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Abstract

We report on the magnetic susceptibility, specific heat and electrical resistivity
of the heavy fermion compounds CeNiGe,_,Si, (0 < x < 1). Compounds
withx < 1 show antiferromagnetic order, which with increasing x shifts toward
lower temperature owing to increased exchange coupling between the localized
4f magnetic moments and conduction electrons. Eventually, the magnetic order
almost becomes absent, for x = 1. An anomaly observed in the specific heat is
well interpreted by the Kondo model for a degenerate impurity spin J/ = 1/2in
the Cogblin—Schrieffer limit. A coherence peak indicative of the formation of a
Kondo lattice is found in the electrical resistivity, whose features are consistent
with the results for the specific heat. Interestingly, there is a significant deviation
from Fermi-liquid behaviour at the critical concentration x = 1. This deviation
is attributed to a quantum phase transition in a model with two-dimensional
antiferromagnetic fluctuations.
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1. Introduction

Ce-based ternary intermetallic compounds exhibit a wide range of physical properties such
as long-range magnetic ordering, the Kondo effect, heavy fermion behaviour, and valence
fluctuations, which arise from competition between Kondo and Ruderman—Kittel-Kasuya—
Yosida (RKKY) interactions [1, 2]. The formation of a local Kondo singlet depends
exponentially on the exchange interaction J: Tx o 1/exp(—1/NgJ), while the formation of
long-range order of localized magnetic moments depends quadratically on J: Trxxy o (NgJ)?
[2, 3], where NgJ is a dimensionless effective exchange coupling constant for coupling between
4f localized magnetic moments and conduction electrons with the density of states Ng at the
Fermi level. For small values of NgJ, a local-moment magnetism (LMM) is dominant, while
for larger values of NgJ, the valence fluctuation (VF) behaviour becomes stronger. Just at the
borderline between the LMM regime and the VF regime, the heavy fermion (HF) behaviour
is anticipated.

Non-Fermi-liquid (NFL) phenomena have recently been observed in the region of the
transition from magnetic order to a nonmagnetic ground state; this has been one of the most
interesting subjects in condensed matter physics. The experimental characteristics of NFL
behaviour are power-law temperature dependences of the electrical resistivity, p o< 7" with
n < 2, and the magnetic susceptibility, x o« 77" with n < 1. The specific heat divided
by temperature follows a logarithmic temperature dependence, C/T o« —InT. Theoretical
scenarios put forward for the NFL phenomena include

(i) a multichannel Kondo impurity model in which several channels of noninteracting
conduction electrons are antiferromagnetically coupled to the Kondo-like impurity
spin [4, 5],

(ii) a disorder induced distribution of the Kondo temperature of local moments [6, 7],

(iii) a second-order quantum phase transition to a magnetic state at the zero-temperature limit
that is a quantum critical point (QCP) [8—10], and

(iv) a Griffiths phase which is characterized by magnetic clusters in a nonmagnetic
background [11, 12].

The aim of this work is to change the exchange coupling via chemical substitution and to
change the ground state continuously from the LMM regime to the VF limit, paying special
attention to the critical concentration where the magnetism is completely suppressed. For
this investigation we chose the ternary compounds CeNiGe,_,Si,. CeNiGe, shows a strong
anisotropic local-moment magnetism with two-step antiferromagnetic phase transitions at
Ty = 3.7 K and T\ = 2.9 K and a heavy fermion behaviour with a large Sommerfeld
coefficient y = 97.6 mJ mol~! K=2 [13], whereas CeNiSi, is a valence fluctuation system
with rather large ¥ = 57 mJ mol~! K~2 [14]. Thus, it could be of interest to know how the
exchange coupling changes on substituting silicon for germanium and how the Doniach-type
phase diagram in this heavy fermion system is constructed. Although preliminary results on the
magnetic susceptibility and resistivity were previously reported [15], in this paper we present
a comprehensive report together with a theoretical analysis of the overall physical properties
of CeNiGe,_,Si;,.

2. Experiment

The single crystals of CeNiGe,_,Si, (0 < x < 1) were grown by the Czochralski pulling
method using a tetra-arc furnace in an argon atmosphere and then annealed at 900 °C for three
weeks in an evacuated quartz tube. We used starting materials of high purity: cerium (99.9 at.%
pure), nickel (99.95 at.% pure), and germanium and silicon (99.999 at.% pure). Our single
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Figure 1. Lattice constants a, b, and ¢ and unit volume V versus Si concentration x for
CeNiGe;_ Si, compounds.

crystal, confirmed by an x-ray Laue diffraction method, has a cylinder shape with diameter
7 mm and length 200 mm and has no cleavage. In [13], however, the single crystal of CeNiGe,
grown by a Sn-flux method has a small layered shape with a shorter length along the b axis,
although it is found to have the same crystalline structure as our crystal. This difference of
crystal shape seems to cause the anisotropy of the physical properties of the single crystal
reported on in [13] to be larger than that of our single crystal.

Powder x-ray diffraction patterns revealed crystallization in the orthorhombic CeNiSi,-
type (space group Cmcm) structure. The lattice constants a, b, and ¢ have been determined
from the positions of the Bragg reflections of the powder pattern. Figure 1 shows the Si
concentration (x) dependence of the lattice constants and of the unit volume. The lattice
constants and the unit volume decrease linearly with increasing x, i.e. obeying a Vegard law.

The magnetic susceptibility was measured using a Quantum Design superconducting
quantum interference device (SQUID) magnetometer from 2 to 300 K at H = 1 kG. The
specific heat was investigated by an adiabatic method with a home-made conventional *He
apparatus. The electrical resistivity was measured by the conventional dc four-probe method
from 0.5 to 300 K using the same *He apparatus. Since the anisotropic properties in the ac
plane are negligible, we have studied the anisotropic properties with current and magnetic field
along the b axis (||p) and in the ac plane (_Lb).

3. Results

3.1. Magnetic susceptibility

Figures 2 and 3 show the inverse magnetic susceptibility 1/x(7) of CeNiGe,_,Si, in a
field of 1 kG for H L b and H | b as a function of temperature from 2 to 300 K.
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Figure 2. The temperature dependence of the inverse magnetic susceptibility 1/ (T') for H, in
CeNiGe;_ Si,. The inset shows an enlarged picture of the low temperature data.
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Figure 3. The temperature dependence of the inverse magnetic susceptibility 1/x (T) for H || b
in CeNiGe;_, Si,. The inset shows an enlarged picture of the low temperature data.

The in-plane magnetic susceptibility x;is much smaller than the b axis magnetic susceptibility
X|» over the measurement temperature region. Above 150 K, the data obey the Curie—Weiss
law x = xo+ C/(T — 6p), where y is composed of the temperature-independent Van Vleck,
conduction electron paramagnetic, and core electron diamagnetic contributions. In this fitting,
xo was varied from 0.8 x 107 to 2.0 x 10~* emu mol~!, which is negligibly small compared
with the measured value of the overall x (7). All compounds reveal an effective paramagnetic
moment of per & 2.56 ug, close to the value of the full Ce>* moment (2.54 ug). The
estimated paramagnetic Curie temperatures 0y, (61,) for H| b (H L b) are changed from +29
to —55 K (from —92 to —185 K) with increasing Si concentration x, as shown in figure 4. The
anisotropy of 6p is presumably due to the effect of the crystalline electric field (CEF). This
might also indicate the development of an antiferromagnetic exchange interaction and/or the
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Figure 4. The paramagnetic Curie temperature 6p for H,;, and H; and the Kondo temperature
Tg estimated from the 6p value versus the Si concentration x for CeNiGe,_, Siy.

enhancement of the Kondo interaction, which is expected to increase with x. We will discuss
this point in more detail in a later part of the paper. From the value of p = (6}, +26,;)/3, we
can roughly calculate the Kondo temperature T ~ |6p/2|, which increases with x from 25 to
70 K as seen in figure 4. The deviation from the Curie—Weiss behaviour below 150 K could
be attributed to the CEF effect. As shown in the insets of figures 2 and 3, the low temperature
data for y, and those for x5 at x = 0 exhibit two anomalies, at Ty, = 3.7 Kand Ty = 2.9K,
indicating antiferromagnetic ordering; these are similar to the data reported by Jung et al
[13]. They proposed anisotropic magnetic phases where the magnetic moments are strongly
aligned along the b axis antiferromagnetically, while the moments in the ac plane form an
incommensurate or canted noncollinear spin structure in the antiferromagnetic ordering. The
two magnetic transitions are reduced to one with increasing x; Ty = 2.3 K at x = 0.2, and
then no anomaly for x > 0.2 is observed at temperatures down to 2 K in our susceptibility
measurements.

3.2. Specific heat

The 4f electron contribution to the specific heat, given by Cy4 = C(CeNiGe,_,Si,) —
C(LaNiGe,_,Si,), of CeNiGe,_,Si, is depicted in figure 5. For x = 0, two peaks are
found at 7y, and T, which correspond to the antiferromagnetic transitions observed in x (7).
The two magnetic transitions become one transition with increasing x. At x = 0.2, there is
only one peak at Ty = 2.3 K, and with further increase of x up to 0.8, the peak is suppressed
and shifts toward lower temperatures. Eventually, the transition becomes absent at the critical
concentration x = 1. Above 15 K, the increase of C4 with temperature could be attributed
to the Schottky anomaly of the CEF. In the orthorhombic symmetry, the J = 5/2 degenerate
states of the Ce®* ion split into three doublets. Since the specific heat for the CEF structure
has a peak at a temperature equivalent to about 2/5 times the energy difference between the
doublets, one can understand that the energy difference for our system is larger than 80 K. In
addition, there is a shoulder around 8 K for all the compounds, even though it is not distinct
for the others except for x = 1. The Cys value at 8 K for x = 1 is about 1.5]J mol ' K~!,
which is of nearly the same magnitude as expected from the Cogblin—Schrieffer (CS) model for
J =1/2with Ty = 13.5 K (Tx = 17 K) as shown in the inset of figure 5 [16, 17]. Deviations
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Figure 5. The temperature dependence of the 4f electron contribution to the specific heat Cys in
CeNiGe;_ Siy. The inset shows Cyr for x = 1 and the specific heat calculated from the Cogblin—
Schrieffer model for / = 1/2 with Tp = 13.5 K.

Table 1. The electronic contribution to the specific heat y, the Kondo temperature TKV calculated
from the y value, and the Kondo temperature 7k estimated from the Cogblin—Schrieffer model
with the Si concentration x of CeNiGe;_, Siy.

14 R Tk
x (mJmol ' K2 (K) (K)
0 430 131 52
02 667 84 7.7
04 570 9.8 129
0.6 532 10.6  14.2
0.8 522 10.8 155
1 — — 17.4

between them are observed in low and high temperatures regions. The former is ascribed to
the NFL effect, which will be mentioned later, and the latter is due to the CEF effect.

In general, the specific heat due to the CEF effect in Kondo compounds is changed by the
Kondo effect of the ground state. According to the degenerate Kondo model, in the presence
of a CEF [18], however, the specific heat caused by the CEF effect remains almost unchanged
when A/Tx > 4, where A is the crystal field splitting energy. Since our system, even at the
limit of x = 1 where Tx is expected to be the largest, satisfies the above relation, the specific
heat due to the CEF for x < 1 is thought to be of the same magnitude as that for x = 1.
In figure 6, we have plotted the specific heat data excluding the CEF contribution, which is
obtained from the deviation in the high temperature region on applying the CS model for
x = 1 mentioned above, versus the normalized temperature 7'/ Ty, where T is the best fitting
parameter from the CS model with J = 1/2, in addition to the best fit of the CS model. From
this fit, we were also able to obtain the Kondo temperatures Tk, which are listed in table 1. It
is found that Tk increases from 5.2 K for x = 0-17.4 K for x = 1, which is consistent with the
increasing trends of T} obtained from the magnetic susceptibility. The deviation from the fit in
the high temperature region might be attributed to the uncertainty of the CEF effect mentioned
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Figure 6. Scaling of the specific heat excluding the CEF effect (C4s — Ccgr) versus the normalized
temperature (7'/Ty) for CeNiGe,_,Si,. The curve indicates the best fit of the specific heat
calculated from the Cogblin—Schrieffer model with J = 1/2.

above. For x < 1, the predominant deviation at low temperatures is affected by the magnetic
order, and for x = 1, the low temperature deviation is ascribed to the NFL behaviour which
will be mentioned below.

Since C/T is almost linear in T2 below T = 0.8 K except for x = 1, the electronic
contribution to the specific heat is calculated by extrapolation toward the zero-temperature
limit. Assummarized in table 1,the Sommerfeld coefficient y tends to decrease with increasing
x except for x = 1. Using these values, we have determined the Kondo temperature T7) , which
is also listed in table 1, in good agreement with Tk obtained from the fits of the CS model.
The decrease of y is due to the enhancement of the Kondo interaction with x. It is particularly
interesting to note that for x = 1 the y value is logarithmically divergent at 7 — 0 K with
the relationship C/T ~ log(T,/T), where T, = 18 K is used, as shown in the upper panel of
figure 7. This behaviour is not explained by the Fermi-liquid theory and is characteristic of
non-Fermi-liquid behaviour.

The magnetic entropy Sur calculated by integrating C4r/ T with respect to 7T is plotted in
figure 8. It is found that Sy at 7y is sufficiently smaller than R In 2 with twofold degeneracy
of the CEF ground doublet, which is a sign of the substantial Kondo-derived reduction of the
Ce moments. The temperature approaching the R In 2 value moves from 15 K for x = 0 to
above 25 K for x = 1. This indicates that the magnetic moment reduced by the Kondo effect
is gradually released towards high temperature with increasing x, again consistent with our
conclusion that the Kondo temperature increases with x.

3.3. Electrical resistivity

Figure 9 shows the electrical resistivity p (7') with the current parallel (/ || ») and perpendicular
(I L D) tothe b axis after normalization to the room temperature value. The in-plane resistivity
p1p 18 smaller than the b axis resistivity pj,. For all the compounds, a broad maximum is
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Figure 8. The temperature dependence of the magnetic entropy Sar for CeNiGe;_, Siy .

observed at about 100 K. The magnetic contribution to the resistivity of CeNiGe, obtained by
subtracting the resistivity of LaNiGe, exhibits In 7" behaviour above 100 K, which is not shown
here. Such behaviour could be attributed to the Kondo effect, considering the CEF effect. For
x < 0.4, one can find a single-ion Kondo minimum, which is followed by a steep decrease
due to the magnetic ordering and the onset of the coherence effect of the Kondo lattice. With
increasing x, the temperature of the Kondo minimum moves almost linearly from 22 K for
x =010 26 K for x = 0.4, indicating increase of the Kondo interaction. The low temperature
maximum located just above the antiferromagnetic transition temperature decreases from 4 K
forx = 0to2 K forx = 0.6. For x = 1, the interesting point is that py; and p,, are linear
with temperature over a relatively wide range from 0.5 to 2.2 K, as seen in the lower panel
of figure 7, with the relationships py, = 531.3+7.88 T and p,;, = 323.7+7.37 T (€2 cm).
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Figure 9. The temperature dependence of the electrical resistivity p(7') for I L b (upper panel)
and 7 || b (lower panel) in CeNiGe,_, Siy. The inset shows the low temperature behaviour.

This behaviour could be explained by a non-Fermi-liquid phenomenon, consistent with the
results for the specific heat (see figure 7).

4. Discussion

4.1. The Doniach-type phase diagram

Using the results on the magnetic susceptibility, specific heat, and electrical resistivity we can
construct a Doniach-type phase diagram for the series of CeNiGe,_,Si,. Two characteristic
temperatures, Tx and Ty, as a function of the Si concentration x, are plotted in figure 10. The
Kondo temperature Tx was estimated from the application of the Cogblin—Schrieffer model
with J = 1/2 to the measured specific heat. The antiferromagnetic transition temperature 7x
was determined from the inflection point lying just above the peak temperature in the specific
heat. The results demonstrate that the increase of the Kondo interaction is accompanied by
suppression of the magnetic order. With Tx ~ exp(—1/NgJ), In Tk should be inversely linear
in NgJ. The inset of figure 10 shows the x dependence of 1/ In Tk, which is linear in x, but its
slope changes atx = 0.4. In other words, NgJ increases linearly with x but the rate of increase
of NgJ is slower for 0.4 < x < 1. This result may be due to nonlinear variation of J with
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Figure 10. Two characteristic temperatures (the Kondo temperature 7k and the antiferromagnetic
transition temperature 7) versus the Si concentration x for CeNiGe,_,Si,. The inset indicates
the x dependence of the inverse In 7k .

varying Si concentration. The usual form of J is expressed by J ~ VSZf /(Eg — E4) [19], where
Vit is the strength of hybridization between the conduction and 4 electrons, Ef is the Fermi
energy, and Eys is the energy of the 4f state. Thus, there are two possible ways to understand
the origin of the increase of J with x. First, we consider the contraction of the lattice constants
as we go from x = 0 to 1. Such a contraction gives rise to an increase of the wavefunction
overlap between the conduction and 4f electrons, so the strong hybridization Vs could lead to
the increase of J. Secondly, we note the difference between the energy of the Fermi level Eg
and that of the 4f state E4¢. As reported previously from photoemission experiments [20], the
4f level moves closer to the Fermi level with increasing x, making J bigger.

4.2. Non-Fermi-liquid behaviour

Another important part of this work is the observation of NFL phenomena close to the
borderline, i.e. x = 1, from magnetic order to the nonmagnetic heavy electron ground state. For
a three-dimensional system with antiferromagnetic interactions [8, 9] we expect the following
temperature dependence: p(T) = py + A'T*?, C/T = yy — a~/T, and x o T2, On the
other hand, for a two-dimensional system with antiferromagnetic interactions [8, 9], a slightly
different temperature dependence is expected: p(T) = pg+ A'T, C/T = clog(Ty/T), and
X =xo—aT.

As represented in figure 7, we have observed the logarithmic temperature dependence of
the specificheat, C/T o In(T,/T), and the power-law temperature dependence of the electrical
resistivity, p = po + AT at the critical concentration x = 1. Thus we can state that the NFL
behaviours of the resistivity and specific heat observed in the same temperature region agree
well with the theoretical results based on the proximity to a quantum phase transition with two-
dimensional antiferromagnetic interactions. On the other hand, theoretical results based on the
proximity to a quantum phase transition with three-dimensional antiferromagnetic interactions
show a crossover to p o« T and C/T = y;log(T;/T) at somewhat higher temperature [8, 9].
The crossover has been reported in the specific heat of CeNi,Ge,: C/T = yylog(T;/T)
seen over the temperature range of 1 K < 7' < 3 K, while C/T = y — a+/T is observed
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for the temperature range of 0.4 K < T < 1 K [21]. The resistivity of CeNi,Ge, shows a
behaviour with the exponentn & 1.5 down to 0.02 K without any sign of crossover. If the NFL
behaviour of our system is due to the three-dimensional magnetic interaction, the crossover
has to occur in the resistivity and specific heat below 0.5 K simultaneously. The crossover
has been observed in neither of them, for our samples. On the other hand, the presence of
two-dimensional magnetic interaction in CeNiGe,_,Si, can be supported by their strongly
anisotropic magnetism.

However, we cannot exclude with certainty the possibility that the non-Fermi-liquid
behaviour observed for x = 1 is not due to disorder effects. For example, cubic Celns_,Sn,
has a linear resistivity at the critical value of x when Ty > 0 [22]. The residual resistivity
of this system is two orders of magnitude higher than that of Celns and the disorder effect
may not be neglected in the system. UCu;_,Pd, is another example with clear effects due to
disorder, as shown clearly from NMR and @SR measurements [23], and its NFL behaviour
was subsequently analysed using a distribution of Kondo temperatures. In the Kondo disorder
model, the temperature dependence of the resistivity is expected to be linear, while the specific
heat coefficient C/ T follows logarithmic behaviour. The residual resistivity of our sample at
the critical concentration is one order of magnitude higher than that of CeNiGe, and thus we
cannot disregard the effect of disorder. However, we note that the quantum critical point of
our system arises precisely at the stoichiometric concentration of Ge and Si. This indicates
that the disorder may not be a dominant mechanism for the NFL behaviour in our system.
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