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The crossover from mixed-valent to magnetically ordered Kondo or heavy-fermion behavior in
Ce(NiSi),_,(CuGe), has been studied. Results of Ce L;-edge, structural, magnetic, and transport mea-
surements are presented. It is suggested that the abnormal increase of the lattice parameter c in the re-
gion 1.6 <x <2.0 be irrelevant to the Ce 4f-ligand orbital dehybridizations and the associated heavy-
fermion state. Our results show that the substitution for Cu (and Ge) for Ni (and Si) drives this series
from a strong mixed-valent to an antiferromagnetically ordered trivalent Kondo-lattice system. Particu-
larly, it is found that the physical properties of the x =1.4 compound are very similar to that of the
heavy-fermion superconductor CeCu,Si,: The resistivity data also indicate that there is an active inter-
play between the crystalline electric field, coherence effects, and Kondo scattering. Moreover, this study
supports the proposal that the Kondo-type spin fluctuation can be effectively quenched by the internal
3d-host magnetic field in some CeMn,Si,-based materials. Magnetic susceptibility data show that this
compound series is antiferromagnetically ordered for x > 1.6 and the spin-fluctuation temperature 7'y
decreases with increasing x in this region. A phase diagram is proposed to illustrate the evolution of the
series from a single-impurity Kondo to a coherent Kondo and then to an antiferromagnetically ordered
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system.

I. INTRODUCTION

The 1:2:2-type intermetallic compounds CeM,X, with
M =transition metal and X =Si or Ge, have been the
subject of ongoing interest for studies of unique and
diverse mixed-valence (MV), Kondo effect, and heavy-
fermion (HF) behavior.!™3 For example, CeCu,Si, is a
Kondo-lattice/heavy-fermion superconductor with very
weak valence mixing,>* while CeMn,Si, is a mixed-valent
system which also exhibits a strong 3d-host magnetism.’
However, heretofore, no studies have been carried out for
a single Ce 1:2:2 series in which the Ce valence spans the
entire valence range of the Ce 1:2:2 materials. A study of
such series is very valuable for understanding the entire
evolution of a system from a high valence state to a
trivalent state (which may or may not be a Kondo-HF
state). The Ce(NiSi),_,(CuGe), series is ideal for such
study because the x =0 compound CeNi,Si, is a strongly
mixed-valent system with a spin-fluctuation temperature
T as high as 600 K (Ref. 6) and a Ce L; valence (v;) as
high as 3.17 (nearly the highest value for all of the Ce
1:2:2 compounds) and the x =2 compound CeCu,Ge, is a
trivalent system with v;=3.0."

There are a number of additional motivations for
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studying the Ce(NiSi),_,(CuGe), series as noted below.
First we hope to clarify whether the dehybridization of
ligand orbitals with Ce is indeed essential for forming the
heavy-fermion ground state in CeCu,Si,. This conjecture
was proposed by Sampathkumaran and Vijayaraghavan®
based on the observed anomalous increase of the ¢ pa-
rameter near the x =2 end of the CeNi,_, Cu,Si, series.
Since the reported ¥ value for CeCu,Ge, is only about
0.11-0.13 J/K2mol as T—0 (almost an order of magni-
tude smaller than the y of CeCu,Si,),>® the study of the ¢
parameter of the Ce(NiSi),_,(CuGe), series provides an
opportunity to test the role of such dehybridization in the
formation of the HF ground state. Second, it has been re-
ported that CeCu,Ge, is a Kondo-lattice system with an-
tiferromagnetic ordering occurring at Ty =4.15 K.371°
It is therefore possible that for certain x values (say near
x =1.4) the Ce(NiSi),_, (CuGe), system could becomes a
heavy-fermion superconducting system similar to
CeCu,Si,. This is expected because the double substitu-
tion of Ge (and Cu) for Si (and Ni) should speed up the
MV —Kondo/HF process when compared with the
single-element substitution in the CeNi,_, Cu,Si, series.
Thus, studying the Ce(NiSi),_,(CuGe), series in the en-
tire x range could provide us with information regarding

214 ©1995 The American Physical Society



51 TRANSITION FROM A MIXED-VALENT SYSTEM TO A ... 215

the necessary conditions (such as Ce valence and T';) for
forming the HF ground state. In addition, studying this
system will also provide information about the competi-
tion between the Kondo-type spin-fluctuation (Kondo

scattering) and the Ruderman-Kittel-Kasuya-Yosida
(RKKY) magnetic interaction®!! near the x =2 end of
the series.

Another motivation to study this series is to further
clarify the interesting 3d-4f interaction in some recently
studied magnetic 3d-host Ce compounds.'>!3 A recent
study of the MV-Kondo system CeMn,Si,_,Ge, showed
that the Ge for Si substitution induces remarkable crys-
talline electric-field (CEF) modified Kondo-lattice
behavior and it appeared that the relatively lower-
energy-scale Kondo-type spin fluctuations were basically
quenched by a higher-energy-scale 3d internal magnetic
field generated by the ferromagnetically ordered Mn sub-
lattice.!® It is not completely clear whether this Kondo
quenching is predominantly due to the 3d-4f interaction
or just the crystal expansion (caused by the substitution
of smaller element Si by the larger element Ge). In this
compound series, the Ce L; valence v; spans a range
from a moderate MV to complete trivalent
(3.122v5=3.00). Clarifying the correlation between
such strong 3d-host field and Kondo scattering is impor-
tant, because it could demand a proper modification of
the Anderson Model'* to incorporate the right form of
Ce 4f-Mn 3d magnetic interaction for further studying
these magnetic 3d-host materials. The best such
clarification is to compare this magnetic 3d-host series
with a nonmagnetic 3d series which spans a similar (or
wider) Ce-valence range and exhibits also Kondo-lattice
behavior. It appears that the Ce(NiSi),_,(CuGe), series
is the best choice for this purpose because CeCu,Ge, is a
trivalent Kondo lattice and the series has the same
ThCr,Si, structure with a structure Ge for Si substitu-
tion. In this paper we report the lattice parameter, Ce
L ;-edge, magnetic susceptibility, and resistivity results.

II. EXPERIMENTAL

The samples used in this study were polycrystalline
samples prepared by arc melting stoichiometric amounts
of the constituent elements in an argon atmosphere. X-
ray-diffraction measurements were made using an au-
tomated SCINTAG-PAD-V powder diffractometer and
all samples were confirmed to be single phase with the
ThCr,Si, structure. The lattice parameters were obtained
by the least-squares fitting of the x-ray-diffraction pat-
terns in the range of 20° <260 =80°. The resistivity p(T)
measurements were made by a standard four-probe dc
technique in a temperature range of 1.7-300 K. The
magnetic-susceptibility measurements, x(T), were per-
formed using a superconducting quantum interference
device magnetometer. The Ce L;-edge spectra were tak-
en at National Synchrotron Light Source and Ce L;-
valence determination method has been described else-
where.”1®

III. RESULTS AND DISCUSSION

A. L ;-edge and lattice-parameter results

L ;-edge x-ray-absorption spectroscopy (XAS) has been
proven to be a very valuable technique for measuring the
valence of elements in a compound.!*>!>!® In Fig. 1 we
show the Ce L;-edge spectra for Ce(NiSi),_,(CuGe),
samples, with all spectra normalized to the low-energy
(Ce3*) peak. A higher-energy (Ce**) peak, at about 9 eV
above the lower-energy peak, is quite prominent for the
x =0 sample CeNi,Si,. This Ce*" feature gradually
weakens with increasing x and finally disappears for
x > 1.2. This indicates that Ce in this system has become
nearly trivalent at x =1.2. The Ce L; valence v;, deter-
mined by our curve fitting method,” !> is plotted versus x
in Fig. 2 (bottom). The v; value for the x =0 sample is
3.17, indicating that CeNi,Si, is a strongly mixed-valent
compound. With increasing x, v; decreases rapidly from
3.17 at x=0 to 3.07 at x =0.6, and slowly beyond
x =0.6 reaching finally 3.0 at x =2 for CeCu,Ge,. The
v3(x) curve exhibits a nonlinear behavior, as observed in
a number of other Ce systems such as CeMn,Si,_,Ge,."

In a previous work!” we have proposed a MV-Kondo
regime borderline nominally in the range 3.07<v; <3.10
(at room temperature) for CeT,Si, systems with
T being the 3d transition metals. Here the lower
end of the v; borderline occurs near x =0.6 for the
Ce(NiSi),_, (CuGe), samples, below which v; manifests
a stronger x variation. Such a MV to Kondo regime
crossover near x =0.6 is further supported by our resis-
tivity results discussed below.

The lattice parameters, a and ¢, are reported also in
Fig. 2 as functions of x. It can be seen both @ and c¢ devi-
ate from Vegard’s law with different signs. The a(x)
curve of the Ce(NiSi),_, (CuGs), is very similar to that of
the CeNi,_,Cu,Si, and CeMn,Si,_,Ge, series, ie., a
rapid increase of a below x =1.2 followed by a slower in-
crease as x approaches 2.0.%!>!® The ¢ versus x curve
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FIG. 1. The Ce L; absorption spectra of Ce(NiSi),_,(CuGe),
samples, all normalized to the Ce** peak.
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FIG. 2. The lattice parameters ¢ and ¢, and the Ce L,
valence (v3;) of the Ce(NiSi),_,(CuGe), system. The dashed
lines are guides to the eye.

manifests a very similar behavior to the c(x) curve of
CeNi,_,Cu,Si, in the whole range of x. They both have
an almost linear change with x in the 0 <x =< 1.4 region
and present an anomalous bump in the region of x = 1.6.
Thus, compared with the CeNi,_,Cu,Si, system, it
seems that the consequence of the additional Ge for Si
substitution in the Ce(NiSi),_,(CuGe), alone is only a
linear variation of the ¢ parameter with x, as observed
previously in the whole z range (i.e., 0.0=<z <2.0) of the
magnetic 3d-host CeMn,Si,_,Ge, series.

The increase in ¢ parameters as x varies from 1.6 to 2.0
in the CeNi,_,Cu,Si, has been cited by Sampath-
kumaran and Vijayaraghavan® as an evidence for a dehy-
bridization of the Ce 4f orbital from the (Ni,Cu)-Si
ligand orbitals. Moreover, Sampathkimaran and Vi-
jayaraghavan® proposed that this dehybridization process
was an integral to the formation of the HF state in the
x =2 endpoint compound CeCu,Si,. We note that the
lattice parameter variations in our Ce(NiSi),_,(CuGe),
system are qualitatively similar to those in the
CeNi,_,Cu,Si, system. In particular the nonlinear c-
axis expansion approaching CeCu,Ge, is similar to that
emphasized by Sampathkumaran and Vijayaraghavan® in
the approach to CeCu,Si,. de Boer et al. have, however,
clearly shown that the electronic specific-heat coefficient
y for CeCu,Ge, is merely 0.11-0.13 J/K2mol (roughly
an order of magnitude smaller than in CeCu,Si, and out
of the HF range). Thus, this c-parameter anomaly would
appear to be essentially independent of the HF character

of these two endpoint compounds.

The above observation contradicts the existence of a
dehybridization-HF coupling. In this regard it is enlight-
ening to note the work of Liang et al'® on the
LaNi,_,Cu,Si, system, which clearly demonstrated par-
abolic deviations (negative for the ¢ parameter and posi-
tive for the a parameter) in the LaNi,_,Cu,Si, system.
In this system the La-4f° character removes the Ce-4f -
hybridization issue and the well-known parabolic-type
Vegard’s-law deviation produces a similar upturn in the ¢
parameter approaching the endpoint compound. The
evidence at hand suggests that parabolic Vegard’s-law de-
viations are the rule in these systems and moreover that
Ce-related contributions to the lattice parameters must
be superimposed on this background. Since the observa-
tions of Sampathkumaran® and Vijayaraghavan® were ex-
plicitly based on the Vegard’s-law assumption, one is
forced to conclude that there is, as of now, no real
structural evidence for a ‘“‘dehybridization effect” in any
of these materials. Possibly, there may be some deviation
from a simple parabolic c-parameter variation in the
x 2 1.8 region of the Ce compounds, however much more
detailed studies are required before the existence and ori-
gin of such an effect can be clarified.

B. Magnetic susceptibility

Shown in Fig. 3 is the inverse magnetic susceptibility
x N T) data for the x =1.8 and 2.0 samples. The y "X T)
curve for the x =1.6 sample is omitted in Fig. 3 because
it is very close to that of the x =1.8 sample. The data
shows typical crystalline electric-field (CEF) modified
rare-earth free ion behavior:!° a crossover curvature be-
tween a high-T' Curie-Weiss region (here 100 K
<T =300 K) and a low-T Curie-Weiss region (here from
about 15 K down to the Néel temperature). The data in
these two temperature ranges can be well fitted to
X=C/(T +®), where C=Nu2z/3kp, p.q is the effective
moment, and ® is the Curie-Weiss temperature. The
high-T' p.4 values for x =1.6, 1.8, 2.0 samples are
2.64up, 2.60uy, and 2.51u,, respectively, and the corre-
sponding ® values are 54.4, 45.7, and 25.7 K. These p.4
values are quite close to the free-ion Ce’' value
2.54up/Ce (in its *F5 ,, Hund’s rule ground state) and are
consistent with our Ce L, valence conclusion results that
these three samples are very close to being trivalent.
Note that pu. value (2.51up) measured here for
CeCu,Ge, is in sharp contrast with the value pu =2.1u,
previously reported by de Boer et al® The low-T
effective moment values for the x =1.6, 1.8, and 2.0 sam-
ples are 1.94up, 1.83up, and 2.11uy, respectively. This
reduction of p 4 can be well explained by the CEF dou-
blet ground-state schemes proposed for Ce3" in
CeCu,Si,. 22! Qualitatively, if the CEF level scheme in
our system is assumed to be similar to that in
CeCu,Siy,2*?! then the dominant population of the Ce’*
ions would be in the doublet CEF ground state at low
temperature. Lieke et al.* used the wave functions of the
CEF ground state doublet, =%, to calculate the u . value
of CeCu,Si, and obtained a value of p.(7—0)
~1.65up/Ce. The slightly larger value of the measured
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small fractional population of the excited CEF states at
these temperatures.

The inset of Fig. 3 presents the Y(T) curves of these
three samples at low temperature. The x =2.0 and 1.8
samples were found to be antiferromagnetic (AF) ordered
at the Néel temperatures (Ty), which can be defined as
the cusp temperature obtained by extrapolating the high-
and low-T side of the cusp of the y(T) curves. The Ty
value for x =2 sample CeCu,Ge, is 4.15 K, the same as
the value previously reported.® For the x =1.8 sample,
we found that T\, =2.47+0.05 K from the 1000-Oe data
and Ty =2.41%0.05 K from the 5000-Oe data. The shift
in Ty to lower temperatures with increasing field is con-
sistent with antiferromagnetic ordering. Obviously, Ty
for the x =1.8 sample is depressed relative to the x =2
sample CeCu,Ge,. No magnetic ordering was found
down to 1.9 K for the x =1.6 sample, indicating that the
borderline between nonmagnetic and magnetic phases in
the present series is between x =1.6 and 1.8. Correlating
with the x dependence of the lattice parameters and Ce
valence (see Fig. 2), we see that Ty in this series decreases
with decreasing lattice parameter (i.e., increasing internal
pressure) or increasing Ce valence. Similar depression of
Ty has also been found by applying external pressure to
CeCu,Ge,.!?

It is worthwhile to discuss the x dependence of x'©’ be-
cause it is believed that for MV-Kondo systems, C /2y(0)
(where C is the Curie constant for free ions) is equal to
the spin-fluctuation temperature,®?? T, and x(0) is itself
directly related to the linear specific-heat coefficient y.2??
A general rule is that both T and x ~!(0) decrease con-
tinuously when a Ce compound series varies from a MV
to a trivalent system (which usually is accompanied by an
increase in lattice parameters). Indeed, this behavior has

CeNi,_, Cu, Si, inspite of the presence of the strong CEF
(which sometimes could markedly affect the low-
temperature x(T) values for trivalent materials?). Due to
the AF ordering at temperatures below 4.15 K, we will
use the y(4.2 K) values to approximate the x(0). The
measured y(4.2 K) values for x =1.6 1.8, and 2.0 samples
are 0.017, 0.021, and 0.023 cm?®/mol, respectively. This
increase of x(4.2 K) with increasing x when correlated
with the x dependence of the lattice parameters and L;-
XAS results in Fig. 2, is in agreement with the general
rule mentioned above.

Compared with the smaller x(4.2 K) (~0.013
cm®/mol)® and larger v; (~3.05) values of the HF system
CeCu,Si,, we see that the three samples (with
1.6 <x <2.0) studied here are closer to trivalent and they
should have smaller T; than that of CeCu,Si,. Indeed,
the measured C/2x(0) (=T) values in this series sup-
port this conclusion. The formula T =C/2x(0) has
been used for estimating T of a number of trivalent
Kondo-lattice systems such as CeRu,_,Os,Si, series.??
For the present series, since the .4 values obtained from
the high-T (100=7 =300 K) x(T'=C/(T+0) fitting
are close to that of the Ce free-ion value, we can use the
C values obtained from this high-T fitting for estimating
C/2x(0). The C values obtained from the high-T fitting
are 0.78, 0.84, 0.87 cm? K/mol for the x =2.0, 1.8, and
1.6 samples, respectively. The C value estimated from
the Y UT) data of Ref. 19 is 0.90 cmK/mol for
CeCu,Si,. If we assume that the ratio R =x(4.2 K)/x(0)
(in the absence of the magnetic ordering) is the same for
these four compounds and use the value T=10 K (see
Ref. 24) for CeCu,Si,, then the Ty values, estimated by
using the formula T =RC /2)(4.2 K), are about 4.9, 5.8,
and 7.4 K for the x =2.0, 1.8, and 1.6 samples, respec-
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tively. One should note that since the T (=4.15 K) for
the x =2.0 compound is very close to 4.2 K, there should
be a substantial decrease of the y (4.2 K) for this sample
due to long-range magnetic interactions. Thus the T,
value estimated above from the x =2.0 sample is overes-
timated, i.e., the actual T for this compound should be
much smaller than 4.9 K. By the same reason, the Ty
value should have been slightly overestimated for the
x =1.8 sample but not overestimated for the x =1.6
sample.

C. Resistivity results

1. Temperature dependence of resistivity

In Figs. 4 and 5 we present the p(T) results for the en-
tire Ce(NiSi),_,(CuGe), series. The p(T) results (1.7 K
< T =300 K) are qualitatively similar to that observed in
CeNi,_, Cu, Si, series, but with a relatively faster passage
from the MV to Kondo regime due to the additional Ge
for Si substitution. The resistivity involves not only the
interplay of the MV/Kondo, CEF, and narrow-band
coherent effects but also the magnetic ordering of the Ce
sublattice. The p(T) data can be discussed in the follow-
ing three regions for the series:

0.0=x <0.6: This region is a MV regime with Ce L,
valence v, between 3.17 and 3.07. The p(T) data in Fig.
4 shows a positive temperature coefficient of resistivity

400
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FIG. 4. The electric resistivity vs temperature for the
Ce(NiSi),_ ,(CuGe), systems with 0.0=<x <1.0. The letter 4 is
used to indicate the position of the broad resistivity maximum,
which moves towards lower temperature with increasing x.

(TCR) at all temperatures. This type of phonon-
scattering-dominated behavior is very typical for high
Ce-valence materials in which the Kondo scattering from
the Ce-4f spins is essentially quenched. A
p(T)=p,+bT? (with p, and b constants) behavior was
found for 0 <x <0.6 but not for the x =0 samples: in the
temperature range 2 K <7 <90 K for x =0.2 and 0.4
samples and 2 K <7 <20 K for x =0.6 samples. This
temperature dependence of p(T) is quite similar to the
high-pressure (112 kbar <p <197 kbar) resistivity results
reported by Bellarbi et al. and DiMarzio, Liang, and
Croft?® for CeCu,Si,. The p(T) curve and Ce L ;-valence
values in this region are very close to the MV region
0.0<x < 1.0 for the CeNi,_,Cu, Si, series.'

0.6=<x =<1.0: In this range of x, the Ce L;-valence v,
ranges from 3.07 to 3.04 which places the samples in the
Kondo local-moment regime.!” We see in Fig. 4 an ap-
pearance of a broad structure in the p(T) curves with a
resistivity maximum labeled by the letter 4. With in-
creasing x, the region where a negative TCR (due to
single-impurity Kondo scattering) is observed is pushed
to lower temperature. The variations in the temperature
of the resistivity maximum A4, T ,, have been used in
MYV-Kondo/heavy-fermion systems in the past to qualita-
tively estimate the variation of T (or Kondo temperate
Ty). T, is expected to track T.2*? The observed T,
values are 241, 139, and 73 K for the x =0.6, 0.8, and 1.0
samples, respectively. This indicates that T moves
steadily towards lower temperature with increasing x or
decreasing Ce valence (see Fig. 2), in agreement with the
single-impurity Kondo scattering theory.?* The absence
of the CEF double-peak feature in the p(T) curves indi-
cates that in these three samples kg T > Acgp.

1.0<x =<2.0: The system in this x range belongs to
nearly trivalent/trivalent Kondo regime where the Ce L,
valence is between 3.04 and 3.00. The p(T) curves shown
in Fig. 5 exhibit typical CEF modified Kondo-lattice
behavior,?* 2 je., a double-peak feature (labeled by
letters 4 and C) with a low-temperature coherence drop
below T ,. The double-peak p(T) can be well interpreted
in terms of CEF modified single-impurity Kondo scatter-
ing as treated by Cornut and Cogblin,”’ with the CEF
scheme (in which the approximate CEF splitting between
the doublet ground state and the first excited doublet
state Acgr~140 K) proposed by Horn et al.?° The
double-peak feature starts to grow at x =1.2, indicating
that in this sample kzTx ~Agp. The following effects
are observed in Fig. 5. (1) T 4 decreases with the increase
of x from x =1.2 to x =1.6 (T',=19.0, 8.6, and 5.0 K
for x =1.2, 1.4, and 1.6 samples, respectively) and then is
almost unchanged for 1.6 <x <2.0. (2) The temperature
(T'g) of the p(T) minimum B also drops steadily with in-
creasing x; the Ty values are about 45, 37, 22 K for
x =1.6, 1.8, and 2.0 samples, respectively (this is con-
sistent with the decrease of T). (3) The amplitude ratio
of the peak A to the broad feature C decreases with in-
creasing x, consistent with the decrease of T}, i.e., the
observation (2). (4) The position of the broad C feature is
observed to be insensitive to the variation of x, indicating
that the CEF splitting Acgp varies little in this series.
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Observations (1) through (3) indicate that the (CuGe) for
(NiSi) substitution shifts the T (or T* in the case of a
Kondo lattice)!%?5 towards lower temperature. It is use-
ful to compare our results with those on a similar series,
Ce,La,_,Cu,Si, with 0.4<y<1.0.* The p(T) curves
for y <0.7 in that study are quite similar to those with
x = 1.6 of the present study with the T, matching well
with Ty (or Ty) within 2 K.2* Thus, the Ty (or Ty)
values for x = 1.6 samples of the present series, estimated
from the T, values, should be in the range of Ty <8 K.
This is in full agreement with the T values estimated us-
ing the magnetic-susceptibility data above.

We observed that the p(T) curves of the x =1.8 and
2.0 samples display a precipitous drop below the peak A4
(see the inset of Fig. 5 and also Fig. 7). This kind of drop
can be attributed to the setting in of the magnetic order-
ing in these two samples. The closeness of T and Tk in-
dicates that the Kondo scattering energy and the RKKY
magnetic interaction energy!! are competitive in the
x>1.6 region, as discussed by Steglich et al’ for
CeCu,Ge,. The crossover from Th>Tg to Tny<Tg
occurs at x ~1.8, below which the compression of the

lattice parameter (and so the increase of the exchange pa-
rameter J) with increasing x increases Ty rapidly, and
the Kondo scattering dominates the RKKY magnetic or-
dering process, as predicted in Doniach’s approach.!!

The p(T) curves of the 1.2=<x <2.0 samples of the
present series stand in sharp contrast with those of the
CeMn,Si,_,Ge, series in the same concentration range
(i.e., also in 1.2=<z =<2.0) where the p(T) curves are all
dominated by a photonlike positive slope. The Ce L,
valence in this x or z range, i.e., 3.0=v; <3.02, is the
same for both series. Thus, our results here support the
proposition'? that the internal 3d-host magnetic field gen-
erated by the ferromagnetically ordered Mn sublattice
plays a role in quenching the Kondo scattering in the
CeMn,Si, ,Ge, series, which otherwise would be as
thriving as in the present nonmagnetic 3d-host series.

It is interesting to note that the p(T) curve of the
x =1.4 sample is very similar to that of the Kondo-
lattice/heavy-fermion system CeCu,Si,. This indicates
that (CuGe) for (NiSi) substitution, at a level of x =1.4,
has already driven this series into a regime in which the
T, Kondo scattering strength, local Ce-4f environment,
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and CEF scheme are all close to those of CeCu,Si,.
Indeed, a linear extrapolation of the T vs x data for the
x =1.6 and 1.8 samples (see the end of Sec. III B) yields a
value of Ty~ 10 K for x = 1.4, which is exactly the same
as that for CeCu,Si,.?* This conclusion is also strongly
supported by the closeness of the values of T, the Ce L,
valence v;, and the lattice parameters a and c¢ of
Ce(NiSi), ¢(CuGe); 4 and CeCu,Si,. Specifically, our mea-
sured values for the x =1.4 sample (and CeCu,Si,) are
T,=9 K (12 K), v;=3.02(3.05), a =4.144 A (4.098 A),
and ¢ =9.893 A(9.911 A). Moreover, we noted that both
of these two compounds are not magnetically ordered.
Thus, we conjecture that this series should have
developed into a HF system very similar to CeCu,Si, at
substitution level around x =1.4. A specific-heat mea-
surement on this series would be very valuable for
confirming this conjecture.

2. Resistivity magnitude: x dependence

In Fig. 6, we present the variation of the magnitude of
the resistivity across the series at high (T"=260 K) and
low (T =10 K) temperature. Both of these p(x) curves
exhibit similar variation, i.e., a pronounced increase from
x =0.0 to a maximum at x =1.2 (note however, the
small drop from x =0.6 to 1.0 in the high-T p(x) curve),
followed by a large drop from x =1.2 to 2.0. This type of
behavior has been observed a number of times before in
some MV-Kondo systems such as Ce(Pd,Ag),
Ce(Rh,Pd);B, and CeMn,Si,_,Ge,.'>?®? This type of
behavior is typical of the following sequence: the resis-
tivity in the Kondo regime rises rapidly as the mixed-
valent regime is approached (in the present series from
x =2.0 towards x =1.2); the resistivity peaks (at x =1.2
here) is quite close to but before the MV-Kondo border-
line (x =0.6 here) is reached; and shortly after the MV
regime is further approached and entered (i.e., below
x =0.6) the resistivity drops sharply.

800 T T T T

640 -

———T=260K

1 1 1 1

0] 0.4 0.8 1.2 1.6 2
T(K)

FIG. 6. The resistivity of polycrystalline samples of
Ce(NiSi),_, (CuGe), system at 10 and 260 K.

The high- and low-T p(x) curves cross each other at
x =~0.9 which separates the negative TCR from positive
TCR regime in the series. At the peak location x =1.2,
the value of the Ap=p(260 K)—p(10 K) is most negative.
This observation suggest that the strongest Kondo
scattering occurs neither in the MV-Kondo borderline re-
gion (here at x =0.6) nor at the trivalent end (here at
x =2.0), but someplace where the system is nearly
trivalent (here at x =1.2 where v3;=3.02). Similar Ap
peaks have also observed in CeMn,Si,_,Ge,, Ce(Pd,Ag)s,
and Ce(Ru,Rh);B, series at alloying concentrations at
which v, is in the range of 3.02 <v; <3.06.'>273 This
suggestion is qualitatively consistent with some theories
which predicted that the maximum scattering should
occur when the energy of the 4/ band E, is A (the half
width of the 4f band) below the Fermi energy Ep.*"»
With this E,; (i.e., Ep—A), the coupling constant
J =2V} |Eyf| /(E;+A?) is maximum and the 4f band
is nearly fully occupied®' (i.e., Ce is nearly trivalent).
Quantitative estimate of the correlation between this E 4/
and v, value relies on the availability of information such
as the shape of the 4f band which may vary from one
compound series to another.

3. Coherence versus magnetic order

The development of the low-temperature “coherence”,
i.e., the coherent coupling among the Kondo clouds cen-
tered at the Ce sites, is one of the most intriguing charac-
teristics of Kondo lattice and heavy-fermion materials.?*
To distinguish the resistivity drop caused by coherence
from that caused by magnetic order, we plot p/p 4 versus
T /T 4 for four samples with 1.4=<x =<2.0 in Fig. 7. Here
T, and p, are, respectively, the temperature and resis-

T T T
TOFeinig, i
- b N
.l o - AA . o
< 0.8+ o -
- . x=1.4
o A X:1.6
0.6 - o x=1.8 ~
o x=2.0
ol . Ce(NiSi),_,(CuGe),
L] 1 1 1
0 1 2 3

T/Ta

FIG. 7. The scaled resistivity p(T)/p 4 of the x =1.4, 1.6,
1.8, and 2.0 samples of Ce(NiSi),_,(CuGe), system as a function
of T/T,. Here T, and p 4 are the temperature and resistivity
of the resistivity maximum labeled by letter A4 in Figs. 4 and 5.
Note the rounded behavior of the scaled resistivity for x =1.4
and 1.6 samples which supports the coherence interpretation.
Note also the precipitous drop of the scaled resistivity for the
x =1.8 and 2.0 samples, which supports the AF ordering inter-
pretation.
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tivity values of peak 4. Not like the p(T) curves for oth-
er samples, the p(T) curves of the x =1.8 and x =2.0
samples exhibit a very precipitous drop below T ,, indi-
cating clearly the antiferromagnetic order. The magnetic
ordering of the Ce 4f moments freezes the Kondo 4f-
spin scattering and causes sharp drops of the resistivity.
On the other hand, the rough scaling behavior of the
p(T)/py curves for T/T,=<1 for samples with
1.0=x =1.6 is consistent with the coherency interpreta-
tion for these resistivities (to avoid crowding we have
only shown the x =1.4 and 1.6 data in Fig. 7). This ex-
planation is supported by the susceptibility results that
the x =1.6 sample is not magnetically ordered down to
T =1.9 K but that the x =1.8 sample is. It should be
noted that this kind of scaling behavior below T, has
been previously observed for a number of Kondo-lattice
systems such as CeNi,_, Cu, Si, and CeMn,Si,_,Ge, sys-
tems.!332

It is observed in Fig. 7 that the T, values for x =1.8
(T4=4.2 K) and x =2.0 (T, =5.1 K) do not match the
corresponding T values (Ty =2.41 K for x =1.8 sample
and Ty =4.15 K for x =2.0 sample). This indicates that
the onset of the resistivity drop and the magnetic order-
ing of the Ce ions for present series do not occur at exact-
ly the same temperature. Careful examination of the
p(T) data shows that the precipitous drop of the resistivi-
ty actually starts at T =2.8 K for x =1.8 and at T =4.15
K for x =2.0 samples, respectively (see also the inset of
Fig. 5). These two temperatures are almost the same as
the measured Ty values mentioned above. One often ex-
pects that T occurs where dp/dT =maximum in the
absence of the complicating effects. For these two sam-
ples, the maximum values of dp/dT are indeed observed
at these two temperatures below which the dp/dT is al-
most constant. The above observation indicates that for
these two samples, there exists a coherence regime
bounded by the T ,(x) and Ty(x) curves (see Fig. 8)
which separates the single-impurity Kondo (SIK) from

the antiferromagnetic (AF) ordered regime. These three
regimes for the whole series are shown by the phase dia-
gram in the inset of Fig. 8.

IV. CONCLUSION

This study shows that in Ce(NiSi),_, (CuGe),, the dou-
ble (CuGe) for (NiSi) substitution smoothly drives the
system from a highly mixed-valent system at x =0.0 into
a magnetically ordered Kondo-lattice system at x =2.0.
It is found that the physical properties of the x =1.4 ma-
terial are very similar to that of the HF system CeCu,Si,.
The present series spans the whole valence range of the
Ce 1:2:2 compounds with v, ranges from 3.17 at x =0.0
to 3.00 at x =2.0. Combined p(T) and x(T) data indi-
cate that the T decreases continuously from x =0 to
x =2, even though it is expected that the ¢ value should
be peaked near x =1.4. The T and Ce L;-valence
values for the x > 1.4 samples have been shown to be
smaller than that of CeCu,Si,.

We have clarified that the abnormal increase of the ¢
parameter in the region 1.6=<x =<2.0 is essentially in-
dependent of the Ce 4f-ligand orbital dehybridization
and thus this anomaly in the ¢ parameter should be ir-
relevant to the HF character of these systems. The com-
parison between the resistivity and Ce L;-valence data of
the present series and the magnetic 3d-host series
CeMn,Si,_,Ge, strongly supports the proposal that a
Kondo-type spin-fluctuation process can be effectively
quenched by the strong internal magnetic field generated
by the ferromagnetically ordered Mn sublattice.> The
resistivity data also indicate that there is an active inter-
play between the crystalline electric field, coherence
effect, single-impurity Kondo scattering (SIK), and mag-
netic ordering. Magnetic-susceptibility data show that
this compound series is antiferromagnetically ordered for
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x > 1.6, and the Kondo scattering and RKKY magnetic
interaction are competitive in this region. Finally, a
phase diagram is proposed to illustrate the evolution of
the series successively from a SIK regime into a coherent
Kondo regime (and then for larger x into an AF ordered
regime) with the decreasing temperature.
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