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We combine structural and magnetic measurements to compare the different magnetic phase
diagrams between the pressure and substitution studies in CeTiGe3. We report on the structural,
magnetic, and electrical transport properties of single crystals of CeTi1−xVxGe3 (x = 0, 0.1, 0.2, 0.3,
0.4, 0.9 and 1), and of polycrystalline samples (x = 0.5, 0.6, 0.7, 0.8), as well as structural properties
of CeTiGe3 under pressure up to 9 GPa. The ferromagnetic ordering in CeTiGe3 is suppressed with
V doping in CeTi1−xVxGe3, and suggests a possible ferromagnetic quantum critical point near
x = 0.45. We perform a detailed Crystalline Electric Field (CEF) analysis, and the magnetic
susceptibility data in pure CeTiGe3 and CeVGe3 can be well explained by the CEF model. The
proposed CEF energy levels suggest that there is a gradual change of the ground state from |±5/2〉 in
CeTiGe3 to |±1/2〉 in CeVGe3, and a suppression of CEF splitting energies near the quantum critical
region. When hydrostatic pressure is used instead of chemical substitution, the quantum critical
point is avoided by the appearance of magnetic phases above around 4.1 GPa. In the substitution
study, the ferromagnetic and antiferromagnetic regions are well separated, whereas they touch in
the pressure study. We observe a different trend in the temperature dependence of the resistivity
maximum in both studies, suggesting that the CEF splitting energy is suppressed by V substitution
but enhanced by pressure. We also observe different responses in lattice constants between the two
studies, highlighting the fact that substitution effects cannot be reduced to chemical pressure effects
only. Nevertheless, when the magnetic phase diagrams of both hydrostatic pressure and substitution
are compared, we find a common critical lattice constant c = 5.78�A where the ferromagnetic ordering
is suppressed in both studies.

I. INTRODUCTION

Quantum phase transitions have received a lot of atten-
tion because they are related to the origin of many exotic
quantum phenomena in condensed matter physics [1–
3]. A variety of metallic ferromagnets and antiferromag-
nets have been tuned towards a quantum phase transi-
tion where their magnetic transition temperature is sup-
pressed to zero by the application of pressure, chemical
doping or magnetic field. In these cases, unconventional
properties are observed such as non-Fermi liquid behav-
ior, and unconventional superconductivity [4]. While
the origin of unconventional superconductivity remains
a challenge to our theoretical understanding, the quan-
tum phase transition itself is often difficult to predict as
well. This difficulty is the result of subtle relationships
between the electronic, structural, and magnetic prop-
erties, which remain hidden due to limited experimental
information and the lack of sufficient tuning parameters
to control these properties. In addition, materials with
quantum phase transitions often exhibit multiple corre-
lations in competition. A typical example is the compe-
tition between ferromagnetism and antiferromagnetism
which has been recently observed in many families of un-
conventional superconductors [5–23]. Another example
is provided by materials that have a quantum tricriti-
cal point (QTCP) at which two order parameters vanish
continuously [24, 25].

In CeTiGe3, a QTCP has been observed in the tem-

perature - pressure - magnetic field phase diagram near
2.8 T, and 5.4 GPa [24]. In the absence of magnetic field,
CeTiGe3 undergoes a pressure induced first order ferro-
magnetic (FM) to antiferromagnetic (AFM) transition,
with a quantum phase transition at 4.1 GPa.

Substitutions of titanium with various elements such as
V [26], Ni [27], and Cr [28], have been studied in search
of a possible FM quantum critical point (QCP). The par-
ent compound CeVGe3 is known to be antiferromagnetic
below TN = 5.5 K [29, 30] and has the same crystal struc-
ture as CeTiGe3 [31]. As a result, it makes sense that
V substitution would suppress the FM state. This also
gives us a unique opportunity to investigate the nature
of the FM-order suppression by comparing chemical sub-
stitution and hydrostatic pressure.

In previous studies of polycrystalline samples of
CeTi1−xVxGe3, a possible ferromagnetic quantum crit-
ical point at x ≈ 0.35 [26, 32] was found, and ev-
idence for a competition between ferro- and antifer-
romagnetic correlations was found in NMR measure-
ments [33]. To further study the suppression of ferromag-
netism in CeTiGe3, we investigate single crystal samples
of CeTi1−xVxGe3 and study the phase diagram within
the full substitution range, as well as structural proper-
ties of CeTiGe3 under pressure up to 9 GPa. We observe
a suppression of ferromagnetism with increasing V con-
tent, with a suggested QCP at around x = 0.45. With
the help of the single crystals across a large region of sub-
stitution, we are able to perform a detailed CEF analy-
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sis on the magnetic susceptibility data along both axes.
The curvature behaviour in inverse magnetic susceptibil-
ity data of the pure CeTiGe3 and CeVGe3 can be well
explained by the CEF model. The proposed CEF energy
levels suggest that there is a gradual change of the ground
state from |±5/2〉 in CeTiGe3 to |±1/2〉 in CeVGe3, and
a suppression of CEF splitting energies near the quantum
critical region. The CeTi1−xVxGe3 magnetic phase dia-
gram shows a clear separation between the FM and AFM
regions. The shape of the maximum in temperature de-
pendent resistivity in the pressure and substitution stud-
ies suggest that the CEF splitting energy and the Kondo
coherence energy are of similar magnitude. However, the
different temperature trend in resistvity maximum sug-
gests that the CEF splitting energy is suppressed by V
substitution, but enhanced by pressure. By comparing
the changes in lattice constants in both substitution and
pressure works, we observed a different response in lattice
constants between the hydrostatic pressure study and the
substitution study. Nevertheless, we find a common crit-
ical lattice constant c of 5.78�A where the FM ordering
is suppressed in both studies. This provides an exam-
ple of a simple structural parameter playing the role of a
descriptor for the ferromagnetic instability.

II. METHODS

A. V Substitution Study

Single crystals of CeTi1−xVxGe3 with x =
0, 0.1, 0.2, 0.3, 0.4, 0.9, 1, were synthesized via self-flux
solution growth with similar, but modified, temperature
and stoichometry profiles compared to the previous
report [30]. The starting materials [Ce pieces (Ames
Lab), Ti granules (4N), V pieces (etched with nitric
acid), Ge lumps (6N)] were initially arc-melted to
ensure a homogeneous mixture. While a majority of
the initial compositions have a stoichiometric ratio of
Ce4Ti1−xVxGe19, some were modified to avoid unwanted
phases as discussed below. The arc-melted mixture was
placed in a 2 mL Canfield Crucible Set [34], and sealed
in a fused silica ampoule in a partial-pressure of argon.
The sealed ampoule was placed in a furnace where it
was held at 1200 ◦C for 10 hours, cooled to 1050 ◦C in
2.5 hours, held at 1050 ◦C for 1 hour, and slowly cooled
to 860 ◦C over 140 hours. At 860 ◦C, the ampoule was
removed from the furnace and quickly centrifuged to
separate the single crystals from the molten flux.

In the titanium-rich regime, we found an in-
creasing amount of the cubic impurity phase,
(Ce0.85Ti0.15)Ge3O0.5, as vanadium doping increased,
showing that Ti and O can stabilize CeGe3 [35], which
is otherwise only obtained using high-pressure synthesis
technique [36]. To avoid this impurity phase, we adjusted
the stoichiometric ratio to Ce : (Ti+V) : Ge = 15 : 6 : 79,
which successfully removed the cubic impurity phase
up to x = 0.4. Single crystals of CeTi1−xVxGe3

with x = 0, 0.1, 0.2, 0.3, 0.4, 0.9, 1, were obtained.
For the vanadium-rich side, we used the ratio of
Ce : (Ti + V) : Ge = 15 : 4 : 81 to optimize the synthesis
of x = 0.9 samples.

While we were not able to grow single crystals between
x = 0.5 and 0.8 due to unknown liquidus surfaces that
involves 4 different elements, we successfully grow poly-
crystalline samples in this range. Polycrystalline samples
of CeTi1−xVxGe3 with x = 0.5, 0.6, 0.7, 0.8, were grown
following the method in Ref. [26]. The elements with the
ratio of 1 : 1−x : x : 3 were first arc melted several times
and then annealed at 950◦C for 1 week.

The phase identification of the samples was carried out
by powder x-ray diffraction (PXRD) on a Rigaku Mini-
flex 600 diffractometer with Cu Kα (λ = 1.54178�A) ra-
diation at room temperature as shown in Fig. 1. The
powder patterns contributed by the main phases can be
indexed by a hexagonal BaBiO3-type structure. We note
that there are some peaks from other impurities near the
2θ = 40° region in Fig. 1(a). Impurities are often a com-
bination of CeGe2−x, Ti6−xVxGe5, and TiV. With the
exception of CeGe2−x which is magnetic [37], the other
potential impurities do not affect our results on magnetic
phase diagrams. The major peaks of CeTi1−xVxGe3 shift
consistently as shown in Fig. 1(b), indicating that the
substitution is successful and the structure type remains
the same along the substitution.

Scanning Electron Microscope (SEM) images and ele-
mental composition were obtained for all doped samples
on a Thermo Fisher Quattro S equipped with a Schot-
tky field emission gun. Point scans and elemental map-
pings were collected to determine the atomic composition
across several crystals with electron beam of 20 kV, and
three spectra were collected for each crystal. The av-
eraged atomic percentage of the component elements of
selected samples were analyzed, and the percentage of
vanadium doping (V%) was calculated by the ratio of
V/(Ti + V). The results, compared with the nominal
doping level, are shown in Fig. 2. The error bars of the
nominal value are estimated from weighing errors of the
initial composition of the batch. The error bars of the
electron diffraction spectroscopy (EDS) results show the
range of the three scans on different spots of the crystal,
to represent the homogeneity of the sample.

Due to the energy resolution of the instrument and
the overlap of vanadium K series and cerium L series,
the vanadium spectrum peak is buried under the tail of
the cerium peak for Ti-rich samples. Therefore, the de-
viation at lower doping samples is most likely because
of overlapping of peaks, rather than from a true differ-
ence in substitution level. Given that major XRD peaks
have a consistent shift, we will use the nominal values for
the rest of this work, and use the EDS error bars of the
doping level to represent the homogeneity of the sample.

Based on the EDS results, all samples show a good
degree of homogeneity, where the doping levels on differ-
ent spots of the same crystal are within a difference of
±0.004. The only exception is the x = 0.4 sample which
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FIG. 1: X-ray Diffraction pattern of CeTi1−xVxGe3

with a consistent offset of 0.1 normalized intensity. The
red end is Ti-rich side and the blue end is V-rich side.
(a)The overall pattern and (b)the consistent shifts of the
main XRD peak of CeTi1−xVxGe3 indicates that the
structure type remains the same along the substitution.

shows a ±0.03 difference in the doping level across the
crystal.
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FIG. 2: The V content of CeTi1−xVxGe3 single crystals
obtained from EDS, compared with the nominal value
(the dashed line).

Magnetic properties were characterized by a SQUID
magnetometer (Quantum Design MPMS XL) in mag-
netic fields up to 7 T , and in the temperature range
of 2 K to 300 K. Resistivity measurements were carried
out by a Quantum Design Physical Property Measure-
ment System from 1.8 K to 300 K. The AC resistivity
(f = 17 Hz, I = 1 mA) was measured by the standard
four-probe method using Pt wires (0.002 inch diameter)
applied with silver-filled epoxy (EPO-TEK H20E).

B. High pressure single crystal X-ray diffraction

Pressure was generated by the Boehler-Almax plate di-
amond anvil cells (DACs) with 500µm culet size and an
opening angle of about 60◦. To ensure the hydrostatic
environments up to 9.0 GPa, helium was used as the
pressure transmitting medium. All high-pressure single-
crystal X-ray diffraction data of CeTiGe3 were collected
at 13-BM-C, GSECARS of the Advanced Photon Source,
Argonne National Laboratory with the X-ray wavelength
of 0.4341�A. Diffraction data were collected using a PI-
LATUS3 1M (Dectris) detector. The exposure time was
set as 1 s/◦, and each diffraction image covered 1 degree
in the φ-axis. The collected X-ray images were reduced
using the APEX3 package and related lattice parameters
were obtained [38]. The crystal structures of CeTiGe3

can be solved by the direct method using SHELXS-97 [39]
and refined with SHELXL interfaced by Olex2-1.2 [40].
All the Ce, Ti, and Ge atoms were refined anisotropically.
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III. RESULTS AND DISCUSSION

A. Different Responses in Lattice Parameters

Rietveld refinements for all the CeTi1−xVxGe3 sam-
ples were performed using the program GSAS II. The
lattice parameters are shown in Fig. 3(a). The lattice
parameters a and c follow the Vegard’s law, which also
agrees with the previous report [26]. This further sup-
ports that the substitution is successful. The error bars
for the lattice parameters are estimated based on multi-
ple measurements on pure Si, which is about 0.06%.

The lattice parameters of CeTiGe3 under pressure,
shown in Fig. 3(b), were obtained from our high pres-
sure single crystal X-ray diffraction measurements. We
did not observe any pressure-induced phase transition up
to 9.0 GPa at room temperature.
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FIG. 3: (a) Lattice parameters of the CeTi1−xVxGe3 in
both the single crystals and the polycrystalline samples
obey the Vegard’s law. (b) Lattice parameters of the
CeTiGe3 as a function of pressure.

As visible in Fig. 3, the relative rate at which the
lattice constants a and c change is different in substi-

tution versus pressure. In the pressure work, the lat-
tice constants a and c change about 0.26 %/GPa and
0.36 %/GPa, respectively. In the substitution work, the
lattice constants a and c change about 0.0095 %/V% and
0.038 %/V%. Therefore, for the lattice constant a, the
pressure effect is about 0.0364 GPa/V%, but the effect
is about 0.106 GPa/V% on lattice constant c. This re-
sult shows that the substitution of vanadium has much
stronger chemical pressure effect along the c-axis than
along the a-axis. Figure 4 shows the overlapped unit
cells of CeTiGe3 and CeVGe3. We can see that the Ti/V
atoms are primarily shifted along the c-direction. This
observation explains why the chemical substitution has a
stronger pressuring effect along the c-axis. On the other
hand, the Ge atoms get squeezed closer to each other in
the ab plane in response to the chemical pressure.

FIG. 4: Overlapped unit cells of CeTiGe3 and CeVGe3.
The blue atom is Ti, the red atom is V, the yellow and
green atoms are the Ce atom from CeTiGe3 and
CeVGe3 respectively. The Ge atoms from CeVGe3 were
labelled with a prime notation.

B. The Magnetic Phase Diagram and the CEF
evolution with V substitution

The detailed phase diagram of CeTi1−xVxGe3 shown
in Fig. 5 was obtained by combining magnetization and
resistivity data. A striking result from this phase dia-
gram is that the FM and AFM regions are separated:
there is no ordering in the region separating the FM
and AFM ground state, as opposed to the pressure
phase diagram where both regions are connected around
4.1 GPa [24].

Magnetic susceptibility as a function of temperature
along the c-axis with applied field of 0.05 T below 30 K,
and along the ab plane with applied field of 1 T below
50 K, are shown in Fig. 6. Only the field-cooled data are
shown for simplicity. For the Ti-rich region (FM region),
the Curie temperature TC is determined by the peak of
the derivative of the magnetization along the easy axis
(parallel to c-axis). There is a reduction of TC with an
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increase in substitution which suggests a possible QCP at
xc ≈ 0.45, which is higher than the results of polycrystals
for which xc ≈ 0.35 [26].

For the V-rich region (AFM region), the Néel tempera-
ture is determined by the maximum of the magnetization
along the easy plane (perpendicular to c-axis), denoted
as Tmax⊥. A similar reduction of Tmax⊥ with increas-
ing Ti substitution is observed. Due to the lack of single
crystals in x = 0.5 to 0.8 region, however, we are lim-
ited to data from polycrystalline samples and there is no
obvious maximum above 2 K in the x = 0.8 sample as
shown in Fig. 6(b). In the polycrystalline samples, due
to the presence of a small amount of CeGe1.75, the deriva-
tive of the magnetization data shows that there is always
a small contribution from CeGe1.75 near 7 K. Since there
are no other anomalies, we conclude that there is no mag-
netic ordering of CeTi1−xVxGe3 from x = 0.5 to x = 0.8
above 2 K. Of course, lower temperature measurements
on single crystals and a method to avoid the CeGe1.75

impurity would be desirable to better study the suppres-
sion of the antiferromagnetic order. We note that for the
CeTi0.1V0.9Ge3 single crystal sample, the Tmax‖ along
the c-axis (hard axis) is smaller than Tmax⊥ along the
easy plane.
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FIG. 5: The phase diagram of CeTi1−xVxGe3 obtained
by magnetization and resistivity measurements.

Further analysis of the magnetization data is shown in
the Appendix section. In particular, we find that the
Curie-Weiss temperature along the easy axis becomes
negative from x = 0.2, and in the CEF analysis, the
molecular field contribution λ remains negative in most
samples. This negative θCW or the negative molecular
field contribution λ in the ferromagnetic region is very
likely due to the Kondo interaction [31, 41, 42]. We also
observe that the magnetic moment in the polycrystalline
samples (0.5 ≤ x ≤ 0.8 region) remains near the the-
oretical value for Ce3+ despite the absence of ordering
above 2 K. The magnetic susceptibility data in the pure
CeTiGe3 and CeVGe3 can be well explained by the CEF
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FIG. 6: Magnetic susceptibility vs temperature of
CeTi1−xVxGe3 in (a) parallel to the c-axis, and in (b)
perpendicular to the c-axis (ab plane). Samples that are
labelled with the star(*) symbol are polycrystalline.

model. Figure 7 shows the evolution of the CEF energy
levels derived from the magnetic susceptibility data (see
Appendix B). The proposed CEF energy levels suggest
that there is a gradual change of the ground state from
|±5/2〉 in CeTiGe3 to |±1/2〉 in CeVGe3, which is com-
patible with the change of anisotropy from axial to pla-
nar around x ≈ 0.6− 0.8 in M vs H measurement. The
proposed CEF energy levels along the Ti/V substitution
also suggest a suppression of CEF splitting energies near
the quantum critical region. The detailed discussion of
the CEF model, the CEF fittings to the inverse magnetic
susceptibility data, the evolution of the CEF parameters,
and of the energy levels can be found in Appendix B.

As one of the rare examples among Kondo lattice
ferromagnets that actually orders along the CEF easy
axis [43], we indeed observe a large ratio of M7T

‖c /M
7T
⊥c

being 55.4 in the pure CeTiGe3 sample, and the value
drops to 4.4 in the x = 0.4 sample. Although the value is
considered small compared to that of pure CeTiGe3 and
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CeRu2Al2B, we do not observe the crossing of the pla-
nar and axial magnetic susceptibility curves that was ob-
served for the hard-axis ordering in other Kondo-lattice
ferromagnets [43].

C. Resistivity Behavior near QCP

Figure 8 shows the temperature dependence of the elec-
trical resistivity along the ab plane, ρab(T ), for the sin-
gle crystals. We determined the transition temperature
based on the peak in the temperature derivative of the
electrical resistivity. The results are shown in the phase
diagram in Fig. 5. The transition temperature based on
the resistivity measurements agrees with the magnetiza-
tion measurements, except that there is no clear peak
in the derivative in the x = 0.4 sample. This is consis-
tent with the larger inhomogeneity of the x = 0.4 single
crystals.

To further investigate the influence of spin fluctuation,
we analyze the resistivity data in our system using the
expression [27, 44]:

ρ(T ) = ρ0 +AT 2 +BT∆−1(1 + 2T∆−1)e−∆/T (1)

where ρo is the residual resistivity, A is the coefficient for
electron - electron scattering, B is the coefficient cor-
responding to electron - magnon scattering, and ∆ is
the energy gap in the magnon excitation [45]. Fits us-
ing Eq. 1 are shown as dashed lines in in Fig. 8(b) for
samples x = 0, 0.1, 0.2. The low temperature data for
x = 0.3 and 0.4 does not fit well to either Fermi-liquid
behavior, ρ(T ) = ρ0 + AT 2, nor Eq. 1. Therefore, we
try to fit the low temperature ρ(T ) using a power-law:
ρ(T ) = ρ0 + A′Tn, and we observed that the resistivity
exponent decreases, exhibiting a non-Fermi-liquid behav-
ior that is compatible with previous studies in metallic
ferromagnetic systems [46, 47]. The fitting curves are
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FIG. 8: (a) Temperature dependence of the electrical
resistivity along the ab plane, ρab(T ), for all of the
single crystals (x = 0, 0.1, 0.2, 0.3, 0.4, 0.9, 1) in logT
scale. (b) The low temperature ρab(T ) data for samples
in the FM region (x ≤ 0.4). The black dashed lines are
the fitting of Eq. 1 or a power law, ρ(T ) = ρ0 +A′Tn

shown as dashed lines in Fig. 8(b). The fitting parame-
ters are summarized in Table I.

We find that for x ≤ 0.2, the residual resistivity ρ0

and the electron - electron scattering coefficient A consis-
tently increases with increasing vanadium content. The
energy gap ∆ decreases with increasing V content with a
sharp drop at x = 0.2, above which the model no longer
describes the temperature dependence. For x = 0.3 and
0.4, the power law behavior gives a slight decrease in
residual resistivity compared to the x = 0.2 sample, and
continues the increasing trend of the coefficient A. Over-
all, these results are consistent with the departure from
Fermi liquid behavior near the possible quantum critical
point around x ≈ 0.45, even though the reduced homo-
geneity of the x = 0.4 single crystal and the lack of single
crystals at x = 0.5 restrict further analysis of the resis-
tivity.

The last column of the Table I shows the temperature
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TABLE I: Fitting parameters to Eq. 1 or a power law
obtained from the low temperature resistivity data with
the current along ab plane in the FM region of
CeTi1−xVxGe3 with x ≤ 0.4, and the temperature of
the maximum in resistivity Tmax,ρ in the last column

x ρ0 A B ∆ Tmax,ρ

(µΩ cm) (µΩ cm K−2) (µΩ cm K−1) (K) (K)

0 5.6 0.056 0.60 29 31.4
0.1 45 0.20 0.95 27 24.1
0.2 95 0.53 0.24 7.6 20.8

x ρ0 A′ n Tmax,ρ

(µΩ cm) (µΩ cm K−2) (K)

0.3 79 0.94 1.75 27.0
0.4 94 1.4 1.40 56.7

of the maximum in resistivity, which is associated with
the Kondo effect. The temperature decreases for x ≤ 0.2
and then increases for x ≥ 0.3 indicating a complicated
evolution of the interplay between the Kondo effect, and
the CEF effect as a function of the Ti/V substitution.

In the V-rich side, the low-T resistivity above 2 K can-
not be fitted to the expression with the AFM magnon
contribution [48]. We note that the residual resistivity
at 2 K is much higher than even that of the polycrys-
talline samples, and this could be due to the presence
of the CeGe1.75 impurity phase in the V-rich samples.
This observation is consistent with different samples in
different batches, and with the previous study that also
reported the presence of the CeGe1.75 phase and a sim-
ilar residual resistivity of around 300µΩ in their sam-
ple [30]. We also observe the upturn of the resistivity be-
low TN , but the resistivity remains relatively constant as
the temperature decreases, unlike in the previous report
where the resistivity drops [30]. These features might
be the result of the opening of an energy gap from a
spin density wave (SDW) [30]. A similar jump due to
a SDW state has also been observed in URu2Si2 [49],
BaFe2−xCoxAs2 [50], and Mo3Sb7 [51]. In this case, the
height of the resistivity jump may reflect the magnitude
of the energy gap, and thus TSDW and the energy gap are
both suppressed by the substitution by Ti. Given that
compounds with SDW have very interesting properties
under pressure such as superconductivity, it will be in-
teresting to study how pressure affects the properties of
CeVGe3. We did not observe superconductivity or other
anomaly above 1.8 K when the SDW is suppressed by Ti
substitution in polycrystalline samples.

D. Comparison with the pressure phase diagram

The phase diagram of CeTiGe3 under pressure has al-
ready been reported [24]. With the addition of our struc-
tural measurements under pressure, we are now able to
compare the pressure and chemical doping effects. At

first glance, unlike the first order transition from FM to
AFM observed in the pressure work, V substitution re-
sults in a FM QCP with a clean separation of the FM and
AFM regions. The shape of the phase diagrams in both
works are in line with the expectations that the quantum
ferromagnetic transition in clean metals is a first-order
transition with tricritical wings under an external mag-
netic field [24], and that the strong disorder leads to a
continuous second-order QCP [1, 32, 52].

The Curie temperatures of CeTiGe3 under pressure
and of CeTi1−xVxGe3 are plotted together in Fig. 9, as
a function of lattice parameters a, c, lattice volume, and
Ce - Ce distance. The critical temperatures of the pres-
sure study were taken from Ref. [24]. The lattice param-
eters of CeTiGe3 under pressure, shown in Fig. 3(b), as
well as the critical temperatures and lattice parameters
of CeTi1−xVxGe3 were obtained from this work. To con-
struct the phase diagram in the pressure work, we first
identify the transition temperatures at given pressures
from Ref. [24], and convert the pressures to lattice a or c
based on the linear relationship shown in Fig. 3(b). With
simple calculations, we can also plot the phase diagram
as a function of lattice volume and Ce-Ce distance.

By comparing the FM regions in both works, we ob-
serve that under the parameter of lattice constant c, the
suggested QCP in the substitution work is very close to
the point where the FM order disappears in the pressure
work, which is about c = 5.78�A.

Given that CeTiGe3 is a ferromagnetic Kondo-lattice
system, the ferromagnetic order originates from the
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction
which is mainly affected by the Fermi wavevector and
the nuclei distance, i.e. the Ce-Ce distance [53, 54]. The
magnetic ordering temperature often can be described
by the Doniach phase diagram as a result of a compe-
tition between the Kondo effect and the RKKY interac-
tion [55, 56]. At first glance, the faster suppression of
the ferromagnetism in the chemical doping study could
be explained by the stronger Kondo effect from the excess
screening electrons provided by vanadium. However, the
non-monotonic evolution of the temperature of the max-
imum in resistivity Tmax,ρ suggests a complicated evolu-
tion of the interplay between the Kondo effect and CEF
effect, and thus the appearance of the FM QCP is a con-
sequence of this complex competition between the RKKY
interaction, the Kondo effect and the CEF effect. The
single and broad resistivity maximum across the whole
substitution study or under pressure [24] suggests that
the CEF splitting energy ∆CEF and the Kondo coherence
energy scale kBTcoh are of similar magnitude [57]. How-
ever, the increasing trend of Tmax,ρ under pressure sug-
gests that the CEF splitting energy could be increasing
under pressure, whereas V substitution causes it to de-
crease. This difference might explain the different phase
diagrams obtained in the pressure and substitution stud-
ies.

While it is difficult to determine the Fermi wavevec-
tor, one can easily obtain the Ce-Ce distance based on
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the lattice parameters. In Fig. 10, we plot the Ce-Ce
distance as a function of lattice parameter a, c and lat-
tice volume. We observe the anisotropic lattice changes
in the substitution work which is manifested as different
slopes compared to the pressure one in Fig. 10(a) and
(b). We can put this in relation to the results discussed
earlier that the chemical pressure effect is stronger in the
c-direction. By comparing the different responses of the
lattice parameters in both the hydrostatic pressure and
chemical substitution works, we see that the hydrostatic
pressure effect is relatively isotropic while the chemical
pressure effect due to V substitution is anisotropic. But
surprisingly, in Fig. 10(c), the Ce-Ce distance as a func-
tion of lattice volume, which can also be interpreted as
a function of lattice pressure, is similarly changed by
chemical/hydrostatic pressure. This suggests that the
anisotropic lattice change induced by chemical substitu-
tion is not solely responsible for the difference in magnetic

ordering.
At the same time, the changes in lattice constants

will inevitably lead to a change of the density of states.
In particular for the chemical substitution with V, the
anisotropic changes in lattice constants will result in a
different change of the density of states. In addition, V
substitution also provides extra electrons, and therefore
an additional shift in the Fermi level. A substitution se-
ries of CeTi(Ge1−xSix)3 would be ideal since it will also
mimic the pressure effect without directly altering the
band filling. However, to the best of our knowledge, there
are no reports of partial substitution of Ge by Si. The
end compound CeTiSi3 has not been reported either, so
it is likely this substitution is not feasible.

We also already mentioned that the Ge atoms get
squeezed closer in the ab plane in response to the chemi-
cal pressure. This will inevitably change the surrounding
of Ce atoms, and could possibly be responsible for the
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FIG. 10: The Ce - Ce distance of both substitution and
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volume.

change of magnetic anisotropy, and the faster suppres-
sion of the ferromagnetism due to larger screening effects
from the extra electrons. It is quite remarkable that, de-
spite all these effects, the same critical lattice parameter
c is observed in the pressure and substitution studies.

We hope our work will stimulate calculations of the

change in electronic structure under pressure and from
the chemical substitution to shed light on the qualitative
difference in magnetic phase diagrams. In particular, the
q dependence of the RKKY interaction J which depends
on the details of the Fermi surface should depend strongly
on the Ti/V substitution since the Ce f -electrons are
mostly localized.

IV. CONCLUSIONS

In summary, we have successfully synthesized single
crystals of CeTi1−xVxGe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.9
and 1) by the flux method, and polycrystalline samples
from x = 0.5 to x = 0.8. Magnetic properties have been
studied for all the samples, and electrical resistivity mea-
surements were performed on the single crystal samples.
We observed a suppression of ferromagnetism with in-
creasing content of V, with a suggested QCP at around
x = 0.45. No magnetic ordering was observed in the
polycrystalline samples from x = 0.5 to x = 0.8 above
2 K. We perform a detailed CEF analysis on the magne-
tization data in all the single crystals, and the magnetic
susceptibility data in the pure CeTiGe3 and CeVGe3 can
be well explained by the CEF model. The proposed CEF
energy levels suggest that there is a gradual change of
the ground state from |±5/2〉 in CeTiGe3 to |±1/2〉 in
CeVGe3, and a suppression of CEF splitting energies near
the quantum critical region.

Compared to the magnetic phase diagram from the
pressure study of CeTiGe3, the CeTi1−xVxGe3 magnetic
phase diagram shows a clear separation between the FM
and AFM regions.

By comparing the trend and the shape of the maximum
in temperature dependent resistivity, we observe that the
CEF splitting energy and the Kondo coherence energy
are of similar magnitude in both works, but the different
temperature trend in resistvity maximum suggests that
CEF splitting energy is suppressed by V substitution, but
enhanced by pressure. By comparing the changes in lat-
tice constants in both substitution and pressure works,
we observed a different response in lattice constants be-
tween the hydrostatic pressure study and the substitution
study. The anisotropic changes in lattice constants that
leads to stronger squeezing effect on Ge atoms in the ab
plane and possibly to the change of CEF ground state,
plus the extra electrons provided by the V substitution
are most likely the main factors for such differences in
the magnetic phase diagram between the pressure and
the substitution studies.

Nevertheless, by comparing the transition temperature
as a function of lattice constants, we find a common crit-
ical lattice constant c of 5.78�A where the FM ordering is
suppressed in both studies.
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Appendix A: Magnetic properties of CeTi1−xVxGe3

The high temperature susceptibility data for both axes
in single crystal samples and in polycrystalline samples
from 100 K to 300 K were fit to the Curie-Weiss law in
Fig. 11, and the results are shown in Fig. 12.

The effective paramagnetic moments, µeff , of all the
samples across the substitution are near the theoreti-
cal Ce3+ value (2.54µB). The Curie-Weiss temperatures,
θCW, are shown in the Fig. 12(b). In the FM region,
the θCW‖, which is along the easy axis for this region,
decreases as substitution is increased and becomes neg-
ative at x = 0.2, even though the ordering is still ferro-
magnetic. Given that the previous study with elastic
neutron-scattering experiments confirms ferromagnetic
and exclude ferrimagnetic order of CeTiGe3 [26], this
negative θCW is very likely due to the Kondo interac-

tion [31]. Due to the strong anisotropic magnetic behav-
ior of the system, θCW⊥ is much lower than θCW‖ for
x ≤ 0.4. We note that the powder average θp, where
χavg = (2χab + χc)/3, remains negative throughout the
entire FM region (x ≤ 0.4). This is consistent with the
finding of AFM fluctuations across the whole range of
CeTi1−xVxGe3 in an NMR study on polycrystalline sam-
ples [33].

In the AFM region, for our single crystal samples in x
= 0.9 and x = 1, the susceptibility along the c-axis (hard
axis) strangely does not fit to the simple Curie-Weiss
law, whereas the Curie-Weiss behaviour was reported in
Inamda’s work [30]. This is due to the larger CEF effect
in the V-rich samples, and the high-T behaviour can be
explained by the CEF model. The detailed CEF analysis
is discussed in the next section.

Figure 13 is a summary of M vs H data of
CeTi1−xVxGe3 along both axes. It shows that M7T,2K ,
the magnetization of single crystal CeTi1−xVxGe3 mea-
sured at H = 7T, T = 2K, in the FM region, were
linearly decreasing along the c-axis and increasing per-
pendicular to the c-axis. And at some point in the poly-
crystalline region, there will be a change of anisotropy,
where the easy axis changes from the c-axis in the FM re-
gion to the ab plane in the AFM region. This reflects the
change of CEF ground states, which will be discussed
in the next section. It is also interesting that it seems
like the increasing rate of M7T perpendicular to the c-
axis is consistent not only in the FM region but across
the entire substitution. In the AFM region, we observed
the metamagnetic transition in both x = 0.9 and x = 1
sample.

A previous study observed that Ce- and Yb-based
Kondo lattice ferromagnets order mainly along the mag-
netically CEF hard axis, and that this is due to the pres-
ence of the Kondo effect with a Kondo temperature close
to TC [43]. However, CeTiGe3 is one of the very few ex-
ample in which the moments order along the CEF easy
axis because of it’s large CEF anisotropy. The magne-
tization data along both axes at 7 T, and 2 K shown in
Fig. 13(b) reflect the anisotropy of the effective g-factor,
and the ratio of these magnetization values, M7T

‖c /M
7T
⊥c ,

will also reflect the CEF anisotropy. The calculated val-
ues are listed in Table II. We indeed observe a large mag-
netization anisotropy of 55.4 in the pure CeTiGe3 sam-
ple, and the value drops to 4.4 in the x = 0.4 sample.
Although the value is considered small compared to that
of pure CeTiGe3 and CeRu2Al2B [43], we do not observe
the crossing of the planar and axial magnetic susceptibil-
ity curves that was observed for the hard-axis ordering
in other Kondo-lattice ferromagnets [43].

As will be shown later, the ground state of CeTiGe3 is
a pure |±5/2〉 state, and that of CeVGe3 is a pure |±1/2〉
state. The theoretical electron spin resonance (ESR) g-
factors can be calculated based on the CEF ground state
wavefunctions, where gi(ESR) = 2gJ 〈Ji〉 = 2M sat

i /µB.
We find that, for CeTiGe3, the gz and gxy are 4.28 and
0 respectively, and for CeVGe3, the gz and gxy are 0.86
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FIG. 12: (a) The effective paramagnetic moment, µeff ,
and (b) the Curie Weiss temperature, θCW, of
CeTi1−xVxGe3 in single crystals along c-axis (blue
triangle) and ab plane (red circle), their powder average
(green circle), and the polycrystalline samples (pink
star). The absence of Curie Weiss fitting results for the
AFM region samples along the c-axis is due to the bad
Curie Weiss fitting.

and 2.57 respectively. The fact that the |±5/2〉 ground
state has expected gxy = 0 is consistent with the large
anisotropy in magnetization in CeTiGe3. To compare
with the experimental data, instead of using the satu-
ration moment, we use magnetization value at 7 T, and
2 K to estimate the effective g-factors, and the values
are listed in Table II. It matches well with the expected
g-factors of pure CeTiGe3, but not with that of pure
CeVGe3 since the magnetization is far from saturation.

Appendix B: Crystalline Electric Field Analysis of
CeTi1−xVxGe3 magnetic susceptibility

It is known that CeTiGe3 and CeVGe3 have strong
magnetic anisotropic behaviour due to the strong crys-
talline electric field effect (CEF) and it is crucial to do
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FIG. 13: (a) Magnetization versus magnetic field of all
the single crystals CeTi1−xVxGe3 parallel and
perpendicular to the c-axis. (b) Magnetization of single
crystals CeTi1−xVxGe3 at 7 T and 2 K parallel and
perpendicular to the c-axis. We can see a change of
anisotropy from easy axis to easy plane as a function of
substitution.

TABLE II: 2M7T
i /µB , and the ratio of magnetization

along the c-axis verses the ab plane at H = 7 T, T = 2 K
of CeTi1−xVxGe3.

x 0 0.1 0.2 0.3 0.4 0.9 1.0

2M7T
‖c /µB 3.91 3.45 2.89 2.45 1.83 0.27 0.18

2M7T
⊥c /µB 0.07 0.11 0.21 0.29 0.42 0.75 0.85

M7T
‖c /M

7T
⊥c 55.4 30.2 13.8 8.4 4.4 0.36 0.21

the CEF analysis to understand the magnetic proper-
ties of Ce-based compounds [58]. For example, the tem-
perature dependence of the magnetic susceptibility be-
low room temperature in CeVGe3 and CeTi0.1V0.9Ge3

deviates from a Curie-Weiss behaviour and we will see
that such deviation can be explained by the CEF ef-
fect. To learn more about the magnetic anisotropy in
CeTi1−xVxGe3 system, we perform a detailed CEF anal-
ysis based on our magnetic susceptibility data. For a Ce
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atom in a hexagonal site symmetry, the CEF Hamilto-
nian can be written as,

HCEF = B0
2O

0
2 +B0

4O
0
4, (B1)

where Bnm and Onm are the CEF parameters and the
Stevens operators, respectively [59, 60]. The theoretical
expression of the magnetic susceptibility with the Van
Vleck contribution is given by

χ =
NAg

2
Jµ

2
Bµ0

Z
[
∑
n

β| 〈Ji,n〉 |2e−βEn

+2
∑
m 6=n

| 〈m | Ji,n |n〉 |2(
e−βEm − e−βEn

En − Em
)]

(B2)
where β = 1/kBT , Z =

∑
n e
−βEn , i = x, z, and

n,m = 0, 1, 2 for the 3 doublets of Ce3+ with J = 5/2. A
clear and detailed derivation of the theoretical magnetic
susceptibility expression for the trigonal point symme-
try of the Ce atoms can be found in Ref. [61]. Following
similar calculation, the final paramagnetic and Van Vleck
susceptibilities in both axes in the hexagonal point sym-
metry are given by

χtotalB‖z =
NAg

2
Jµ

2
Bµ0β

Z
[
25

4
+

9

4
(e−βE1) +

1

4
(e−βE2)] (B3)

χtotalB⊥z =
NAg

2
Jµ

2
Bµ0

kBZ
[
9e−βE2

4T
+ 4(

e−βE1 − e−βE2

E2 − E1
)

+
5

2
(
1− e−βE1

E1
)]

(B4)

where E1 = ε3/2 − ε5/2 and E2 = ε1/2 − ε5/2 repre-
sent the splitting energies. Each energy level can be ex-
pressed by CEF parameters as ε1/2 = −8B0

2 + 120B0
4 ,

ε3/2 = −2B0
2 − 180B0

4 , and ε5/2 = 10B0
2 + 60B0

4 . The
zero energy represents the case where there is no CEF
effect. Compared to the trigonal point symmetry, the
sixfold hexagonal point symmetry does not have any mix-
ing of the |±1/2〉 and the |±5/2〉 states, thus the above
expression can also be obtained by setting the B3

4 and
mixing angle α in the trigonal symmetry expression (Eq.
3 in Ref. [61]) to zero. Also, for the expression shown
above, although it assumes that we have a ground state
of |±5/2〉 state, and followed by |±3/2〉 and |±1/2〉, it is
mathematically equivalent to other derived expressions
assuming a different ordering of the states.

Before doing the fitting, we can estimate the first
CEF parameter B0

2 from the paramagnetic Curie-Weiss

temperatures θ
‖
CW and θ⊥CW by the following expres-

sion [62, 63], which gives the strength of the magnetocrys-
talline anisotropy:

B0
2 = (θ⊥CW − θ

‖
CW )

10kB
3(2J − 1)(2J + 3)

(B5)

The estimated parameters are listed in the second col-
umn of Table III, and it is expected that the values are
moving from negative favoring c-axis to positive favoring
the ab plane as x increases. Using these estimated values
as the starting point, the inverse magnetic susceptibil-
ity including the molecular field contribution λi and the
residual susceptibility χi0 is calculated as [64]:

χ−1
i =

(
χCEF
i (T )

1− λiχCEF
i (T )

+ χi0

)−1

(B6)

The inverse magnetic susceptibility is fit to the exper-
imental data for both orientations simultaneously, and
the fit curves are shown in Fig. 11. The CEF fittings are
done for the high temperature region (above 100 K), and
the results with their uncertainties are shown in Fig. 14
and in Table III.

In the Ti-rich region, the uncertainty for the samples
x = 0 and x = 0.1 are much smaller because the CEF
model is able to capture the upturning feature in the
20 K to 50 K region perpendicular to the c-axis. How-
ever, for the samples x ≥ 0.2, the simple CEF model is
no longer able to describe the lower temperature region
(below 100 K) well, and this indicates a more complicated
competition between the Kondo effect, RKKY interac-
tion and the CEF effect. However, the high temperature
data are not very sensitive to the changes in those fitting
parameters. This means that there are several sets of the
fitting parameters that can give good fittings in the high
temperature region, and thus it will generate relatively
large uncertainties. Given that we know B0

2 is chang-
ing sign from negative to positive reflecting the change
of anisotropy, we added a lower limit to B0

2 (chosen as
the value obtained from the lower x curve) in order to
constrain the fitting. In the V-rich region, we can see
that the CEF model gives a relatively good fitting over
the curvature on the susceptibility above 80 K parallel to
the c-axis, which cannot be easily fit to the Curie-Weiss
law. Similar curvature behavior was also found in other
antiferromagnetic Ce compounds [48, 58, 61, 64], which
can be well explained by the CEF scheme.

Overall, as shown in Fig. 14, we see a relatively smooth
change in CEF parameter B0

2 , and the values agree rea-
sonably with the B0

2,CW values from the Curie-Weiss tem-

peratures. The B0
4 increases from around −0.4 K to near

zero and stays around zero. The molecular field con-
tribution λ represents the exchange interaction, and it
remains negative in the ab plane across the entire doping
series. Along the c-axis in the Ti-rich region, λ‖ starts
with a small positive value at the pure Ti sample and
turns negative while it still has a ferrogmagnetic order-
ing at the low temperature. Similar negative molecular
field was also found in ferromagnetic hexagonal Ce com-
pound, CeRh6Ge4, in both axes [65], and such negative λ
can be resulted from the Kondo effect [41, 42]. The resid-
ual magnetic susceptibility does not have a clear trend
but remains small compared to the measured suscepti-
bility values, and this is probably due to some impurity
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TABLE III: Fitting parameters to the inverse magnetic susceptibility data based on the Eq. B5 (B0
2,CW),

Eq. B3(B0
2 , B0

4 , λ‖, and χ
‖
0) and Eq. B4(B0

2 , B0
4 , λ⊥, and χ⊥0 ).

x B0
2,CW (K) B0

2 (K) B0
4 (K) λ‖ (mol/e.m.u) λ⊥ (mol/e.m.u) χ

‖
0 (e.m.u/mol) χ⊥0 (e.m.u/mol)

0 -11.7 -4.24 ± 0.0390 -0.410 ± 0.0890 2.18 ± 0.688 -50.3 ± 4.30 -9.02e-05 ± 1.32e-05 2.45e-04 ± 3.26e-05
0.1 -10.3 -2.75 ± 0.174 -0.250 ± 0.155 -3.07 ± 1.90 -71.4 ± 5.28 -3.04e-04 ± 2.18e-05 1.64e-04 ± 4.88e-05
0.2 -6.49 -1.75 ± 1.91 0.0895 ± 0.123 -16.5± 12.6 -81.7 ± 10.0 -6.79e-07 ± 3.62e-05 -1.67e-04 ± 2.25e-05
0.3 -7.38 -0.438 ± 0.870 -0.0226 ± 0.327 -6.07 ± 5.88 -82.9 ± 4.23 -2.29e-04 ± 2.95e-05 1.01e-05 ± 2.90e-05
0.4 -6.63 0.388 ± 2.92 0.0131 ± 0.0913 -13.9 ± 25.6 -72.7 ± 9.80 -1.34e-04 ± 3.37e-05 1.385e-04 ± 4.26e-05
0.9 - 15.2 ± 2.34 0.0117 ± 0.0384 -19.3 ± 29.9 -87.0 ± 1.04 5.65e-04 ± 9.04e-05 3.18e-04 ± 4.26e-05
1.0 25.4 21.0 ± 1.22 -0.0350 ± 0.0276 0 ± 6.01 -75.1 ± 3.39 2.90e-04 ± 5.60e-05 -3.08e-04 ± 5.79e-05

TABLE IV: The CEF energy levels ε1/2, ε3/2, ε5/2, and the corresponding splitting energies ∆1 and ∆2 with
respective uncertainties derived from the magnetic susceptibility of the CeTi1−xVxGe3 single crystals.

x ε1/2 (K) ε3/2 (K) ε5/2 (K) ∆1 (K) ∆2 (K)
0 -15.3 ± 11.0 82.3 ± 16.1 -67.0 ± 5.73 51.6 ± 6.0 149.3 ± 21.8

0.1 -8.0 ± 20.3 50.5 ± 28.3 -42.5 ± 11.1 34.5 ± 12.5 93.0 ± 39.4
0.2 24.8 ± 30.0 -12.6 ± 25.9 -12.2 ± 26.4 0.4 ± 52.4 37.4 ± 48.3
0.3 0.8 ± 46.2 4.9 ± 60.6 -5.7 ± 28.3 6.5 ± 35.3 10.7 ± 88.9
0.4 -1.5 ± 34.3 -3.1 ± 22.3 4.7 ± 34.7 1.6 ± 44.9 7.8 ± 56.9
0.9 -120 ± 23.4 -32.5 ± 11.6 152 ± 25.7 87.6 ± 25.6 272.5 ± 44.5
1.0 -172 ± 13.1 -35.7 ± 7.41 208 ± 13.8 136.7 ± 15.6 380.7 ± 23.6

phases, quality of the samples, and different magnetic
backgrounds when mounting the samples.

The calculated energy levels ε1/2, ε3/2, and ε5/2 and
the corresponding splitting energy ∆1 and ∆2 are shown
in Table IV. For the pure samples, we found out that
the ground state of CeTiGe3 is a |±5/2〉 state, and the
expected saturation magnetization parallel and perpen-
dicular to the c-axis are:

Msat
‖c = 〈±5/2 | Jz | ±5/2〉 gJµB = 2.14µB/Ce3+,

Msat
⊥c = 〈±5/2 | Jx | ±5/2〉 gJµB = 0µB/Ce3+.

(B7)

This matches with the experimental data where the
measured saturation magnetization along the c-axis is
Msat
‖c = 1.94µB/Ce3+, and a small magnetization along

the ab plane of M⊥c = 0.04µB/Ce3+ at 7 T. Such small
difference is likely due to the Kondo screening effect.

For CeVGe3, the proposed ground state is a |±1/2〉
state with expected saturation magnetization parallel
and perpendicular to the c-axis being:

Msat
‖c = 〈±1/2 | Jz | ∓1/2〉 gJµB = 0.43µB/Ce3+,

Msat
⊥c = 〈±1/2 | Jx | ∓1/2〉 gJµB = 1.29µB/Ce3+.

(B8)

Our experimental data also shows that the basal plane
is the easy plane of magnetization, with M‖c =

0.088µB/Ce3+ and M⊥c = 0.42µB/Ce3+ at 7 T. If
the magnetization keeps increasing linearly under the
field, we expect that the saturation fields will be around
Hsat
‖c = 44 T and Hsat

⊥c = 23 T.

In our calculations, CeTiGe3 has level splittings of
∆1 = 51.6 K and ∆2 = 149.3 K, and CeVGe3 has level
splittings of ∆1 = 136.7 K and ∆2 = 380.7 K. From the

fittings for the Schottky heat capacity done in Ref. [30],
the inferred level spacings for CeTiGe3 are ∆1 = 54 K
and ∆2 = 221 K, and for CeVGe3 are ∆1 = 245 K and
∆2 = 585 K. We have a fairly good agreement on the level
spacings for CeTiGe3, but a large difference in CeVGe3.
This might be due to noise in the heat capacity measure-
ments of CeVGe3, or to the fact that our CEF model
does not fit well in the 20 − 80 K region. An inelastic
neutron scattering measurement will be helpful to give
us further insights on the CEF splittings.

The evolution of the proposed energy levels with re-
spective uncertainties are plotted in Fig. 7. On the Ti-
rich side, we can see that along the substitution, the
splitting energies ∆1 and ∆2 keep decreasing, and three
energy levels become very close to each other around
x ≥ 0.3. This is compatible with the observation of
exceptionally high values in 4f -derived entropy in poly-
crystalline CeTi1−xVxGe3 samples, indicating that the
splitting energies are indeed small across the Ti-rich re-
gion and taking account of the higher CEF levels is nec-
essary [26]. Also, as we discussed in the resistivity be-
haviour section, we already entered into the quantum
critical region around x ≥ 0.3 with a non-Fermi-liquid
behavior. Our proposed energy levels suggest that the
quantum critical behaviour in CeTi1−xVxGe3 is related
to the suppression of CEF splitting energies. However,
given that our CEF fittings have quite large uncertainties
in the higher doped region, the actual energy levels may
not be as close as determined. The high-field magnetiza-
tion trend in Fig.12(b) suggests that the c-axis remains
the easy axis in the x = 0.4 sample, and therefore it still
has a |±5/2〉 ground state with a certain magnitude of
∆1. Future work on inelastic neutron scattering will be
interesting and give more conclusive evidences.
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FIG. 14: The CEF parameters (a) B0
2 , (b) B0

4 ,
(c) molecular field contribution λ, and (d) the residual
magnetic susceptibility χ0 from the fitting with the
CEF model described in text.

On a side note, we have also tried a second method to
fit the magnetic susceptibility data by a summation of

fractional contributions from CeTiGe3 and CeVGe3 to-
gether. The procedure is that first we find out the desired
CEF parameters B0

2 and B0
4 for both pure compounds,

and then fit the doped samples with a certain mixture
of the magnetic susceptibilities from these two pure com-
pounds. For example, for x = 0.2, we will add 20% of
CeVGe3 and 80% of CeTiGe3 without changing B0

2 and
B0

4 , and then adjust other parameters. Note that this
corresponds to a very different physical picture, which
suggests that locally we will have a certain portion of Ce
atoms in the |±1/2〉 state, and the rest in the |±5/2〉
state. This method is labelled as “CEF method 2”(pink
lines) in Fig. 11(b) and (f). Although this method also
gives a reasonable fit of the high-T susceptibility along
the easy axis, it does not capture the curvature behaviour
(around 15−50 K in x = 0.1, and above 100 K in x = 0.9)
correctly in the hard axis as well as the previous method
does. So we believe that the previous method gives a
more accurate description where the substitution of V
has a more global and homogeneous impact on the phys-
ical properties.

Appendix C: Extended comparison with the
pressure phase diagram

The full phase transition temperatures of CeTiGe3 un-
der pressure and of CeTi1−xVxGe3, including the AFM
region, are plotted together in Fig. 15, as a function of
lattice parameters a, c, lattice volume, and Ce-Ce dis-
tance. This phase diagrams were constructed in the same
way as Fig. 9, and the main difference is that we include
the AFM region data and also change the legend for clar-
ity.

By comparing the FM and AFM regions in both works,
we can confirm that the lattice constant a is not a good
descriptor of the magnetic phases, since the AFM region
in the substitution work overlap with the FM region of
the pressure work. When the phase transitions are plot-
ted as a function of lattice volume, or Ce-Ce distance, no
clear trend or correlation can be identified. By contrast,
as noted in the main text, under the parameter of lattice
constant c, the suggested QCP in the substitution work
is very close to the point where the FM order disappears
in the pressure work, which is about c = 5.78�A. How-
ever, the lattice constant c does not describe the AFM
region well since the two AFM regions are far apart. This
might be due to the change of anisotropy in the substi-
tution work. It is also unclear whether the AFM state in
the pressure work is related to the AFM state in CeVGe3

and if the observed change of anisotropy with V substi-
tution also occurs under pressure.
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FIG. 15: The full comparison of the phase diagram of CeTiGe3 under pressure with CeTi1−xVxGe3, with
parameters of lattice constant (a) a, (b) c, (c) volume and (d) Ce - Ce distance. The critical temperature of the
pressure study were obtained from Ref. [24].
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