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Quantum critical point and intermediate valence fluctuations in CeRu2−xCoxGe2
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A detailed study of low-temperature properties across the series CeRu2−xCoxGe2 (0 � x � 2) using magnetic
susceptibility χ (T), isothermal magnetization M(H), heat capacity C(T), and electrical resistivity ρ(T) is
presented. Using doping as a tuning parameter, a crossover from a Ruderman-Kittel-Kasuya-Yosida (RKKY)
dominated region (0 � x � 1) to a Kondo dominated region (x � 1.5) is evident. χ (T) and ρ(T) curves, analyzed
in terms of theoretical models proposed by Sales and Freimuth for the Co (x � 1.5) rich compounds, suggest
an intermediate valence state of the Ce ion. The intricate balance between the competing RKKY and Kondo
effect is attributed to the volume change upon Co substitution, owing to its smaller ionic size, which enhances
the hybridization between 4f and conduction electrons. A quantum critical point (QCP) in the (T, x) phase
diagram is reached for the critical concentration (xc ∼ 1.5) where the competing RKKY and Kondo energy
scales tend to zero. Deviation in χ (T), C(T), and ρ(T) from Fermi-liquid behavior is observed in the vicinity of
the QCP and the former is seen to recover with the application of magnetic field. Further support for the quantum
criticality comes from the universal scaling behavior of M(H), χ (T), and ρ(T) data for xc ∼ 1.5. Also, the valence
fluctuations in the vicinity of the compound showing non-Fermi-liquid behavior may suggest the possible role
of valence fluctuations in the QCP, which makes the present series an interesting case.
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I. INTRODUCTION

Rare-earth intermetallic compounds with strongly corre-
lated f electrons are studied with great interest due to their
novel properties. Among them, the cerium-based ternary in-
termetallic compounds CeT2X2 family (T = transition metal
and X = Si or Ge) has gained a special interest due to
the presence of competing ground states like coexistence of
magnetic ordering and superconductivity [1], Kondo effect
[2], quantum criticality [3], heavy fermion superconductivity
[1], and intermediate valence fluctuation [4–6]. Depending on
the environment around the Ce atom, the 4f shell becomes
unstable and results in hybridization between the localized
4f electron states and conduction electron states which are
associated with the formation of many electron states near
the Fermi level [7]. The ground states of such compounds
are mainly determined by a competition between the in-
tersite long-range Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction (denoted by TRKKY) and on-site Kondo interaction
(denoted by TK ) and are well described by Doniach’s necklace
model [8]. According to this model, both of these interactions
depend on the exchange integral Jcf between the 4f localized
moments and conduction electrons. For small values of Jcf ,
RKKY interaction dominates (where TRKKY ∝ Jcf

2) and the
system orders magnetically while for a large value of Jcf

Kondo interaction dominates [TK ∝ exp (−1/Jcf )], leading
to a nonmagnetic ground state. However, at a critical value
of Jcf , reached via some nonthermal parameters such as
magnetic field, pressure, and chemical doping, a quantum
critical point (QCP) is observed and is reported for various
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U and Ce based heavy fermion compounds [9–12]. Such
QCPs often manifest in the form of non-Fermi-liquid (NFL)
behavior in the physical properties through deviations from
the usual Fermi-liquid (FL) behavior at low temperatures: C/T
∼ χ∼ constant and ρ(T ) ∼ T 2.

Thermodynamic and transport studies on CeT2X2 com-
pounds reveal that varying the “transition metal” T causes
a variation in strength of Jcf resulting in different possible
ground states; for example, CeCu2Si2 is a well-known heavy
fermion superconductor [1], and CeNi2Si2 shows a valence
fluctuating state [13], whereas CeRu2Si2 [14,15] presents a
heavy fermion ground state. Among CeT2X2, most of the
compounds have an antiferromagnetic (AFM) ground state.
In contrast, however, CeRu2Ge2 is a unique one having a fer-
romagnetic (FM) ground state. With decrease in temperature,
it first undergoes a paramagnetic (PM) to AFM transition at
TN = 8.5 K and enters into an FM state below TC = 7.4 K.
The nature of the transition at TN is of second order while
the transition at TC is of the first order [16–18]. Neutron-
scattering studies performed by Loidl et al. [19] suggest the
Kondo temperature (TK ) to be less than 2 K. On the other
hand, CeCo2Ge2, based on x-ray photoemission spectroscopy
studies, is suggested to be a possible heavy fermion intermedi-
ate valence fluctuating (IVF) compound with TK of about 120
K [20,21]. However, a complete study confirming the ground
state is still lacking.

Moreover, studies further suggest a QCP as a function of
pressure or doping. Using pressure (P) and doping (x) as
a tuning parameter, various studies on CeRu2Ge2 present a
similar kind of (T, P) and (T, x) phase diagrams. Pressure de-
pendent studies on CeRu2Ge2 [22–25] show the suppression
of the magnetic order and lead to a heavy fermion nonmag-
netic ground state for P > 7.5 GPa. A pressure induced QCP
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FIG. 1. Temperature-dependent magnetic susceptibility for CeRu2−xCoxGe2 where (a) x = 0, (b) x = 0.5, and (c) x = 1, at H = 100 Oe.
The inset shows inverse magnetic susceptibility along with CW fit.

is reported at a critical pressure PC ∼ 8.7 GPa. Similarly,
doping smaller Fe at the Ru site in CeRu2−xFexGe2 [26]
and Si at the Ge site in CeRu2Ge2−xSix [27] as a function
of x resulted in a gradual change of the ground state from
a RKKY dominated regime to a Kondo dominated regime.
Also, a QCP in the (T, x) phase diagram for CeRu2−xFexGe2

could be located at a critical concentration of xc ∼ 0.9 [26].
However, presently there is no consensus on the type of QCP
present in the system. A study incorporating the inelastic
neutron scattering suggested different scenarios related to
the observed QCP in CeRu2−xFexGe2 [28]. Additionally, in
these studies, the valence of Ce across the series is seen to
remain close to a value of +3 expected for a magnetic ion f 1.
However, no superconducting transition either as a function
of pressure or doping in CeRu2Ge2 is reported down to the
lowest temperature measured, unlike the case of CeCu2Si2
[29] and CeCu2Ge2 [30].

A previous report [31] on the series CeRu2−xCoxGe2 using
structural and magnetotransport study established the role of
unit-cell volume in deciding the ground state as a function of
x. The present paper provides a detailed study of the crossover
from a RKKY interaction (Ru rich; 0 � x � 1) to a Kondo
interaction (Co rich; x � 1.5) leading to a valence fluctuating
state (for x � 1.5) resulting from a strong 4f -conduction
electron hybridization due to the change in unit-cell volume
as a function of doping. A systematic study on temperature
and field dependence of magnetic susceptibility, electrical re-
sistivity, and heat capacity across the series CeRu2−xCoxGe2

provides an additional emphasis on the IVF (x ∼ 1.5, 1.8, and
2.0) and NFL nature (x ∼ 1.5) of the compounds. We also
show that magnetization and resistivity data exhibit universal
scaling behavior indicating the proximity of xc ∼ 1.5 to the
QCP. This paper is organized as follows: The physical proper-
ties of CeRu2Ge2, CeRu1.5Co0.5Ge2, and CeRuCoGe2 exam-
ined by magnetic susceptibility, heat capacity, and electrical
resistivity are described in Sec. IIIA, and valence fluctuat-
ing phenomena for CeRu0.5Co1.5Ge2, CeRu0.2Co1.8Ge2, and
CeCo2Ge2 are presented in Sec IIIB, while in Sec IIIC NFL
behavior of CeRu0.5Co1.5Ge2 close to the QCP is presented.

II. EXPERIMENTAL DETAILS

Details of sample preparation and x-ray diffraction (XRD)
are given in Ref. [31]. The samples used for the present
measurement belong to the same respective batch as used in

the earlier study. Magnetic susceptibility measurements were
performed in the temperature range 2–300 K and in magnetic
fields up to 90 kOe using a vibrating sample magnetome-
ter based Quantum Design physical property measurement
system (QD-PPMS). Electrical resistivity data used for the
present paper are taken from Ref. [31] from measurements
in the temperature range 1.6–300 K and in the presence of
magnetic field up to 80 kOe using a standard dc four-probe
technique. The heat-capacity data were collected in the tem-
perature range 1.8–300 K and in magnetic fields up to 140 kOe
employing adiabatic relaxation technique in the QD-PPMS
equipped with a 14-T magnet.

III. RESULTS

A. x = 0, 0.5, and 1: Magnetic ground state

Figures 1(a)–1(c) show the magnetic susceptibility (M/H)
as a function of temperature for x = 0, 0.5, and 1, measured
under a magnetic field of 100 Oe. As shown in Fig. 1(a), the
pure compound, CeRu2Ge2, shows two magnetic transitions,
one at TN = 8.3 K from a PM state to an AFM state and
the second at TC = 7.6 K from an AFM state to an FM state
(marked by arrows), and they are in good agreement with
previously reported results [16,17]. For x = 0.5, TN remains
unchanged while TC shifts to 6.3 K. For x = 1, where Ru and
Co are in equal proportion, TN shifts to 6.5 K while there is
no evidence of TC down to 2 K. A small bifurcation between
zero-field cooled and field cooled curves below TC indicates
the soft FM nature of the compound. Inverse magnetic suscep-
tibility (H/M) as a function of temperature (shown as an inset
in the respective curves) in the temperature range 100–300 K
is fitted with a modified Curie-Weiss (CW) law χ (T ) = χ0 +
C/(T − θP ), where θP is the PM Curie temperature and C is
the Curie constant. The calculated effective moment μeff as
given in Table I is found to be close to the theoretical value

TABLE I. Values of paramagnetic Curie temperature θP (K),
effective moment μeff (μB), and Kondo temperature TK (K) for
different x obtained from the magnetic susceptibility.

x −θP μeff TK

0 5.1 2.52 2.5
0.5 5.3 2.64 2.6
1 5.8 2.72 2.9
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FIG. 2. Isothermal magnetization for (a) x = 0, (b) x = 0.5, and (c) x = 1 in CeRu2−xCoxGe2. The inset of (a) shows an enlarged view of
the M(H) curve at 2 K near the origin, (c) Derivative of the virgin curves of 2 and 5 K.

of 2.54μB for Ce3+ ions. Also, θP is related to the Kondo
temperature by TK = |θP |/2 [32]. The obtained values of TK

and θP are given in Table I. Moreover, increase in the values
of θP with x suggests an increase in 4f -conduction electron
hybridization.

Figures 2(a)–2(c) show the isothermal magnetization M(H)
curves at different temperatures for the compositions x = 0,
0.5, and 1. For CeRu2Ge2, there is a small hysteresis of
∼39 Oe at 2 K [see inset of Fig. 2(a)] and it shows a saturation
behavior at a few kilo-oersted, confirming the FM nature of
the compound. The magnetization data extrapolated from the
higher-field region, towards zero field, gives the spontaneous
magnetization of 1.13 μB/Ce. However, the observed satura-
tion magnetization for x = 0 at 2 K in the field of 90 kOe is
Msat = 1.15 μB/Ce, which is less than the theoretical value of
2.14 μB/Ce, suggesting a crystal-field split ground state. The
behavior of M(H) curves for x = 0.5 is similar to the parent
compound with a slight rounding off across the saturation at
low temperatures. For x = 1, a field induced metamagnetic
transition is clearly observable at 2- and 5-K temperatures
with the value of the critical field being HC = 11 kOe at 2 K
and HC = 7 kOe at 5 K, suggesting the AFM nature, and is in
line with the earlier magnetotransport study [31].

The results of heat capacity as a function of temperature
between 1.8 and 40 K for x = 0, 0.5, and 1 measured under
zero field are presented in Fig. 3. Two magnetic transitions
for x = 0 appear at TC = 7.5 K and TN = 8.3 K (marked by
arrows in the inset of Fig. 3). The peak positions for x = 0.5
move to TC = 6.3 K and TN = 8 K. However, only a broad
AFM transition at TN = 6.6 K could be observed for x = 1.
All the transition temperatures are in line with the magne-
tization and resistivity data (see the section on resistivity
below).

The temperature-dependent electrical resistivity [ρ(T )/

ρ(50 K)] normalized at 50 K for x = 0, 0.5, and 1 measured un-
der zero magnetic field is shown in Fig. 4. The resistivity curve
for x = 0 shows a feature at TN = 8.5 K and at TC = 7.5 K,
below which a sharp drop occurs due to a reduction in spin
disorder scattering. For x = 0.5, the resistivity first increases
with decreasing temperature, then shows a maximum at 8.5 K,
followed by a small hump at 6 K and a sharp decrease below
it. However, only a single AFM transition at TN = 6.5 K could
be observed for x = 1. The value of magnetic transitions
matches well with the magnetization and heat-capacity data.

The minimum in resistivity suggests the role of increasing
strength of Kondo scattering and it increases with increase in
Co concentration.

B. x = 1.5, 1.8, and 2: Nonmagnetic and intermediate valence
fluctuating ground states

As is evident from Figs. 5(a)–5(c), no features related to
the magnetic ordering could be observed down to 2 K in
the magnetic susceptibility χ (T) curves for the concentra-
tions x � 1.5. The Kondo effect starts dominating with the
increase in Co substitution which results in the suppression
of the magnetic ordering. A broad maximum for x = 1.8
and 2 [Figs. 5(b) and 5(c)] could be observed at around
65 and 120 K, respectively. This broad maximum with the
weak temperature dependence of susceptibility of the order
of 10−3 emu/mole Ce atom manifests the nonmagnetic nature
of the given compounds and is often recognized as the fea-
ture related to an intermediate valence fluctuation, commonly
observed for Ce and Yb based compounds [5,33]. A sharp
Curie-like rapid increase at low temperatures in χ (T) curves
may arise due to the presence of stable Ce3+ ions at the grain
boundaries or some other defect. To further interpret this data,

FIG. 3. Temperature-dependent heat capacity for concentration
x = 0, 0.5, and 1 represented as C/T vs T measured in zero magnetic
field. The inset shows a magnified view of the x = 0 curve where
transitions are indicated by arrows.
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FIG. 4. The normalized electrical resistivity [ρ(T )/ρ(50 K)] vs tem-
perature measured under zero field for x = 0, 0.5, and 1. Arrows
indicate magnetic transition.

we have fitted our magnetic susceptibility data with a two
level ionic interconfiguration fluctuation (ICF) model given
first by Hirst [34] and later modified by Sales and Wohlleben
[35] and Franz et al. [36]. According to the ICF model, the
rare-earth Ce fluctuates between a nonmagnetic 4f 0 (J =
0 and μeff = 0) and a magnetic 4f 1 (J = 5/2 and μeff =
2.54) configuration with a rate proportional to spin-fluctuation
temperature TSF, and is given by the following equation:

χ (T ) = (1 − n)

(
N

3kB

){
μ2

1ν(T ) + μ2
2[1 − ν(T )]

}
√

T 2 + T 2
SF

+ n

[
C

T − θ

]
+ χ0, (1)

ν(T ) = 2J1 + 1

(2J1 + 1) + (2J2 + 1) exp
( −Eex

kB

√
(T 2+T 2

SF )

) , (2)

where μ1, μ2 and (2J1 + 1), (2J2 + 1) are the respective
effective moments and degeneracies of the E1 and E2 energy
states corresponding to 4f 0 and 4f 1 states. Eex = E1 − E2

TABLE II. Parameters obtained from the fitting of the magnetic
susceptibility data with the ICF model.

X Eex/kB (K) TSF (K) χ (0) (emu/mol) Ce valence at 300 K

1.5 48 44 6.1 × 10−4 3.16
1.8 182 56 6.7 × 10−4 3.21
2 258 92 8.4 × 10−4 3.24

is the interconfigurational excitation energy. Here, ν(T) is the
fractional occupation of nonmagnetic configuration 4f 0. In
order to take care of the contribution from a small amount of
magnetic Ce3+ ions which are stabilized on grain boundaries
or lattice defects, we have added a term n[ C

T −θ
] in Eq. (1),

where the Curie term gives a contribution from stable Ce3+
in a total of n atoms per mole and χ0 is the PM contribution
due to conduction electrons and a diamagnetic contribution
due to core electrons. As shown in Figs. 5(a)–5(c), fit of the
susceptibility data for x = 1.5, 1.8, and 2 represented by the
solid line based on the ICF model gives a good agreement with
the experimental data. The parameters obtained from the ICF
model fitting are given in Table II and the values are typical
for the Ce based (IVF) compounds [37]. The values of Eex

and TSF are found to increase with increasing x, suggesting
the increase in valence fluctuation. Valency of the Ce ion at
300 K is calculated using Eq. (2) and is listed in Table II.

The field dependent magnetization M(H) measured at se-
lected temperatures is shown in Figs. 6(a)–6(c). The values
of saturation magnetization at the highest measured field get
drastically reduced for x � 1.5. The reduced moment value
further suggests that the magnetic moments get compensated
by the Kondo effect with increasing values of x and is in
agreement with the IVF behavior for the Co rich compounds.
Similar behavior is also observed in the other Ce based
compounds CeT2Si2 (T = Ru, Pd, Os, Pt, Ir) [38,39].

Figure 7(a) shows a plot of C/T versus T curves for x = 1.5,
1.8, and 2. Below 10 K, C/T for x = 1.5 shows a logarith-
mic temperature dependence suggesting the NFL behavior
(described in Sec. IIIC) while for x = 1.8 and 2 it shows
a linear temperature dependence confirming the recovery to
an FL ground state as a function of x. The low-temperature
part of x = 1.8 and 2, as shown in Fig. 7(b), is fitted with

FIG. 5. Temperature-dependent magnetic susceptibility data of (a) x = 1.5, (b) x = 1.8, and (c) x = 2 in CeRu2−xCoxGe2 measured under
100-Oe field for x = 1.5 and 1.8 while susceptibility data for x = 2 are measured under 5000 Oe, due to the weak signals. Solid lines represent
the ICF model fit to the experimental data.
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FIG. 6. Magnetization M(H) vs field curves at selected temperatures for (a) x = 1.5, (b) x = 1.8, and (c) x = 2.

the equation C/T = γ T + βT 2, where γ and β represent
the electron and phonon contribution, respectively. The value
of γ obtained from the fit is 76.3 and 99.8 mJ/mol K2 for
x = 1.8 and 2, respectively, which is consistent with the
Kondo screened state at low temperatures and the value
obtained for x = 2 is in agreement with the reported result
of CeCo2Ge2 [40]. This enhanced electronic effective mass
is due to the strong coupling between the 4f and conduc-
tion electrons and further shows moderate heavy fermion
behavior.

The magnetic resistivity ρm obtained by subtracting the
resistivity of nonmagnetic isostructural LaCo2Ge2 is plotted
as a function of temperature in Fig. 8(a). The nature of ρm

curves resembles those of Ce based intermetallics such as
CeIr2Si2 [39], CeAl3, and CePd3 [41], exhibiting the IVF
nature. The broad maxima obtained in the resistivity curves
are in line with the maxima obtained from the susceptibility
measurements. This shows a negative logarithmic temperature
(−lnT) behavior at higher temperatures while the sharp drop
marks the onset of Kondo coherence [4] at the lower temper-
atures.

We tried to describe the high-temperature resistivity behav-
ior with the model proposed by Freimuth [42] for the Ce and
Yb based systems with unstable 4f shells. This model takes
into account the scattering between s and d electrons, forming
the conduction band, and the narrow 4f electron band. The

resistivity above 30 K in our case is fitted with the equation

ρ(T ) = ρ0 + aT + bJ 2
SF

W (T )

T 2
0 + W (T )2 , (3)

where ρ0 is the residual resistivity, the linear term in the
equation gives the contribution due to electron phonon scat-
tering with a coefficient a,T0 is the position of the center
of the 4f band with respect to the Fermi energy EF , and
W (T ) = TSF

∗exp(−TSF/T ) is the effective energy width for
scattering; TSF is the spin-fluctuation temperature between
4f 0 and 4f 1 configuration; JSF is the overlap of s, d, and f

electron wave functions; while b is defined as b = m∗kB/ne2h̄

with a value of around 0.1µ� cm/K [42]. As can be seen from
Fig. 8(b), the curves are fitted well with the Freimuth model.
The values of the parameters obtained from the fits, listed
in Table III, are consistent with the various IVF compounds
[43,44]. Increase in JSF with x suggests the increased overlap
and hybridization between the 4f and conduction electrons.
Again, increase in TSF value with x further suggests the
increased spin-fluctuation rate between 3+ and 4+ states
and is in line with the susceptibility analysis. Additionally,
the low-temperature part of the resistivity curves below 6 K
for x = 1.8 and 2 is described with ρ ∼ AT 2 dependence
suggesting the FL ground state (see Fig. 9). The obtained
values of the coefficients A are 1.051 and 1.109 μ� cm/K2

for x = 1.8 and 2, respectively.

FIG. 7. (a) C/T vs T in the temperature range 1.8–30 K for concentrations x = 1.5, 1.8, and 2. (b) C/T against T 2 plot for x = 1.8 and 2
where the black line is a linear fit to the equation C = γ T + βT 2.
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FIG. 8. (a) Magnetic resistivity ρm against temperature on a semilogarithmic scale for x = 1.5, 1.8, and 2. The Kondo temperatures (TK )
are marked by arrows. (b) High-temperature Freimuth model fitting of electrical resistivity shown by the solid lines.

C. x = 1.5: Non-Fermi-liquid behavior and quantum critical
scaling analysis

As the pressure results in CeRu2Ge2 revealed a QCP close
to 7 GPa [45], we suspect a doping induced QCP to occur
for the present system. From the phase diagram presented
below (see Fig. 15), we believe the critical concentration to be
near xc ∼ 1.5. Figure 10(a) shows the semilogarithmic plot of
χ (T) for all concentrations, x = 0 − 2.0. It clearly reveals that
the low-temperature χ (T) for x = 1.5 exhibits a logarithmic
dependence. The experimental data below 10 K are fitted with
the χ (T) ∝ lnT term, as shown in Fig. 10(b). Moreover, it
could equally be described using a power law χ (T ) ∝ T −1+λ

(λ = 0.71) which strongly suggests the NFL behavior [46].
Such logarithmic and power-law dependence for χ (T) is often
reported for the systems near a QCP.

Figure 11(a) presents the 4f derived heat capacity plot-
ted as C4f /T versus logT, where the phonon contribution
was subtracted using the nonmagnetic compound LaCo2Ge2.
Different behavior across three different concentration regions
could clearly be identified: (a) the Ru rich region (0 � x � 1)

TABLE III. Fitting parameters of electrical resistivity ρ obtained
from the Freimuth model. Also reported are the values of the Kondo
temperature TK .

x TSF (K) T0 (K) JSF (K) TK

1.5 35 16 130 30
1.8 92 32 647 65
2 101 69 1812 120

shows a clear magnetic transition, (b) x = 1.5 shows a pro-
nounced upturn which suggests the possibility of a QCP, and
(c) x = 1.8 and 2 show nonmagnetic behavior. As shown in
Fig. 11(b), data in the range 2 < T < 6 K are fitted with
the term C4f /T ∼ −ln(T0/T ) where T0 (∼45 K) represents a
characteristic temperature, which generally reflects the Kondo
or spin-fluctuation temperature. However, the data in the
extended range could also be fitted with a term proportional
to C4f /T ∼ T −1+λ (λ = 0.62) which is in agreement with
the susceptibility data as discussed above in a similar T
range. The C/T on a log T scale in the presence of different

FIG. 9. ρ − ρ0 vs T 2 plot at low temperatures for x = 1.8 and 2.
The solid line fit represents the FL behavior.
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FIG. 10. (a) χ vs T on the log scale for CeRu2−xCoxGe2 in which a logarithmic dependence for x = 1.5 can be clearly seen compared to
other concentrations. (b) Data below 10 K for x = 1.5 show both logarithmic as well as power-law dependence.

magnetic fields for x = 1.5 is shown in the inset of Fig. 11(b).
At zero field, there is a negative logarithmic temperature
dependence below 10 K which is considered as a fingerprint
of NFL behavior [47]. However, the external magnetic field
suppresses the negative logarithmic divergence and at higher
fields there is a crossover from NFL to FL behavior. Also, with
increasing field, a maximum starts developing and shifts to a
higher temperature which is likely due to Zeeman splitting of
the ground crystal electric-field doublet.

Electrical resistivity (ρ − ρ0) for x = 1.5, plotted against
T 1/2 and T 3/2, for the fields 0 and 8 T is shown in Figs. 12(a)
and 12(b), respectively. The low-temperature data for the
respective fields are fitted with the equation ρ = ρ0 + AT n.
The value of n = 0.5, away from n = 2, for 0 T suggests the
deviation from the conventional FL T 2 behavior. This again
confirms the NFL nature of this compound. However, the
value of n = 1.5 for the 8-T field suggests the recovery to a
FL state.

Conclusive support for a QCP is provided by the scaling
analysis of temperature and field dependent magnetization as

well as resistivity for xc ∼ 1.5, which is located near the QCP.
The curves could be collapsed onto a single universal curve
following the scaling functions as discussed in Refs. [48,49]:

M

H
= T −ηf

(
H

T β

)
and

�ρ

T
= f

(
H

T β

)
. (4)

The main panel of Fig. 13(a) represents scaled curves
for the isothermal magnetization. The data could be seen to
collapse onto a single curve with best scaling achieved by
the choice of η = 0.31 and β = 1.05. Moreover, magneti-
zation data measured at constant fields in the range up to
30 K and 9 T could also be scaled, as shown in the inset
of Fig. 13(a). The data for susceptibility and magnetization
could be seen to scale up to two decades in (H/T β). Sim-
ilar values of β and η have been reported for CeNi2Ge2,
YbRh2Si2 [50,51] and Y0.8U0.2Pd3 (η = 0.3), UCu3.5Pd1.5

(η = 0.27) [49,52] compounds, respectively. Furthermore, re-
sistivity [�ρ(H, T ) = ρ(H, T ) − ρ(0, T )] data up to 25 K
and 8 T could also be scaled as a function of H/T β [shown in
Fig. 13(b)] with the same value of exponent β as obtained for

FIG. 11. (a) Semilogarithmic representation of 4f derived heat capacity plotted as C4f /T vs T for CeRu2−xCoxGe2 obtained after
subtracting the heat-capacity data of reference compound LaCo2Ge2. (b) Semilogarithmic plot of C4f /T for x = 1.5, showing both logarithmic
as well as power-law dependence depicting the NFL behavior while the inset shows a plot of C/T vs logT in the presence of magnetic field.
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FIG. 12. (a) T 1/2 temperature dependence in the low-temperature region at 0 T for x = 1.5, showing the deviation from T 2 dependence
and (b) T 3/2 temperature dependence at 8 T for x = 1.5.

magnetization and show remarkably good scaling spanning up
to two decades.

IV. DISCUSSION

Further insight into the Kondo effect is gained from mag-
netic entropy study. The magnetic entropy calculated using
Smag(T ) = ∫T

0
C−Clatt

T
dt is plotted in Fig. 14. The Smag (T)

curve for x = 0 continuously increases and reaches 70% of
Rln2 across TC and the full value of Rln2 at 19 K as expected
for a well-separated crystal-field doublet ground state. How-
ever, with increase in Co concentration, entropy continuously
decreases. For x = 2 only 30% of Rln2 could be recovered
up to 20 K. This suggests the Kondo effect at play, where the
spins of localized Ce moments get compensated by the spins
of the conduction electrons. The reduced values of entropy as
well as the ordered magnetic moment of the Ce ion values
of the CEF split doublet ground state suggest the role of
increasing Kondo effect as a function of x. Also, the increase
in strength of Kondo interaction further suggests the desta-

bilization of the Ce 4f moment and stronger hybridization
between 4f and conduction electrons close to the Fermi level,
which in turn leads to the valence fluctuation away from the
Ce3+. The overall changes as a function of x are brought about
by the smaller ionic radii of Co. Given the smaller ionic radii
of Co, there is a reduction in the unit-cell volume as a function
of increasing Co concentration which further leads to a strong
4f and conduction electron hybridization [13,31].

The (T, x) phase diagram constructed using different fea-
tures, viz., TC , TN , and TK obtained from the magnetic suscep-
tibility, heat capacity, and electrical resistivity, is represented
in Fig. 15. The magnetic transition temperatures from all
three measurements are estimated from the maxima in the
respective derivative curves. Regions with different ground
states as a function of doping are in agreement with the
Doniach necklace model described for Kondo systems [8].
We observed a gradual decrease in TC while TN remains
constant up to x = 0.5. With further increase in x, TC dis-
appears first followed by a complete suppression of TN and
a NFL behavior is observed in the low-temperature physical

6.5×10-5

7×10-5

8×10-5

9×10-5

7.5×10-5

8.5×10-5

FIG. 13. (a) The main panel shows scaling collapse of isothermal magnetization while the inset shows scaling collapse of susceptibility
measured at constant fields. (b) Scaling plot of resistivity in the temperature range 3<T< 25 K up to 8 T.
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FIG. 14. Magnetic entropy as a function of temperature for the
different concentrations of CeRu2−xCoxGe2. The horizontal dashed
line shows the value of Rln2.

properties for x = 1.5. The experimentally observed NFL
behavior for f -electron based compounds can be described
by different theoretical models: (1) the Kondo disorder model
[53], (2) the Griffiths phase model [54], and (3) nearness
to magnetic-nonmagnetic transition at T = 0 K [55,56]. The
-lnT behavior observed across the magnetic to nonmagnetic
transition in magnetic susceptibility as well as in heat capac-
ity indicates the magnetic QCP where quantum fluctuation
governs the physical properties down to T = 0 K. However,
keeping in mind the disorder induced as a function of doping,
the power-law behavior in the extended temperature range,
as well as the similarity between the λ values obtained from
two different measurements, equally suggest the applicability
of the Griffiths phase model. These models are appropriate
for describing NFL behavior if the valence of Ce ions is
considered to be +3. However, interestingly in view of the
intermediate valence of Ce ions near and above the critical
concentration xc ∼ 1.5, for the present case, the existence
of a QCP due to transition from integral to intermediate

FIG. 15. (T, x) phase diagram of CeRu2−xCoxGe2 summarizing
the results from magnetic susceptibility (χ ), heat capacity (C), and
resistivity (ρ) data. The solid as well as dotted lines are guides to the
eyes.

valence state may be considered. Similar behavior is observed
for the case of CeCu2Ge2, CeCu2(Si1−xGex )2, β − YbAlB4,
and YbCu5−xAlx [57–59], where the NFL behavior could be
ascribed to the incipient quantum critical end point in the
phase diagram. Moreover, given the valence change away
from Ce3+, it will be interesting to see the effect of pressure
on the other end compound of the series CeCo2Ge2, whether
or not the critical end point leading to the valence transition
evolves further up in temperature, as a function of pressure.
Also, the present paper evidences a twofold recovery to the
FL ground state for the critical concentration xc ∼ 1.5: (a)
with the application of magnetic field and (b) with the further
increase in doping concentration. The FL nature for x = 1.8
and 2 is reflected in the low-temperature physical properties
of χ , C/T, and ρ. Again the verification of the FL state for
CeCo2Ge2 comes from the Kadowaki-Woods (KW) [60] ratio
defined as A/γ 2 which in our case is found to be of the order
of 0.11 × 10−5 � m mol2 K2/J2, which is compatible with the
other heavy fermion and valence fluctuating compounds for
which the value KW ratio ought to be 10−5 � m mol2 K2/J2.
Also, the relation between γ and χ is given by Wilson ratio

R defined as R = π2k2
Bχ0

g2μ2
B J (J+1)γ

where kB is the Boltzmann
constant and g is the Landé factor. The value of the Wilson
ratio for CeCo2Ge2 is about 1.87, which is in agreement
with the theoretically predicted value of R = 2 for the spin- 1

2
Kondo system [61]. A large value of γ and observation of the
FL ground state indicate that CeCo2Ge2 is a heavy fermion
compound with a strong hybridization between the 4f and
conduction electrons.

V. CONCLUSIONS

Magnetic susceptibility, heat capacity, and resistivity stud-
ies investigated across the series CeRu2−xCoxGe2 (0 � x �
2) show a smooth crossover from the RKKY dominated
regime (x < 1.5) to a Kondo dominated regime (x > 1.5) as a
function of doping x. This further suggests the role of unit-cell
volume in stabilizing the different ground states. With the in-
crease in strength of 4f -conduction electron hybridization for
Co rich compounds, they tend to show intermediate valence
fluctuating behavior. Moreover, a doping induced QCP is evi-
denced around xc ∼ 1.5 giving NFL temperature dependence
in the physical properties: C/T, χ , and ρ. However, FL behav-
ior is recovered with increasing the doping concentration or on
application of magnetic field. Existence of a QCP near xc ∼
1.5 is further confirmed through the scaling analysis of mag-
netization and resistivity spanning over two decades in H/T β .
Furthermore, the data sets could be collapsed onto a single
curve up to temperatures as high as 30 K, evidencing the
non-Fermi-liquid physics governing the physical and thermo-
dynamical properties of the system near the QCP. Even more
interesting in this paper is the fact that intermediate valence
fluctuation is attributed as a possible reason for the QCP ob-
served in the case of xc ∼ 1.5. Only a handful of systems—to
name a few, CeCu2Ge2, β − YbAlB4, and YbCu5−xAlx—are
studied in the light of valence fluctuation as a possible origin
for the QCP. However, others were explained using different
theories available in literature such as magnetic-nonmagnetic
transition, Griffiths phase, Kondo disorder model, etc. Thus,
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the present case adds up as a candidate to the very few similar
compounds already existing and needs further experimental
and theoretical studies to probe the nature and origin of
QCPs.
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