale). The fitted curve for LaRhSn
is also included for comparison. The straight lines for 7<<6 K rep-
resent the power law dependences, whereas the flat parts below
them are the extrapolation tails of the spin-fluctuation formula.

to the onset of f-electron delocalization when cooling the
system. In other words, above T=T,,,, we have essentially
the Kondo-type scattering, whereas below T=T,,,, the coher-
ence of f states sets in and they become delocalized. Using
the standard expression for the virtual bound state width,'8
we obtain that kgzT,,,,~ mV?p(€r), where V is the magnitude
of intra-atomic hybridization of f states with the conduction
electrons and p(ep) is the density of states in the bare con-
duction band at the Fermi energy. Taking typical values
p(er)~1/3 (eVatom)™ and V~0.1 eV, we obtain T,
~ 100 K, a correct order of magnitude. On the other hand,
the effective f-electron bandwidth is of the order Ty
~2(V?/|ed)(1—ny), where |e]~1-2 eV is the bare f-level
position and (1-n,)~0.05 is the deviation from Ce’* va-
lence. The above values provide the estimate of T~ 10 K.
The lower temperature (Tx) determines thus the nonmagnetic
character of the correlated quantum liquid, which turns into
either heavy Fermi liquid (HF) or non-Fermi liquid (NFL),
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FIG. 8. The fitting as in Fig. 7 of the spin-fluctuation formula
for C/T in the low-T range, 7<<6.5 K. Note that the quality of this
fit is not as good as in 77 law in the foregoing picture.
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FIG. 9. C/T as a function of T for three values of applied mag-
netic field. Inset, C/T vs T for CeRhSb 3Snyg, with a peak at T
~4.7 K. The straight line shows the fit to the power law depen-
dence with the value of exponent s=1.

depending on whether the magnetic (exchange) interaction
among f itinerant electrons (characterized as Tgrggy) are
weaker or comparable to Ty, respectively. Also, the absence
of well-defined resistivity maximum in Sn-rich samples may
mean that the f-electrons are delocalized already in the re-
gime 7<<100 K. This feature distinguishes the behavior of
the NFL state of CeRhSn (and of the samples in Sn-rich
regime) from that near the transition to the Kondo insulator.*
Also, the intersite magnetic interactions, as seen by the val-
ues of Curie-Weiss temperature, are stronger in the NFL
state. Such a difference may arise from the presence of 4d
states due to Rh at the Fermi level [enhancing p(er)] only in
the present case.
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FIG. 10. Schematic phase diagram in the full concentration
x-range. The part for x=<0.2 is reproduced from Ref. 4. On the
right, T,=T* characterizes the spin-fluctuation temperature due to
4d electrons. Temperature Triky 1S taken as the cusp temperature
shown in Fig. 2(b) [open triangles mark the temperatures at which
M(H) deviates from linearity]. Full diamonds are extracted from
C(T)/T maximum. SG+NFL denotes a coexistence of an itinerant
4f electron spin-glass state with non-Fermi liquid behavior.
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