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The crystallographic structure, magnetization, specific heat, and electrical resistivity of polycrystalline
CeTi;—_,V,Ge; (0 < x <042 and x = 1) have been studied. CeTiGe; has been reported as one of the
rare ferromagnetic Kondo systems with a Curie temperature 7, = 14 K. We present a detailed study of the
low-temperature properties on this compound, including magnetization, specific heat, and electrical resistivity in
magnetic fields up to 5 T. Elastic neutron-scattering experiments confirm ferromagnetic and exclude ferrimagnetic
order of CeTiGes. Analysis of the specific heat gives evidence of a strong magnetic anisotropy in this system as
evidenced by a gap. Replacing Ti by V reduces 7, with 7, — 0 for x ~ 0.35, suggesting a possible ferromagnetic

quantum critical point.

DOLI: 10.1103/PhysRevB.88.165123

I. INTRODUCTION

Quantum phase transitions (QPTs) are (generally second-
order) phase transitions where the critical temperature 7,
is driven to 7 = 0 by a nonthermal control parameter §
such as chemical composition, pressure, or magnetic field.
Here the thermal fluctuations of the magnetic transition
are frozen out, so that quantum fluctuations dominate the
critical behavior. As T is lowered to the quantum critical
point (QCP) where § = §, and 7, = O, the energy h/t of
quantum fluctuations with lifetime v becomes larger than the
thermal energy kpT for longer and longer times t, affecting
the finite-temperature properties near a QCP as well. QPTs
between different magnetic ground states have received a lot of
attention in recent years. In particular, Ce and Yb systems have
been investigated where the QPT arises from the competition
between Ruderman-Kittel-Kasuya-Yoshida (RKKY) interac-
tion favoring magnetic order, and the Kondo effect favoring
a paramagnetic Fermi-liquid ground state.”> A significant
number of antiferromagnetic (AF) systems can be tuned to
a QPT by hydrostatic pressure, magnetic field, or chemical
substitution. Ferromagnetic (FM) QPTs, on the other hand,
are quite rare among Ce and Yb systems. Recently discussed
examples include CePd;_,Rh, (Ref. 3) and YbNisP,. The
latter is close to a QCP but orders ferromagnetically at 7, =
0.17 K.* The theoretical description of a FM QPT is fundamen-
tally different from the AF case, since the Hertz-Millis-Moriya
(HMM) model of quantum criticality>~’ breaks down in the FM
case because here the presence of fermionic modes leads to
multiple time scales.®

CeTiGes is a ferromagnetic Kondo-lattice system with a
Curie temperature 7, = 14 K. It crystallizes in the hexagonal
perovskite (BaNiOs-type) structure P63 /mmec.” Here we show
that magnetic order can be suppressed upon substituting Ti by
V, thus making this system a possible candidate for a FM QCP.
After a thorough analysis of the pure compound, we present
measurements of the magnetization, electrical resistivity, and
specific heat of CeTi;_,V,Ges on polycrystalline samples.
Neutron powder diffraction data are used to characterize the
ferromagnetic order. Our data are suggestive of a FM QCP in
this compound at a V concentration x ~ 0.35.
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II. EXPERIMENTAL DETAILS

Polycrystalline samples of CeTi;_, V,Ges; were prepared
from elements of high purity (Ce: 99.99%,'° La: 99.99%,'°
Ti: 99.99%, V: 99.9%, Ge: 99.99%. Appropriate amounts
were melted together in an arc-melting furnace under argon
atmosphere and Ti gettering. The samples were turned over
and remelted several times. After arc melting, the samples
were wrapped in tantalum foil and sealed in quartz glass tubes
under vacuum. The samples were then annealed for one week
at 950 °C and subsequently quenched in liquid nitrogen.

X-ray powder diffraction patterns for all samples were
recorded with a Siemens D500 diffractometer using the Cu K,
line. The x-ray diffraction pattern of pure CeTiGejs is presented
in Fig. 1(a). The data were analyzed with the FullProf Suite
software.!!

All peaks could be clearly indexed according to the
hexagonal BaNiOj3 structure as shown in Fig. 1(b). The inset
of Fig. 1(a) reveals an impurity peak at 2@ = 32.07° (marked
with an arrow) that is barely visible and could not be identified
with any known binary or ternary phase of the Ce-Ti-Ge
system. We estimate the amount of the impurity phase to less
than 5%. X-ray data for the alloys with V substitution (not
shown) were of the same quality. The lattice parameters for
all CeTi;_,V,Ti; samples with concentrations 0 < x < 0.42
and x = 1 obtained from the corresponding diffraction pattern
are shown in Fig. 2. The lattice parameters a and c nicely
follow Vegard’s law indicating that the Ce ions retain their
valency over the whole concentration range and even up to
stoichiometric CeVGes. Preliminary experiments indicate that
CeVGe; orders antiferromagnetically at 7y = 5.5 K. Note that
V substitution affects the lattice parameters to a quite different
degree, with Aa/a = 0.0009 and Ac/c = 0.038 between x =
0 and x = 1. This results in a change of the c¢/a ratio from
0.9375 for x =0 t0 0.9108 for x = 1.

Magnetization measurements were carried outin a vibrating
sample magnetometer (VSM, Oxford Instruments) and a
SQUID magnetometer (MPMS, Quantum Design) in the
temperature range from 1.8 K to 20 K and in external fields
up to 5 T. Additionally, the magnetization M(T') of CeTiGes
was measured under hydrostatic pressure of 9 kbar in a CuBe
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FIG. 1. X-ray pattern of CeTiGe; showing (a) experimental data
and (b) the result of the Rietveld analysis using space group P63/mmc
and yielding a = b = 6.2744 A, ¢ = 5.8823 A for the hexagonal
structure of CeTiGe;. The arrow at 20 = 32.07° in the inset of panel
(a) indicates the reflection due to an unidentified impurity phase.

clamp cell in the VSM. Measurements of the field-cooled
and zero-field-cooled magnetization were always performed
during heating.

In order to study the magnetic structure, neutron-diffraction
experiments were performed on the cold-neutron powder
diffractometer G4.1 at the Laboratoire Léon Brillouin (LLB),
CEA Saclay, France. We used a neutron wavelength of
L = 24151 A. Data were evaluated for scattering angles
20° < 20 < 80°. A powder sample was obtained by crushing
a polycrystal which had been previously characterized by
room-temperature x-ray diffraction to have a minimal amount
of impurity phase. The sample weighing 0.1 g was filled into a
vanadium can and mounted in a standard “He cryostat allowing
measurements between 7 = 2 K and 300 K. Neutron scattering
data were analyzed using the FullProf Suite software as well.!!

Specific-heat measurements were performed employing
thermal-relaxation calorimetry in the temperature range from
1.8 to 30 K in a physical properties measurement system
(PPMS, Quantum Design) equipped with an 8 T magnet. The
electrical resistivity was measured in a home-built *He cryostat
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FIG. 2. Lattice parameters a (panel a) and c¢ (panel b) of the
hexagonal unit cell of CeTi;_,V,Ti; for different V concentrations
x. Lines are linear fits to the data. Error bars are smaller than the size
of the symbols.
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FIG. 3. Field-cooled (fc) and zero-field-cooled (zfc) magnetiza-
tion M vs temperature T of a CeTiGe; polycrystal.

using a LR700 resistance bridge in 4-point contact geometry
between 2.5 K and 300 K and in magnetic fields up to 5 T.

III. EXPERIMENTAL RESULTS
A. Magnetic properties of CeTiGe;

Figure 3 presents the magnetization M of pure CeTiGes
vs temperature 7' measured in a magnetic field B = 0.1 T.
The Curie temperature 7, is taken as the inflection point of
M(T), yielding T, = 14.3 K in good agreement with 7, =
14 K reported previously.” The magnetization saturates at
my; = 0.8 ug/f.u. Only a very small difference between the
field-cooled (fc) and zero-field-cooled (zfc) curve is observed
indicating that the ferromagnet is almost reversible, in contrast
to the work of Manfrinetti et al.® which showed a stronger
fc-zfc difference. Figure 4 presents the magnetization M (B)
at 5 K showing a hysteresis loop, typical of ferromagnets.
A closer look reveals an unusual behavior between rising and
decreasing field. With rising field, the magnetization exhibits a
rounded behavior before it saturates. With decreasing field the
magnetization stays constant down to B & 0 and than decreases
precipitously for negative field. This “asymmetric” behavior
may be due to the combined effects of magnetostriction and
strain in the polycrystalline sample.
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FIG. 4. Magnetization of CeTiGe; M vs magnetic field B up to
1.5 T measured at T = 5 K showing a hysteresis loop with the virgin
zfc curve. Inset shows M(B)upto 5 T.
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FIG. 5. Zero-field-cooled magnetization M vs temperature 7' of
CeTiGe; measured at B = 0.1 T under hydrostatic pressure p = 0
and 9 kbar. The small difference between the data for 0 and 9 kbar is
shown in the inset on an expanded 7 scale.

Figure 5 shows that the ferromagnetic order in CeTiGes is
hardly affected by hydrostatic pressure p, as can be seen from
the zfc M(T) curves under p = 0 and 9 kbar. A small increase
of T, from 14.5 to 14.8 K is observed suggesting d7,./dp ~
30 mK/kbar. This finding will be of relevance for the
discussion of the effect of Ti substitution by V (see Sec. IV).

Neutron diffractograms taken in the paramagnetic phase
at temperatures 7 > T, can be well described by a purely
structural model of CeTiGes (except for a few very small
reflections that we ascribe to the impurity phase also detected
by x-ray diffraction as mentioned above). We note that this
parasitic contribution does not change across the ferromagnetic
transition. On cooling through 7, we observe increasing
diffraction intensities of several Bragg peaks. However, there is
the usual complication of ferromagnets; i.e., the magnetic and
lattice reflections occur at the same diffraction angles due to
the identical unit cells. We found that the magnetic scattering
is generally small compared to the lattice reflections. Still, at
some particular scattering angles, e.g., 2 ® = 45.8°, a relative
increase of the neutron-scattering intensity of more than a
factor of two on cooling through 7, can be observed. These
differences in magnetic scattering intensity allow determining
the direction of the ordered moments, because only the
component of the magnetic moment perpendicular to the
neutron scattering vector is detected.

Our neutron-scattering data at 7 < 20 K were analyzed
assuming two structures in the Rietveld analysis, i.e., one
for the crystallographic and one for the magnetic unit cell,
with identical Bravais lattices. The resulting magnetic moment
per Ce ion for T < 15 K is shown in Fig. 6. We note that
the analysis for higher temperatures yielded zero magnetic
moments within an experimental error of about +0.1 pg/Ce.
Our analysis reveals that within the experimental error, the Ce
moments point along the crystallographic ¢ axis as inferred
from the dependence of the magnetic scattering intensity on
scattering angle. We could not detect any tilting between the Ce
moments. The fitted magnetic moment per Ce atom is shown
in Fig. 6. At low temperatures it reaches (1.5 +0.1) up/Ce.

As expected, the deduced ordered magnetic moment is
larger than the value of 0.8 up/Ce determined from the
saturated magnetization of polycrystalline CeTiGes;. However,
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FIG. 6. Temperature dependence of the magnetic moment p per
Ce atom in CeTiGe; as obtained from neutron powder diffraction with
Rietveld analysis. The line is a power-law fit of the form (m 7T, — T)?
with 8 = 0.34.

one would expect a factor-of-three difference rather than the
observed factor of two. This may be attributed to texture in
the polycrystalline sample leading to a preferred moment
orientation while the neutron-diffraction experiment was
performed with a finely mashed powder.

The temperature dependence of the ordered magnetic
moment m is compatible with a power-law function of the form
m ~ (T, — T)? with B ~ 1/3. Since B for three-dimensional
Heisenberg, XY, and Ising systems are close, we cannot make
a definite statement. A much denser grid in temperature,
in particular close to 7., would be needed to determine S
accurately. However, an important conclusion can be drawn
from our neutron-scattering data: we do not observe any
additional magnetic reflections at T < T; i.e., all additional
scattering below 7, can be well described by considering only
magnetic moments of Ce ions with a ferromagnetic alignment.
In particular, a ferrimagnetic type of magnetic order with
two different sublattice magnetizations—a possibility that was
discussed in Ref. 9—can be ruled out.

B. Specific heat and electrical resistivity of CeTiGe;

Figure 7 shows the specific heat C(T") between 1.8 and
25 K and in zero field and in an external field B = 1
and 5 T. The zero-field data confirm the previous results
without, however, showing an impurity contribution.” The
sharp transition observed for B = 0 is completely washed out
in 5 T. At At B = 1T, we still observe a rather sharp maximum
at a temperature that is slightly lower than T,. This feature
is found in reversible ferromagnets due to a rearrangement
of domains to satisfy H; = 0 inside the ferromagnet.'> The
entropy determined by integrating C/T vs T will be discussed
in Sec. III D together with the entropy of the V-doped samples.

Figure 7(b) shows the low-T' specific heat. Between 1.8
and 10 K, the data can be very well described by C(T) =
aT*?exp(—A/kgT) with A/kg = 12.9 K. This T depen-
dence is expected for an anisotropic ferromagnet featuring a
gap in the magnetic excitation spectrum. The sizable value of
A/kg =~ 0.8T, shows that the magnetic anisotropy is indeed
quite strong.
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FIG. 7. Specific heat C vs temperature 7 of CeTiGes. (a) C vs T
in fields B =0, 1, and 5 T in the temperature range between 1.8 and
25K. (b) C vs T with a fit C(T) = aT>? exp(—A/kgT).

The electrical resistivity po(T') is depicted in Fig. 8. In the
main panel of Fig. 8 the data for the low-temperature region
between 2 and 30 K are shown in detail for different fields. A
sharp kink at 7, is observed in zero field signaling the onset
of ferromagnetism, which gives way to a rounded crossover
in magnetic field. The inset shows the resistivity in zero field
in the temperature range between 2 and 300 K. The resulting
residual resistivity ratio RRR = 22 is an acceptable value for
CeTiGes polycrystals (RRR = 15 was reported previously
for polycrystals)’ and confirms the rather good quality of our
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FIG. 8. Electrical resistivity p vs temperature 7' of CeTiGe; in
magnetic fields B =0,0.5,1,and 3 T.
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FIG. 9. fc and zfc magnetization M vs temperature 7 of
CeTi;_,V,Ge; (x = 0, 0.05, 0.09, 0.2, 0.25) measured in B =
0.1T.

sample. With decreasing T, p(T) decreases to a minimum at
170 K. The rise of p(T) towards low T is a clear indication of
the Kondo effect. The maximum of p at 34 K marks the onset
of coherence.

C. Magnetization and specific heat of CeTi;_,V,Ge;

The magnetization of CeTiGes polycrystals with different
vanadium content is shown in Fig. 9. Substituting Ti by V leads
to a reduction of 7,. The ordered magnetic moment reached at
low T is reduced as well. The increasing fc-zfc difference of
M(T) with increasing x in Fig. 9 indicates a hardening of the
ferromagnetism which is expected because of the increasing
disorder. The reduction of 7. with x is observed in the magnetic
specific heat C4; displayed in Fig. 10 as well. To obtain
C4y, the nonmagnetic contributions to the specific heat were
estimated from a measurement of the specific heat of LaTiGes
and subtracted from the data. The ferromagnetic transition in
the specific heat broadens and shifts to lower temperatures with
increasing x. Figure 11 shows C4¢/T vslog T. In this plot the
broad ferromagnetic transitions for x = 0.25 and x = 0.3 can be
clearly identified. The weak shoulderin C4¢ /T at 7 K observed
for x = 0.25 may be due to a CeGe, impurity contribution for
this sample.' Interestingly, the C/ T data above T, for these
samples exhibit an approximately logarithmic 7" dependence.
We will come back to this point in Sec. IV.
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FIG. 10. 4 f-derived specific heat C4s vs temperature T (C of
LaTiGe; subtracted) of CeTi;_, V,Ge;s.

Figure 12 shows the 4 f-derived entropy S47(7) obtained
from Cyy. S45 of all samples reach a value between 7.5 and
8.5 J/mol K at 20 K, without a systematic dependence on x.
This value exeeds the value R In 2 = 5.76 J/mol K expected
for a ground-state doublet considerably. A possible reason
might be that the crystal-field splitting is rather small so
that the entropy associated with the higher crystal-field levels
comes into play. For a Ce-based heavy-fermion system with
a ground-state doublet undergoing AF or FM magnetic order
with T, < Tx where T is the effective Kondo temperature, the
entropy R In 2 will be reached only at 7 > Tx. At Ty =~ 35K
corresponding to the maximum of p(7), S = 3.76 J/mol K
would be reached in a single-ion Kondo model.'"* This
is only ~50% of the experimentally determined entropy
already acquired at 20 K. This again shows that the entropy
balance requires additional low-lying excitations. Numerical
calculations by Desgranges and Rasul'® based on the Cogblin-
Schrieffer model present a nice illustration of the interplay of
Kondo and crystal-field (CF) effects when Tk is of the order of
the CF splitting A between ground-state and first-excited-state
doublets for the case A/Tx = 2 which might be close to
the situation in CeTiGes because in Ce intermetallics A is of
the order of 60—100 K. The effect of the CF contribution to the
specific heat may also be inferred from C vs T of CeTiGes,
Fig. 7(a): the C4; data above T cannot be explained by a
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FIG. 11. 4 f-derived specific heat C,; divided by T vs log T of
CeTi_, V,Ges.
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FIG. 12. 4f-derived entropy S vs temperature 7" of CeTi;_, V,Ge;.

single-ion Kondo specific heat with reasonable values of Tk
under the constraint of entropy balance unless the higher CF
levels are taken into account.

IV. DISCUSSION

In the remainder of this article, we will focus on a discussion
of the V-substituted CeTiGes; samples. The (T,x) phase
diagram of CeTi;_, V,Gejs as obtained from the measurements
of magnetization M, specific heat C, and electrical resistivity
p is presented in Fig. 13. The HMM model predicts for
the dependence of T, on the control parameter tuning the
QCP, in our case the V concentration x, T.(x) ~ |x —
x.|*, a critical exponent © =3/4 and © = 1 for a FM
QCP in three dimensions and two dimensions, respectively.
In principle, two-dimensionality of magnetic fluctuations
might arise from exchange anisotropies. Antiferromagnetic
CeCug_,Au, provides an example where two-dimensional
AF fluctuations arise out of three-dimensional AF order.
Two-dimensional AF fluctuations lead in the HMM model to
a specific-heat dependence C/T ~ log (To/T). Both features,
a linear dependence of the Néel temperature and a logarithmic
T dependence of C/T, are observed in CeCusoAug;.'%"”
Figure 13 shows that both 7.(x) dependencies, u© = 3/4 and
w =1, with x, = 0.34 and 0.37, respectively, are compatible
with the data.

16 w
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FIG. 13. T, of CeTi;_,V,Ge; for different vanadium concentra-
tions x.
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Turning to the specific heat of CeTi;_,V,Ges, the data
for x = 0.3 above T, = 2.8 K vary up to 20 K as C/T ~
log(Ty/T) with Ty = 48 K suggestive of three-dimensional
FM fluctuations. Tj is close to Tx as observed for heavy-
fermion systems showing quantum-critical behavior. AC/T ~
T~!/3 dependence of two-dimensional FM fluctuations is not
compatible with the data. Further work will have to clarify
whether a FM QCP is indeed present and, if so, whether
deviations from the HMM model will be observable.

Possible deviations from the HMM model might be caused
by the disorder in our V-substituted alloys. A prominent sce-
nario is the occurrence of a quantum Griffiths phase.'® Indeed,
several reports of quantum Griffiths phases have appeared.'®-?
However, quantum tunneling of rare ordered regions within
the disordered phase which leads to anomalous behavior
of the thermodynamic properties'®2° requires an isotropic
spin system (Heisenberg model),”! while CeTiGes exhibits
a strong anisotropy with a gap in the magnetic excitations as
inferred above from the specific heat. Another possibility is the
occurrence of a spin-glass phase near x.. A classic example is
given by the Heisenberg system Eu,Sr;_,S where anoma-
lous critical exponents of the specific heat were observed
upon replacement of Eu by nonmagnetic Sr.>> Here neutron
diffraction data were instrumental in distinguishing between
spin-glass and inhomogeneous (reentrant) ferromagnetism.>?
This possibility will be investigated in the future on single
crystals.

We have shown above that T, of CeTiGej increases to higher
temperatures under hydrostatic pressure while substituting Ti
with V does lead to a decrease of 7. Since the unit-cell volume
of CeTi;_,V,Ges decreases with x, the T, reduction cannot
be due to a volume reduction but must be attributed to a
change of the electronic structure. Possibly, the increasing

PHYSICAL REVIEW B 88, 165123 (2013)

3d-electron density introduced by substituting V for Ti leads
to an increase of the conduction-electron density of states at the
Fermi level and hence of the Kondo coupling, thus suppressing
magnetic order. Also, the strongly anisotropic change of the
lattice parameters (see Sec. II) has to be taken into account.
The minute pressure dependence of T, suggests that CeTiGes
is located at the 7.(J) maximum in the Doniach model,**
where J is the exchange interaction between 4 f electrons and
conduction electrons.

V. SUMMARY

We have presented a detailed investigation of polycrys-
talline samples of CeTi;_, V,Ge;. Neutron-scattering exper-
iments confirm the ferromagnetic nature of the magnetic
order of CeTiGe; while ferrimagnetic order can be ruled
out. We performed magnetization, specific-heat, and resistivity
measurements to characterize the magnetic properties of pure
CeTiGes. The reduction of the Curie temperature 7, upon
substituting Ti by V suggests the presence of a QCP x, ~ 0.35.
Comparison with the positive pressure dependence d7T./dp
of pure CeTiGes shows that the reduction of 7, upon V
substitution is not due to a volume reduction, but rather
has to be attributed to a change of the conduction-electron
density of states. In view of the anisotropic nature of this new
stoichiometric Ce system, investigation of single crystals is
highly desirable and will be pursued in the future.
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