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Jeonghun Lee, Anja Rabus, C. Coutts, and Eundeok Mun
Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6

(Received 16 October 2018; revised manuscript received 14 December 2018; published 23 January 2019)

We report specific heat, magnetization, and resistivity measurements on single crystals of CexLa1−xTiGe3

systems. When the Ce concentration x is increased, the system changes from a single-ion Kondo system for
x = 0.05 into a ferromagnetic Kondo lattice for x = 1, where the magnetic part of electrical resistivity reveals
a single-ion scaling with x. The isoelectric substitution of Ce by La atoms causes a change of the relative
strength of competing energy scales of Kondo and RKKY interaction and crystalline electric field (CEF).
The substitutions induce the continuous evolution of the Kondo temperature TK and the linear variation of
ferromagnetic ordering temperature Tc, which are accompanied by a change of the CEF level scheme of the
Ce ions. The composition-temperature (x-T ) phase diagram for CexLa1−xTiGe3 is constructed by a combination
of magnetization, specific heat, and resistivity measurements. The ferromagnetic ordering temperature is linearly
suppressed as x decreases and vanishes near the critical concentration xc = 0.1, but conventional quantum
criticality is absent near xc. The specific heat measurement for x = 0.05 reveals the power law increase of
the electronic specific heat coefficient Cm/T ∝ 1/T with a large value of ∼3.5 J/mol K2 at T = 0.4 K. The
magnetic susceptibility for x = 0.05 also shows a power law dependence χ (T ) ∝ 1/T below 10 K.

DOI: 10.1103/PhysRevB.99.045135

I. INTRODUCTION

The heavy fermion (HF) compounds are the canonical
example of strongly correlated electron systems and are the
prototypical system in which to study competing ground
states [1]. Competition between the Kondo effect and long-
range magnetic interactions leads to the well-known Doniach
diagram [2], giving a good description of quantum phase
transitions in many heavy-fermion compounds [3–5]. The
quantum critical point (QCP), which separates the ground
states between the magnetically ordered state and paramag-
netic state, can be reached by nonthermal control parameters
such as pressure, substitution, and magnetic field. Quantum
phase transitions continue to be a central topic in condensed
matter physics because they are responsible for a variety
of unconventional low temperature phenomena [6]. To date,
most of the theoretical and experimental investigations for the
quantum phase transition have focused on antiferromagnetic
(AFM) HF metals [7,8]. The spin fluctuations associated
with the quantum phase transitions can lead to non-Fermi
liquid behavior in metals and even induce novel phases of
matter [4]. There are many examples of AFM systems [3]
where the Kondo effect coexists with the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction, whereas ferromagnetic
(FM) Kondo lattice systems are relatively rare [9]. Although
the number of known FM HF materials, e.g., CePt [10],
CeAgSb2 [11], CePdSb [12], CeTiGe3 [13], YbPdSi [14],
YbNi4P2 [15], UGe2 [16], U3P4 [17], and URhGe [18] is
increasing gradually; the FM quantum criticality has been
studied less [9]. The FM ordering can be suppressed by doping
or pressure, often leading to various phase diagrams including
the tricritical wings [19], quantum Griffiths phase [20,21], or
non-Fermi liquid behavior [22]. Several theories have been
proposed to explain these intriguing phenomena [9].

The purpose of this work is an investigation of the com-
peting energy scales between the RKKY intersite interaction
that leads to a FM ordering and the Kondo effect resulting
in a suppression of local moments in the HF CexLa1−xTiGe3

system. The CeTiGe3 compound crystallizes in the hexag-
onal BaNiO3-type structure (space group 194, P 63/mmc)
[13,23]. At ambient pressure, CeTiGe3 is ferromagnetic be-
low the Curie temperature Tc = 14.2 K [13,24,25] with an
ordered magnetic moment of ∼1.5 μB/Ce aligned along the
c axis [24]. This rather small value of the magnetic mo-
ment compared with the effective moment above Tc (μeff =
2.54 μB/Ce) suggests some degree of delocalization of 4f

electrons. Application of pressure suppresses the ferromag-
netism, and application of magnetic field above 4.1 GPa shows
a tricritical point evolving into a wing structure phase with
a quantum critical point [26]. It has also been shown that
the FM ordering in CeTiGe3 can be linearly suppressed upon
substituting Ti by V [24] and Ni [27] down to a putative FM
QCP. In this study, we have induced a negative pressure by
doping the Ce lattice with slightly larger La atoms to suppress
the ferromagnetism of CeTiGe3 and to elucidate the compet-
ing energy scales relevant to this compound. The effect of
substitutions is investigated by means of electrical resistivity,
magnetic susceptibility, and specific heat measurements.

II. EXPERIMENTS

Single crystalline samples with nominal composition,
CexLa1−xTiGe3, were prepared by high temperature ternary
melt [25]. In this report a nominal Ce-concentration x, deter-
mined by initial weight of Ce, is used. Analysis of the powder
x-ray diffraction patterns shows that all samples crystallize in
the hexagonal BaNiO3-type structure (P 63/mmc) without any
trace of secondary phases. It should be noted that specific heat
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FIG. 1. Variation of unit cell volume in CexLa1−xTiGe3. Open
symbols and star are taken from Refs. [13,24]. Top inset shows lattice
parameters a (solid circles, left axis) and c (open triangles, right
axis). Bottom inset shows a photograph image of LaTiGe3.

and magnetic susceptibility measurements in earlier studies
[13,24,25] indicate an anomaly around 7 K that is probably
due to the presence of a ferromagnetic CeGe2−x impurity
phase. The Curie temperature (Tc = 14.2 K) of CeTiGe3

is also confirmed by magnetic susceptibility measurements,
which are in good agreement with that in previous reports
[13,24,25]. For the determination of lattice parameters, the
powdered samples were mixed with Si-reference powders to
correct the instrumental zero shift. Figure 1 displays lattice
parameters and unit cell volume as a function of Ce concen-
tration (x). The obtained unit cell volumes for stoichiometric
CeTiGe3 and LaTiGe3 are in good agreement with reported
values [13,24]. As shown in Fig. 1, the unit cell volume
decreases linearly as Ce concentration increases, following
the Lanthanide contraction. A volume reduction about ∼1.6%
arises from differences in the ionic radii of Ce3+ and La3+.
It is expected that the variation of the unit cell volume and
the dilution of magnetic ions in these systems will alter the
competing energy scales of Kondo, RKKY, and CEF splittings
as seen in other Ce- and Yb-based Kondo lattice systems.

The dc magnetization as a function of temperature from 1.8
to 300 K, and magnetic fields, up to 70 kOe, was measured
in a Quantum Design (QD) Magnetic Property Measurement
System (MPMS). Four-probe ac resistivity measurements
were performed from 300 K down to 0.4 K in a QD Physical
Property Measurement System (PPMS) with 3He option. The
surfaces of the crystals were polished to remove the excess
flux. Specific heat was measured by the relaxation technique
down to T = 0.36 K in a QD PPMS.

III. RESULTS

A. LaTiGe3

The temperature dependence of specific heat, Cp, of
LaTiGe3 is plotted in Fig. 2(a). The Cp curves are typical of
metallic compounds and do not show any signature of a phase
transition. A magnetic field of 90 kOe has essentially no effect
on Cp(T ) as shown in Fig. 2(a). The specific heat increases
rapidly between 25 and 100 K and on further warming appears

FIG. 2. Physical properties of LaTiGe3: (a) Specific heat in H =
0 (symbols) and 90 kOe (solid line) for H ‖ c. Inset displays Cp/T

vs T 2 plot at low temperatures. Solid line represents a linear fit.
(b) Magnetic susceptibility at H = 70 kOe for H ‖ c. Inset shows
the magnetization as a function of field at T = 1.8 K for H ‖ c.
(c) Zero-field electrical resistivity. Inset shows the expanded view at
low temperatures. (d) Transverse magnetoresistance at T = 1.8 K.
Inset shows the oscillatory component of the resistivity, subtracted
background contributions using a polynomial fit.

to be saturating toward the classical limit of the Dulong-Petit
law. The electronic specific heat coefficient γ and the Debye
temperature �D of LaTiGe3 can be obtained by fitting the
Cp data to the relation Cp = γ T + βT 3 at low temperatures
(inset). In zero field, �D is estimated to be ∼200 K and γ is
found to be ∼4 mJ/mol K2.

The magnetic susceptibility, χ (T ) = M/H , of LaTiGe3

depends on temperature as shown in Fig. 2(b). χ (T ) along
H ‖ c shows a broad maximum at around 125 K and changes
its sign from positive (paramagnetic) to negative (diamag-
netic) around 375 K. There is an upward tail in χ (T ) below
30 K, which is due to the de Haas van Alphen (dHvA) effect.
At low temperatures an oscillatory behavior in magnetization
isotherm at T = 1.8 K occurs, as shown in the inset. The
oscillations are clearly detected for H > 8 kOe and for tem-
peratures as high as 50 K. This observation implies the sample
used in the current study is of very high quality.

Figure 2(c) shows the temperature dependence of electrical
resistivity ρ(T ) curve for LaTiGe3, where the current was
applied parallel to the ab plane of hexagonal structure: I ‖ ab.
ρ(T ) is measured from 1.8 K to 300 K and found to be
metallic; for 50 K < T < 300 K, ρ(T ) decreases in a roughly
linear fashion with decreasing temperature, below 15 K ρ(T )
starts to saturate with a very small residual resistivity, and
below 7 K ρ(T ) is proportional to T 2. The residual resistivity
ratio (RRR) determined by ρ(300 K)/ρ(2 K) is ∼57. A power
law analysis of the resistivity, ρ(T ) = ρ0 + AT 2, finds a
residual resistivity ρ0 = 0.45 μ� cm and the coefficient A �
4.8 × 10−5 μ� cm/K2. The small value of A is consistent
with the small effective mass estimated from specific heat
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FIG. 3. (a) Temperature dependence of magnetic susceptibility
(M/H ) curves for CexLa1−xTiGe3 system, measured at H = 1 kOe
for H ‖ c. The curves correspond to x = 1, 0.8, 0.6, 0.5,0.4, 0.3, 0.2,
0.15, 0.1, 0.05 from top to bottom. (b) M/H for H ‖ ab. Arrows
indicate the local maximum in χ (T ). For clarity the susceptibil-
ity curves for x = 0.4 and x = 1 are plotted only above the Tc.
(c) Inverse magnetic susceptibility (H/M) for H ‖ c below 10 K.
The solid line is a guide to the eye. (d) H/M for H ‖ ab at H = 1
kOe. Solid lines represent a Curie-Weiss fit to the data. The curves
are shifted vertically for clarity.

γ ∼ 4 mJ/mol K2, where the Kadowaki-Wood ratio is
A/γ 2 � 0.3 × 10−5 μ� cm (mol K/mJ)2.

Figure 2(d) shows the magnetic field dependence of the
resistivity for H ‖ c at T = 1.8 K. The transverse magne-
toresistance is not proportional to H 2 over the field range
measured. There is the Shubnikov-de Haas (SdH) effect su-
perimposed on the magnetoresistance. The amplitude of the
oscillations increases with increasing magnetic field as shown
in the inset. Detailed analysis of the quantum oscillations
shown in both the magnetization and magnetoreresistance will
be published elsewhere. The low ρ0, large RRR, and quantum
oscillations indicate a very high quality of the sample.

B. Magnetic property of CexLa1−xTiGe3

The temperature dependences of the magnetic susceptibil-
ity, χ (T ) = M/H , and the inverse magnetic susceptibility,
1/χ (T ), for both H ‖ ab and H ‖ c are shown in Fig. 3.
The 4f -electron component of the magnetic susceptibility is
normalized to a mole of Ce. At high temperatures, the χ (T )
curves for both H ‖ c and H ‖ ab follow the Curie-Weiss
law, χ (T ) = C/(T − θp ), where C is the Curie constant
and θp is the paramagnetic Curie temperature. The fitting
was performed in the temperature region between 150 K
and 300 K. The effective magnetic moment, μeff , and θp,
deduced from the Curie-Weiss law, as a function of x are
summarized in Figs. 4(a) and 4(b), respectively. Note that
μeff and θp are also estimated from the polycrystalline av-
erage; χ (T ) = 2/3 χab(T ) + 1/3 χc(T ). The obtained values

FIG. 4. (a) Effective magnetic moment μeff as a function of x in
CexLa1−xTiGe3. (b) Paramagnetic Curie temperature. (c) Curie tem-
perature Tc determined from dχT/dT for H ‖ c. (d) T χ

max obtained
from the maximum in χ (T ) curve for H ‖ ab.

of μeff and θp gradually vary with x. For x = 1(CeTiGe3),
μeff = 2.68 μB/Ce for the polycrystalline average, which is
somewhat higher than that of earlier studies [24,25]. The
μeff for the entire x range is close to the theoretical value
(2.54 μB) of free Ce3+ ions. The obtained μeff values indi-
cate that the 4f electrons in CexLa1−xTiGe3 single crystals
are well localized at high temperatures and also suggest that
the electronic structures do not have a pronounced change
over the entire range of x. Since the obtained μeff indicates
the x dependence, it is necessary to determine actual Ce
concentration in the CexLa1−xTiGe3 system by wavelength
dispersive x-ray spectroscopy (WDS).

There is a large difference in the magnitude of θp between
H ‖ ab and H ‖ c as shown in Fig. 4(b). For CeTiGe3,
θp ∼ 14 K along the c axis, −93 K in the ab plane, and
−37.5 K for the polycrystalline average are comparable to
the earlier polycrystalline and single crystal studies [13,25].
The θp for H ‖ ab is negative for the entire x range and
continuously decreases as x decreases, whereas the θp for H ‖
c is positive for x = 1 (∼14 K) and continuously decreases to
a small negative value for x = 0.05 (∼ − 2 K), with a sign
reversal around x ∼ 0.1. Although CexLa1−xTiGe3 samples
for x � 0.3 order ferromagnetically (see below), the θp values
obtained from the polycrystalline average are negative and
large in absolute value and weakly depend on x. This is
typical for Kondo lattices (even ferromagnetic ones) since
θp is determined by on-site Kondo screening rather than by
intersite exchange interactions. The significant anisotropic be-
havior of θp between H ‖ c and H ‖ ab and its large negative
polycrystalline average are probably due to the combined
effects of the crystalline electric field (CEF) effect and the
hybridization of the 4f electrons with the conduction carriers.

The χc(T ) for x = 1 shows a sharp upturn at low tem-
peratures, as shown in Fig. 3(a), marking the long-range
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ferromagnetic order, which is consistent with earlier reports
[13,24,25]. The magnetic phase transition from paramagnetic
(PM) to ferromagnetic (FM) is clearly observed above 1.8 K
for samples with x � 0.3. Note that χc(T ) for x = 0.2 starts
to sharply rise below 2.5 K but does not saturate, probably
due to magnetic ordering below 2 K. The phase transition
temperature Tc determined by dχT/dT for H ‖ c is plotted
in Fig. 4(c), where substituting Ce site by La ion leads to a
linear reduction of Tc.

Figure 3(c) shows 1/χc(T ) below 10 K for various values
of x. Whereas 1/χc(T ) curves for x = 0.05 and 0.1 clearly
show a linear temperature dependence (χc(T ) ∝ 1/T ) below
10 K, 1/χc(T ) curves for x � 0.3 show evidence of saturating
below Tc. For x = 0.05, a linear extrapolation of 1/χc(T )
toward T = 0 yields 1/χc(T → 0) ≈ 0. By considering the
linear region in the paramagnetic state 1/χc(T → 0) increases
from a negative value with decreasing x and goes to zero at a
concentration x = 0.05. This result suggests a possibility that
the susceptibility of the dilute system exhibits a power law
divergence as T → 0. It has to be confirmed by the magnetic
susceptibility measurement below 1.8 K whether this feature
continues down to much lower temperatures. Note that a dilute
Kondo system follows 1/χ (T ) ∝ T + TK for T � TK [28].
Since the magnetic susceptibility for x = 0.05 and 0.1 follows
χc(T ) ∝ 1/T below 10 K, it is expected that the Kondo
temperature of low Ce concentrations is less than 1.8 K.

The χab(T ) curves for the entire x range show a broad
local maximum at high temperatures as shown in Fig. 3(b),
where the curves for x = 0.4 and x = 1 are plotted only
above Tc for clarity. The determined maximum temperature,
T

χ
max, is plotted in Fig. 4(d). The T

χ
max ∼ 38 K for x = 1

decreases almost linearly as x decreases, reaching T
χ

max ∼
23 K for x = 0.05. This result suggests that the CEF effect
may vary linearly with x. It should be noted that the first
and second excited state doublets for CeTiGe3 (x = 1) are
located at ∼50 K and ∼220 K, respectively, according to the
previous inelastic neutron scattering and specific heat analysis
[24,25]. Additionally it has to be noted that such a well
defined maximum in χ (T ) is a typical feature of Kondo lattice
systems with a large ground state degeneracy as discussed in
Ref. [29]. However, the maximum in χab(T ) curves cannot
be solely fitted by the Kondo contribution and the resulting
ground state degeneracy is not consistent with the specific heat
analysis (see below).

Figure 5(a) shows the isothermal magnetization curves,
M (H ), for CexLa1−xTiGe3 single crystals, measured at T =
1.8 K up to H = 70 kOe along the c axis. For x = 1, the
magnetization curve shows a saturation tendency above the
critical field Hc ∼ 1.3 kOe, denoted by the arrow in Fig. 5(b),
and the magnetization value at H = 70 kOe is in good
agreement with the earlier neutron data for polycrystalline
sample [24] and magnetization measurement for the single
crystal [25]. The M (H ) curves tend to be saturated rapidly
at low fields for x � 0.3 samples, whereas M (H ) curves for
x < 0.3 show the Brillouin functionlike behavior. Hysteresis
is clearly observed below Hc for x � 0.3 samples as shown
in Fig. 5(b), corroborating the ferromagnetic nature of the
magnetic transition.

A relatively large anisotropy in the magnetization is
observed, with the response Mc(H ) for H ‖ c being

FIG. 5. (a) Magnetic field dependences of magnetization M (H )
curves for H ‖ c at T = 1.8 K. (b) Extended plot in the low field
region of M (H ) curves for H ‖ c. Solid symbols and open symbols
are up- and down-sweep of magnetic fields, respectively. Arrows
indicate the critical fields. (c) M (H ) curves of Ce0.05La0.95TiGe3 at
T = 1.8 K for both H ‖ ab and H ‖ c. (d) Magnetization values
for H ‖ c at T = 1.8 K as a function of x. Solid circle and trian-
gular symbols are taken at H = 70 kOe and at the critical fields,
respectively.

substantially larger than Mab(H ) for H ‖ ab at low tempera-
tures. The large value of the magnetization for H ‖ c direction
establishes the c axis as the easy magnetization direction. It
should be noted that for H ‖ ab we were not able to reliably
measure the magnetization below Tc due to the strong torque.
Thus, Mab(H ) curves for x > 0.1 are not shown here. For
x = 0.05, as a representative example, M (H ) curves for both
H ‖ c and H ‖ ab are plotted in Fig. 5(c). The Mc(H ) curve
clearly shows dHvA oscillations for H > 50 kOe, indicating
relatively high quality of sample.

Figure 5(d) displays the magnetization values at T = 1.8 K
and H = 70 kOe along the c axis. It is clear that the M (H )
value for various x depends weakly on x, where the magneti-
zation reflects both ferromagnetic and paramagnetic contribu-
tions. The effective moment of Ce, obtained from Curie-Weiss
fit for T � Tc, is almost independent of x [Fig. 4(a)] and
corresponds to J = 5/2. The value of magnetization at 70
kOe is somewhat smaller than the theoretical value gJ =
2.14 μB for the J = 5/2 free ion value of Ce3+. For x � 0.3,
the magnetization value at the critical field is also plotted in
Fig. 5(d) as a function of x. As can be seen from the plot,
the magnetization value increases as x increases. Note that
because the measurement temperature of 1.8 K for low x

region is quite close to the Tc, the thermal effects cannot be
safely neglected.

C. Specific heat of CexLa1−xTiGe3

The temperature dependence of specific heat, Cp(T ), per
formula unit of CexLa1−xTiGe3 is shown in Fig. 6. At 300 K,
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FIG. 6. Specific heat curves for CexLa1−xTiGe3. Inset shows the
expanded plot below 20 K in log-log scale.

all Cp(T ) curves reach ∼125 J/mole K, which is close to the
Dulong-Petit limit. Above 100 K, the temperature variation of
the specific heat for 0.05 � x � 1 are similar to the nonmag-
netic analogue LaTiGe3. For x = 1, the specific heat curve is
consistent with earlier reports [13,24,25] however indicates no
impurity contribution in our measurement. Note that a minor
anomaly near 7 ∼ 8 K in specific heat has been observed for
the polycrystalline CeTiGe3 [13] and CeTi0.75V0.25Ge3 [24]
samples due to the CeGe2−x ferromagnetic impurity phase
[30–32]. In addition, the anomaly in magnetic susceptibility
along the a axis has also been detected for the single crystal
sample [25]. In this study, however, the contribution of the
minor impurity phase of CeGe2−x has not been detected for
any CexLa1−xTiGe3 samples. At low temperatures, a clear
λ-like peak for x � 0.3 and somewhat broadened λ-shape
anomaly for 0.15 � x < 0.3 in Cp(T ) curves reflect the FM
transition as shown in the inset of Fig. 6. The peak position
corresponding to each x is plotted in Fig. 7(d), where a linear
reduction of Tc with decreasing x can be clearly seen.

To obtain the magnetic part of the specific heat, Cm, for
x � 0.05 the electronic and phonon contributions to the spe-
cific heat are estimated from the measurement of the specific
heat of LaTiGe3 and subtracted from the data. Figure 7(a)
shows the magnetic part of the specific heat curves, Cm =
Cp(CexLa1−xTiGe3) −Cp(LaTiGe3), normalized to a mole
of Ce. The Cm for x = 1 indicates a broad local maximum
(electronic Schottky-like maximum) around T Cm

max ∼ 20 K just
above Tc. In the previous study, the analysis of Cm for
CeTiGe3 has suggested that the broad feature is mainly due
to the relatively low lying first excited CEF doublet located
at ∼50 K [25]. With La substitution, the broad maximum
is clearly discernible and moves towards lower temperatures
accompanied by a reduction in maximum value. The position
of the broad maximum T Cm

max is plotted in Fig. 7(d). For x =
0.05 and 0.1, a clear maximum occurs at about 13 K and a
broad feature develops at lower temperatures, which can be
associated with the CEF effect and Kondo screening.

Figure 7(b) presents the temperature dependence of Cm/T

curves (normalized to a mole of Ce) for various values of x,
which also clarify the ordered state and underlying electronic
behavior. It can be clearly seen that the Tc moves to lower

FIG. 7. (a) Magnetic part of specific heat Cm curves for
CexLa1−xTiGe3, where x = 1, 0.8, 0.6, 0.5, 0.4, 0.3, 0.2, 0.15, 0.1,
and 0.05 from top to bottom. (b) Cm/T curves. Vertical arrows indi-
cate the peak position in Cm. (c) Magnetic entropy Sm curves. (d) The
broad local maximum T Cm

max and the phase transition temperature Tc

as a function of x.

temperatures with decreasing x. The arrows in the figure indi-
cate the peak position developed in Cm. For x � 0.2, the fea-
ture corresponding to the FM transition broadens and is super-
imposed on an increasing additional electronic contribution.
The broadening of the phase transition is probably related to
the variation on the atomic scale of the Ce and La concentra-
tion. A dramatic increase of the low temperature Cm/T curve
is observed for x � 0.3, where Cm/T ≈ 0.8 J/mol K2 at T =
0.4 K for x = 0.3 and Cm/T ≈ 4.3 J/mol K2 for x = 0.1.
This enormous change of the Cm/T values at lowest temper-
atures corroborates with a rough estimation of the growth of
the Kondo contribution with decreasing x in CexLa1−xTiGe3

(TK ∝ 1/γ [33]). As Tc approaches zero near xc ∼ 0.1, the
Cm/T curve does not show a conventional saturation behavior
toward T → 0; instead, it shows a divergent behavior down to
the lowest measured temperature. Interestingly, the Cm/T for
x = 0.05 indicates a power law divergence (Cm/T ∝ 1/T ),
which is stronger than the logarithmic divergence.

The magnetic entropy Sm curves for all samples are plot-
ted in Fig. 7(c). Since the Cm/T curves for x = 0.05 and
0.1 continuously increase as the temperature decreases, the
extrapolation of the specific heat to T = 0 cannot be made
without any ambiguities. Thus, the entropy is estimated by
integrating the Cm/T curve from the base temperature of the
present experiment. This will clearly underestimate the total
magnetic entropy, especially at low temperatures. It can be
seen that Sm for x = 1 reaches a larger value than R ln(2) at
Tc, indicating that the CEF splitting is small so that the entropy
associated with the higher CEF levels contributes [25]. Above
Tc, the entropy continues to rise due to the contribution of the
excited state CEF levels. By considering Sm, it can be inferred
that the FM order is associated with the doublet ground state
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FIG. 8. Electrical resistivity ρ(T ) curves, normalized to 300 K,
for CexLa1−xTiGe3.

as expected from the CEF effect on the Kramers Ce ion in
hexagonal symmetry. In the x region where the phase transi-
tion remains sharp (0.3 < x � 1), Sm at Tc is continuously
decreasing with decreasing x, suggesting that the strength
of the hybridization changes over this range. For samples
with smaller concentrations that still show ferromagnetism but
have broadened phase transitions (0.1 < x < 0.3), the entropy
recovered at Tc reduces further with decreasing x, which
indicates strengthening hybridization. Above Tc, all entropy
curves for x > 0.15 merge into a single curve, whereas the
entropy curves for x = 0.05 and x = 0.1 are smaller than
other concentrations. It is expected that, when the miss-
ing entropy below the measured based temperature (below
0.36 K) is considered, the entropy curves for x = 0.05 and
0.1 will merge into the single curve like other concentrations.

D. Electrical resistivity of CexLa1−xTiGe3

Figure 8 shows the temperature dependence of electrical
resistivity, ρ(T ), for CexLa1−xTiGe3 for currents in the ab

plane, where the curves are normalized to 300 K: ρ(T )/ρ
(300 K). For x = 0 (LaTiGe3), the resistivity curve exhibits
ordinary metallic behavior with a small residual resistivity of
∼0.45 μ� cm. For x = 1 (CeTiGe3), typical Kondo lattice
behavior is confirmed by a minimum, followed by logarithmic
increase and a well pronounced maximum at around 30 K,
which is consistent with the earlier single crystal study [25].
Below 14.5 K the resistivity drastically decreases, saturating
at the residual resistivity of ρ0 ∼ 6 μ� cm. Such a pro-
nounced decrease is typical for the formation of a magnetic
ordering, losing the spin disorder scattering. For 0 < x � 1,
as the temperature is decreased from 300 K, ρ(T ) curves
decrease monotonically and reach a minimum, followed by
a logarithmic increase. At low temperatures, the ρ(T ) curves
for x � 0.15 clearly indicate an abrupt resistivity drop below
Tc, as indicated by arrows in Fig. 9(a), reducing the electron
scattering due to the removal of spin disorder scattering.
The Tc is determined from the peak position in dρ(T )/dT

analysis and plotted in Fig. 9(d). As can be seen from the
figure, Tc decreases linearly as x decreases. For small x the
phase transition broadens, probably due to the disorder, and

FIG. 9. (a) ρ(T ) curves for CexLa1−xTiGe3 below 16 K. Arrows
indicate the peak position in dρ(T )/dT . (b) Resistivity value at
300 K as a function of x. Error bars represent the geometry (di-
mensional) error. Dashed line is a guide to the eye. (c) Resistivity
value at 0.4 K for x � 0.4 and at 1.8 K for x > 0.5 (left axis) and
residual resistivity ratio RRR (right axis) as a function of x. (d) Local
maximum T ρ

max and Tc as a function of x. See details in text.

continues to be suppressed until it is no longer visible near
x = 0.1.

For CexLa1−xTiGe3 systems, the absolute value of the
resistivity at 300 K continuously increases as x increases,
as shown in Fig. 9(b), implying that the magnetic Kondo
scattering increases with increasing Ce concentration. In other
words, the resistivity at 300 K increases as volume decreases,
which is consistent with earlier pressure dependence of resis-
tivity measurements [26]. At 300 K the electrical resistivity
of CeTiGe3 under external pressure increases linearly with
a rate of 7.4 μ� cm/GPa up to 5.76 GPa [26]. For x = 1,
the residual resistivity ratio, RRR = ρ(300 K)/ρ(1.8 K) is
∼20, which is comparable to the earlier single crystal studies
[25,26]. The obtained RRR for entire x ranges, determined
by ρ(300 K)/ρ(1.8 K) for x � 0.5 and ρ(300 K)/ρ(0.4 K)
for x � 0.4, is plotted in Fig. 9(c). The resistivity value at
the base temperature measured is also plotted in Fig. 9(c),
where it can be approximated to be the residual resistivity.
The RRR decreases with decreasing x for 0.3 � x � 1 and
becomes small in the dilute limit (0.05 � x � 0.2). The La-
substituted samples do not simply follow a Nordheim’s like
contribution, ρ(T = 0) ∝ x(1 − x), to the residual resistivity,
where a maximum residual resistivity is shown around x =
0.2. Since both RRR and residual resistivity deviate from
the Nordheim’s rule, it has to be considered the combina-
tion of disorder effect and scattering with Ce moment to
explain the evolution of resistivity curves for CexLa1−xTiGe3

system.
To elucidate the magnetic Kondo scattering, the magnetic

contribution to the resistivity ρm for x > 0 is estimated by
the difference between the resistivities of CexLa1−xTiGe3

and LaTiGe3: ρm = ρ (CexLa1−xTiGe3) − ρ (LaTiGe3). The
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FIG. 10. The magnetic contribution to the resistivity ρm for x >

0, where x = 0 curve is plotted together for comparison. Down
arrows indicate a local maximum developed at high temperatures
and up arrows indicate the position of a local maximum in the low
temperature side.

resulting ρm per at % Ce is plotted in Fig. 10, providing
compelling evidence for scaling behavior with the Ce concen-
tration. We note that ρm for x = 0.05 does not collapse onto
the single curve at high temperatures. This deviation from
the scaling behavior is probably due to the sample geometry
error. The − log(T ) dependence of the ρm curves for all x

strongly suggests that the resistivity of CexLa1−xTiGe3 sys-
tem is governed by the Kondo effect and the high temperature
Kondo contribution is essentially independent of Ce concen-
tration. Note that as the temperature is raised above 200 K,
a small increase in ρm [deviating from − log(T ) dependence]
is observed, implying contributions of the excited state CEF
levels. In the Ce-rich region, each ρm clearly reveals a broad
maximum that generally defines the coherence temperature
in a Kondo lattice system, where the coherence temperature
systematically decreases with decreasing Ce concentration.
In the La-rich region, ρm for x = 0.1 shows the single ion
behavior with a saturation of resistivity at low temperatures.
For x = 0.05, ρm indicates a tendency of saturation with
decreasing temperature blow 1 K. The Kondo lattice and
single ion regimes are separated roughly around x = 0.1. It
would be interesting to compare the critical concentration,
changing the behavior from single-ion to Kondo lattice, to
the percolation limit of the hexagonal lattice system. The
ρm values at the measured base temperature continuously
increase with decreasing x.

At high temperatures the resistivity curves of all Ce-
containing samples reveal a broad local maximum T ρ

max
(Figs. 8 and 10), where T ρ

max linearly decreases from ∼32 K
(x = 1) to ∼8 K (x = 0.05) with decreasing Ce concentration
as shown in Fig. 9(d). At low temperatures the resistivity
curves for x < 0.4 develop additional features below the T ρ

max.
As clearly seen from Fig. 10, with decreasing temperature,
the resistivity curves increase quasilogarithmically in narrow
temperature regimes and either form an additional maximum
just above Tc as seen for x = 0.3, 0.2, and 0.15 (vertical
arrows in Fig. 9) or saturate at low temperatures as seen for

x = 0.1. Note that the resistivity measurement below 0.4 K
for x = 0.1 and 0.05 is necessary to confirm whether the resis-
tivity saturates (single ion behavior) or actually forms a local
maximum (coherence effect in Kondo lattice). The observed
maxima shown in both high temperature (0 < x � 1) and low
temperature (0.15 � x � 0.3) are plotted in Fig. 9(d), where
both maxima are labeled as T ρ

max. Note that for low x regimes,
we extract the maxima assuming the curves consist of two
peaks.

In general, the maxima developed in ρ(T ) can be related to
the Kondo effect acting on the CEF multiplets. If the Kondo
temperature TK is defined as the maximum temperature of the
ρ(T ) vs log(T ) curve, in a similar way to a Kondo lattice
system, TK decreases monotonically from 32 K for x = 1 to
about 8 K for x = 0.05. However, the single ion behavior and
two local maxima for the low-x regime cannot be explained
by this definition. Therefore, it is natural to assume that the
low temperature maximum and saturation behavior can be
related to the Kondo effect acting on the ground state doublet,
while the high temperature maximum can be associated with
a first excited state doublet. For x � 0.5, the presence of
a single local maximum is probably due to the comparable
energy scales of TK and the CEF energy level splitting �CEF

between ground and first excited state doublet: TK ∼ �CEF.
Note that the pressure dependence of resistivity measurement
for CeTiGe3 clearly indicates that the T ρ

max ∼ 31 K at ambient
pressure exponentially increases as the pressure increases,
where the T ρ

max reaches ∼82 K at 5.76 GPa [26]. In other
words, the lattice expansion (negative pressure) causes the
decrease of the high temperature maximum T ρ

max in resistivity.

IV. DISCUSSIONS

The x-T phase diagram of CexLa1−xTiGe3, obtained from
the measurements of the magnetic susceptibility Fig. 4(c),
specific heat Fig. 7(d), and electrical resistivity Fig. 9(d), is
presented in Fig. 11(a). Although the Tc determined from
dχT/dT is somewhat higher than that from Cp(T ) and
dρ(T )/dT , the x dependence of the FM ordering tempera-
ture Tc is consistent for all measurements. At first glance,
CexLa1−xTiGe3 features a simple phase diagram, where the
Tc is linearly suppressed with decreasing x and vanishes
around the critical concentration xc ∼ 0.1. For x > 0.2, the
phase transition remains relatively sharp, however for x �
0.2 the phase transition broadens as shown in Fig. 11(b) for
x = 0.15. The dρ(T )/dT clearly indicates a slope change at
Tc ∼ 0.72 K, while the Cm(T ) shows a maximum at ∼0.74 K.
Since no sudden jump in the Cm(T ) curve is observed, the
Tc is determined from the maximum temperature in Cm. For
both x = 0.05 and 0.1, the phase transition should be checked
by measurements below 0.4 K to confirm whether the Tc

is linearly suppressed or has a tail. It should be noted that
the FM transition for x � 0.3 is clearly confirmed from the
magnetization measurements. However, the nature of the (fer-
romagnetic) transition for 0.15 � x < 0.3 must be confirmed
by measuring the magnetization below 1.8 K. In this x range
resistivity and specific heat measurements indicate no thermal
hysteresis below Tc within the resolution of the measurements.

The magnetic ordering in the CexLa1−xTiGe3 system sur-
vives for a small amount of Ce, where only ∼15% Ce
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FIG. 11. (a) x-T phase diagram for CexLa1−xTiGe3. The sym-
bols are obtained from dρ(T )/dT , dχT/dT , and the maximum in
Cp (T ). Dotted line is a guide to the eye. (b) Cm and dρ(T )/dT

for x = 0.15. Arrows indicate the determined phase transition tem-
perature. (c) Onset temperatures reaching R ln(2) and 0.4R ln(2)
magnetic entropy. (d) Cm/T at T = 0.4 K for x < 0.4 and at 1.8 K
for x � 0.4 (left axis) and magnetic entropy Sm/R ln(2) at Tc (right
axis).

substitution into nonmagnetic LaTiGe3 background induces
the magnetic order at ∼0.72 K. Note that substituting Ti with
V and Ni leads to a linear decrease of Tc which disappears
at the critical concentration xc ∼ 0.4 for both CeTi1−xVxGe3

and CeTi1−xNixGe3 systems [24,27]. For the CexLa1−xTiGe3

system the Tc is linearly suppressed as the unit cell volume
increases, whereas for CeTi1−xVxGe3 and CeTi1−xNixGe3

systems the Tc is linearly suppressed as the unit cell volume
decreases [24,27]. It has been shown that Tc of CeTiGe3

increases to higher temperatures under hydrostatic pressure
up to 10 kbar and then continuously decreases up to ∼40 kbar
[26]. It is expected that the increasing 3d-electron density
introduced by substituting V and Ni for Ti leads to an in-
crease of the density of states at the Fermi level and also
the Kondo coupling, thus suppressing the FM order. Since the
ion radius of La3+ is larger than that of Ce3+, an increase in
La concentration corresponds to the increase in the unit cell
volume. This may result in reduced hybridization between 4f

and conduction electrons.
At high temperatures, the thermodynamic and transport

properties of CexLa1−xTiGe3 can be understood qualitatively
by considering the multiple energy scales of Kondo (TK ) and
RKKY (Tc) interactions as well as the CEF effect (Tmax). In
Fig. 12, the maximum temperatures observed in χ (T ) along
H ‖ ab, Cm(T ), and ρ(T ) data and the Weiss temperatures
along H ‖ ab (θab

p ) and H ‖ c (θc
p) are plotted as a function

of x, where the T
χ

max and θab
p are rescaled as T

χ
max/2 and

θab
p /6, respectively. The variation of T

χ
max follows the same

trend as T Cm
max with T

χ
max = 2 × T Cm

max for the entire x range.
The variation of the high temperature T ρ

max follows a similar

FIG. 12. Local maximum temperatures developed in the mag-
netic susceptibility, specific heat, and electrical resistivity and the
Weiss temperatures θp along H ‖ ab and H ‖ c. The solid line indi-
cates a phase boundary between PM and FM, presented in Fig. 11(a).

trend as T
χ

max/2 and T
Cp

max but with different slope. It should be
noted that ρ(T ) curves show two local maxima for x = 0.15,
0.2, and 0.3, whereas χ (T ) and Cm(T ) curves show only
a clear local maximum at high temperatures. At high Ce
concentrations, the sharp peaks in Cm(T ) due to magnetic
ordering ride on top of broader peaks due to the Kondo effect,
where the Kondo contribution is difficult to discern from the
magnetic ordering. It is clear from resistivity measurements
that there should be some Kondo screening of the f moments
by the conduction electrons. Since the ρ(T ) curves for small
x clearly indicate a single ion behavior below the high tem-
perature maximum, the CexLa1−xTiGe3 system changes from
the Kondo lattice for x = 1 to a single ion for x = 0.05 as
x decreases. The observed behaviors can be attributed to the
interplay between Kondo and CEF effects.

Based on the earlier specific heat analysis, the J = 5/2
ground state of CeTiGe3 splits into three doublets under the
action of the CEF, locating the first excited state �E1 ∼ 50 K
and second excited state �E2 ∼ 220 K [25], which is consis-
tent with the current specific heat results. In the discussion
below, the higher excited state energy level will be ignored,
considering only the size of the CEF level splitting �CEF

between the ground state doublet and first excited doublet
energy level. In a Kondo lattice system, a single maximum
in Cm(T ) is expected when TK is either close to or higher
than �CEF. When TK is smaller than �CEF more than one
broad local maximum has been frequently observed in the
thermodynamic and transport measurements [28,34–37]. The
low temperature maximum is usually located close to TK , and
the high temperature maximum is attributed to Kondo scatter-
ing off of the thermally populated CEF levels [28,37]. Thus,
the local maxima developed in specific heat and resistivity can
be represented as TK and �CEF as relevant energy scales in
Kondo lattice systems.

For x = 1, the Cm data above Tc cannot be explained solely
by the Kondo contribution, with a reasonable value of TK

under the constraint of entropy balance, unless the electronic
Schottky contribution due to �CEF is taken into account. Thus,
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FIG. 13. Cm curves for x = 0.05 and 0.1. The solid and dash-
dotted line represent the J = 1/2 C-S model with T0 = 0.45 K and
J = 3/2 C-S model with T0 = 0.85 K, respectively [29]. The dotted
line is based on the two level Schottky contribution with �CEF ∼
28 K.

a single broad maximum above Tc in Cm is reflecting the
combined action of Kondo and CEF effects due to the rela-
tively small CEF level splitting (TK ∼ �CEF). Note that it has
been suggested in Ref. [24] that �CEF/TK = 2 for CeTiGe3

based on Ref. [38]. However, the temperature dependence and
magnitude of Cm curve in this study is better described by
the �CEF/TK = 0 or �CEF/TK = 1 case in Ref. [38]. For the
dilute limit of x = 0.05 and 0.1, it is expected that the broad
feature below 2 K and the Schottky-like maximum around
12 K in the Cm curves are associated with Kondo effects
on the ground state doublet and thermally populated CEF
levels, respectively (TK < �CEF). In this x range, based on
the ground state degeneracy inferred from the entropy, the TK

and �CEF can be estimated from the analysis of the Cm data
by considering both the Coqblin-Schrieffer (C-S) model [29]
and electronic Schottky contributions. A fit to the Cm curves
over a wide temperature range is shown in Fig. 13. Although
the absolute values of Cm cannot be reliably reproduced
by the fit, the temperature dependence of Cm curves can
be qualitatively described by the J = 1/2 C-S model with
T0 ∼ 0.45 K for the low temperature broad feature and the
electronic Schottky contribution with �CEF ∼ 28 K for the
high temperature maximum. In Fig. 13, the curve for the
J = 3/2 C-S model is plotted together for comparison [29].
This analysis qualitatively suggests that the high temperature
maximum is being associated with the CEF effect and the low
temperature broad feature with highly enhanced electronic
specific heat coefficient is due to Kondo screening of the f

electrons. This analysis is consistent with the entropy evolu-
tion, where the magnetic entropy continuously rises toward
R ln(4) at 30 K as shown in Fig. 7(c). Thus, in the dilute
limit of x, the Kondo energy scale is clearly smaller than the
energy scale of the �CEF. As x increases, the variation of the
maximum height and maximum temperature observed in Cm

curves (Fig. 7) can be correlated with a crossover from TK <

�CEF for x = 0.05 to TK ≈ �CEF for x = 1. This analysis
is also consistent with the behavior observed in resistivity

measurements, whereas for low x the single ion behavior is
related to the Kondo scattering on the ground state doublet,
for high x the local maximum T ρ

max is obviously due to the
Kondo screening of both the ground state and first excited
state doublet. In addition, this analysis suggests that the TK

decreases more strongly than the �CEF when x decreases.
It should be noted that for the intermediate x regimes, the
separation of energy scales cannot be reliably performed,
where details of the underlying Kondo effect are masked by
the FM ordering and CEF splitting.

In order to better understand the competing energy scales
in the CexLa1−xTiGe3 system, the onset temperature where
the magnetic entropy Sm reaches the R ln(2) limit is plotted
in Fig. 11(c) and the entropy Sm(T = Tc) released at Tc for
x � 0.15 is plotted in Fig. 11(d) as a function of x. Note
that the missing entropy below the measured base temperature
must be considered, especially for low-x regimes. For the
heavy fermion system with a ground state doublet undergo-
ing magnetic order, the R ln(2) entropy is recovered only
at T � TK [28]. As x increases, the rise of the onset tem-
perature reaching R ln(2) signals an elevation of the Kondo
energy. For x = 0.05, where no magnetic order is detected
down to 0.36 K, the Sm increases smoothly with increasing
temperature in a manner consistent with there being strong
Kondo hybridization between the f and conduction electrons.
Therefore, it can be assumed that the low temperature side
broad feature in Cm is related to the Kondo effect. For x = 1,
the Sm at Tc reaches somewhat higher than the full R ln(2). A
possible origin for this is that �CEF is small, which can lead to
an interplay between the Kondo effect and the CEF splitting.
The strong initial increase of Sm for x = 1 results from a
ground state doublet RKKY interaction which is comparable
to the Kondo energy scale. The Sm(T = Tc ) data clearly
reveals a suppression of the entropy released by the magnetic
ordering. This opens the possibility that, while the intersite
correlations between f moments might be reduced by Kondo
screening, the Kondo effect dominates and may induce quan-
tum fluctuations at the critical concentration. To estimate the
evolution of the Kondo temperature the magnetic entropy is
used. It has been observed that the magnetic entropy in many
Kondo lattice systems reaches roughly 0.4–0.5 R ln(2) at TK

[28]. The onset temperature where the Sm reaches 0.4 R ln(2),
as shown in Fig. 11(c), significantly drops as x decreases,
implying that TK decreases with decreasing x. This observed
behavior of TK is consistent with the variation of Cm/T which
scales as γ ∝ 1/TK [28].

Interestingly, θc
p is strongly correlated with the Tc, whereas

θab
p follows a similar trend as T

χ
max with T

χ
max ∼ θab

p /3 for the
entire x range (Fig. 12). Since θc

p follows the phase bound-
ary Tc as x decreases, θc

p promotes the magnetic coupling
between f electrons, indicating the decrease of the RKKY
interaction. The correlation between T

χ
max and θab

p suggests
magnetic coupling between f and conduction electrons in
conjunction with the CEF effect. The analysis of the magnetic
susceptibility results suggests a strong directional dependence
of the exchange interactions. As the RKKY interaction is
mediated by the conduction electrons an anisotropic band
structure may cause a directional dependence.

Figure 11(d) shows the x dependence of the Cm/T value at
T = 1.8 K for x � 0.4 and at T = 0.4 K for 0.05 � x � 0.3.
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FIG. 14. Cm/T of CexLa1−xTiGe3 for x = 0.2, 0.15, 0.1, and
0.05, plotted as a function of 1/T . Solid line is guide to the eye.

The Cm/T sharply increases as x decreases and shows a
maximum at xc, which indicates that the effective mass di-
verges close to the critical concentration xc. Note that due
to the magnetic ordering (x � 0.15) and single ion Kondo
effect the T 2 coefficient of the electrical resistivity can’t be
reliably estimated, and thus the Kadowaki-Wood ratio was
not estimated. The ferromagnetism of CeTiGe3 is linearly
suppressed with decreasing x and vanished around xc. The
Hertz-Millis-Moriya (HMM) spin fluctuation theory [39–41]
predicts for the dependence of Tc on the control parameter
x tuning the ferromagnetism toward the QCP, Tc(x) = (x −
xc )μ, where the critical exponent μ = 3/4 and μ = 1 for a FM
QCP in three dimensions (3D) and two dimensions (2D) [3],
respectively. The x-T phase diagram for CexLa1−xTiGe3 re-
veals that Tc(x) is compatible with μ = 1 and xc = 0.1. Since
the magnetization measurements clearly show the very large
anisotropy between H ‖ ab and H ‖ c, two dimensionality of
magnetic fluctuations might arise from exchange anisotropies.
Although the phase diagram is compatible with 2D FM spin
fluctuations, the power-law dependence of the Cm/T close
to the critical concentration is different from the expected
temperature dependence, Cm/T ∝ T −1/3, for the 2D FM fluc-
tuations [3]. To identify the effect of FM fluctuations in this
system it is necessary to perform microscopic measurements
such as NMR, neutron scattering, and μSR.

The physical properties of many heavy fermion metals
indicate a non-Fermi liquid behavior close to the QCP as
a signature of quantum fluctuations. The specific heat co-
efficient generally follows C/T ∝ − log(T ) or C/T ∝ T −λ

with λ < 1 and the electrical resistivity obeys ρ = ρ0 + AT n

with n < 2 [3,4,42–44]. It has been observed that the sup-
pression of ferromagnetism toward T → 0 leads to vari-
ous ground state phase diagrams such as tricritical wings,
quantum Griffiths phase, and non-Fermi liquid behavior [9].
For the CexLa1−xTiGe3 system, the Cm/T and ρ(T ) curves
close to xc do not follow a non-Fermi liquid behavior. The
electrical resistivity shows a single ion behavior and inter-
estingly the Cm/T curves exhibit an approximately power
law dependence Cm/T ∝ T −λ with λ � 1 as shown in
Fig. 14. The Cm/T curves are steeply rising as decreasing

temperature and flatten off below Tc for x = 0.2 and x = 0.15
and crossover into Cm/T ∝ T −λ with λ = 1 for x = 0.05.
The temperature dependence of Cm/T is not compatible with
the currently proposed theories for FM quantum criticality.
The lack of non-Fermi liquid behavior raises an issue that
the observed low temperature properties are not related to
a classical QCP. When the FM ordering is suppressed by
an external pressure, the second order FM transition often
becomes the first order close to the putative QCP or the FM
QCP is avoided by an emergent modulated magnetic phase
[19,45–49]. The electrical resistivity measurements under
pressure show that the parent compound CeTiGe3 avoids the
FM QCP due to the appearance of the new magnetic phase
around 4.1 GPa. The external magnetic field under pressure
above 4.1 GPa induces a wing-structure phase diagram [26].
So far, however, several non-Fermi liquid systems have been
found in FM Kondo lattice compounds; such behavior oc-
curred when the Tc is suppressed by doping [9]. For example,
the non-Fermi liquid of UxTh1−xCu2Si2 occurs beyond where
the ferromagnetism is suppressed, so that C/T behaves as
− log(T ) and the resistivity indicates a linear temperature
dependence [50]. Therefore, the possibility of changing the
second order FM transition for x = 1 to a first-order or a
modulated AFM phase near xc must be investigated by further
detailed measurements.

The presence of the localized f -electron spins in the
CexLa1−xTiGe3 system is confirmed from the Curie-Weiss
behavior of the χ (T ) curves at high temperatures. In both
dilute and dense Kondo systems, the screening of f moments
by conduction electrons takes place below TK . When the
temperature is decreased below TK , the χ (T ) is transformed
into the temperature-independent Pauli susceptibility with
significantly enhanced value, which is inversely proportional
to TK (χ ∝ 1/TK ) for T 	 TK . Similarly, Cm/T increases
with decreasing temperature and becomes saturated at a Som-
merfeld coefficient γ , which is also inversely proportional to
TK (γ ∝ 1/TK ) for T 	 TK . For CexLa1−xTiGe3 the very
large value of the electronic specific heat coefficient γ is
found for low-x regimes, entering the heavy fermion state by
reducing the Kondo temperature. The highly enhanced Cm/T

value of nearly 4.3 J/mol K2 at 0.4 K is found for x = 0.1 and
a slightly lower value for x = 0.05, reflecting a small value
of TK and an extremely large effective mass of the charge
carriers at low temperatures. When the low temperature broad
feature observed in Cm for x = 0.05 and 0.1 is considered to
be due to the single ion Kondo effect, it is expected that the
Cm/T curve will saturate at temperatures much lower than
0.4 K. While the Sommerfeld coefficient in a single ion Kondo
model always becomes finite in the Fermi liquid for T → 0,
one can imagine that the Kondo temperature is too small to
observe the flattening in the experimental data for x = 0.05.
In this case, the χ (T ) curve is also expected to level off at
low temperatures. The χ (T ) for H ‖ c clearly indicates a
power law dependence (χ ∝ 1/T ) below 10 K as presented in
Fig. 3(c). It may be interesting to conduct further experiments
down to much lower temperatures to investigate whether both
Cm/T and χ (T ) diverge as 1/T or saturate with a finite value.

There are multiple, plausible explanations for the power
law dependence of Cm/T . It can be the consequence of the
Kondo screening resulting from a dilution of the magnetic
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Ce3+ lattice, where the combined effect of the single ion
Kondo and electronic Schottky contribution is accidentally
producing Cm/T ∝ 1/T . It can be a consequence of the
suppression of the exchange interaction between f electrons
due to the Kondo screening, inducing quantum fluctuations
close to the critical concentration, however deviating from the
conventional quantum criticality. Another possibility might be
the result of the disorder induced by La substitutions, avoiding
QCP and forming a quantum Griffiths phase [51,52]. The
formation of the quantum Griffiths phase has been reported
in doped systems such as Ni1−xVx [20,21] and CePd1−xRhx

[53]. Although the magnetization isotherms for x = 0.05 in
CexLa1−xTiGe3 clearly indicates dHvA oscillations above 50
kOe, there is a Ce-site disorder by La substitution, which may
also form a cluster glass phase or percolation limit. In this
case the observed power law dependence of Cm/T and χ (T )
behavior may be described by the quantum Griffiths phase
scenario, which predicts χ ∼ C/T ∼ T −λ with 0 � λ � 1.
In this scenario, however, the inhomogeneous suppression of
magnetic order causes a development of a tail close to the
xc in the phase diagram, masking the actual QCP by the
formation of the disorder induced phases. In contrast, the tail
is absent in CexLa1−xTiGe3 when the Tc is extrapolated from
high-x regime to the xc. In addition, although no hysteresis
is observed in thermodynamic and transport measurements, a
formation of spin-glass state should not be excluded. Further
work must be performed to clarify whether the FM QCP is
present in CexLa1−xTiGe3 and, if not, whether the QCP is
avoided due to the appearance of a new phase induced by
disorder.

V. SUMMARY

In summary, magnetization, specific heat, and electrical
resistivity measurements have been performed on single crys-
talline CexLa1−xTiGe3 systems. The x-T phase diagram has
been constructed, where the ferromagnetic order is linearly
suppressed to T = 0 at the critical concentration xc ∼ 0.1
at which both the specific heat coefficient Cm/T and sus-
ceptibility χ (T ) follow a power law behavior. A transition
from Kondo lattice for x = 1 to single ion behavior for
x = 0.05 is observed from the electrical resistivity measure-
ments. The very large value of Cm/T can be achieved by
partially replacing La by Ce ions. All samples in this study
exhibit strong magnetic anisotropies, which is mostly due
to crystalline electric field effects. The compounds in this
series appear to be Kondo lattice systems with varying energy
scales of Kondo and RKKY interaction and crystalline electric
field. These energy scales can be effectively inferred from
the experimental observations of local maxima developed in
thermodynamic and transport properties. The lack of non-
Fermi liquid behavior excludes a standard quantum critical
point in CexLa1−xTiGe3 and raises the question about the
origin of the anomalous low temperature behavior.
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