
New high temperature modification of CeTiGe: structural characterization and physical

properties

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2010 J. Phys.: Condens. Matter 22 146003

(http://iopscience.iop.org/0953-8984/22/14/146003)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 30/05/2010 at 07:43

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/22/14
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 22 (2010) 146003 (6pp) doi:10.1088/0953-8984/22/14/146003

New high temperature modification of
CeTiGe: structural characterization and
physical properties
B Chevalier1, W Hermes2, E Gaudin1,3 and R Pöttgen2
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Abstract
The new high temperature form (HT) of the ternary germanide CeTiGe was prepared by
annealing at 1373 K. The investigation of HT-CeTiGe by x-ray powder diffraction shows that
the compound crystallizes in the tetragonal CeScSi type structure (space group I 4/mmm;
a = 414.95(2) and c = 1590.85(10) pm as unit cell parameters). Electrical resistivity,
thermoelectric power, magnetization and specific heat measurements performed down to 2 K on
HT-CeTiGe reveal a non-magnetic strongly correlated electron system; the specific heat divided
by temperature attains a value of 0.635 J mol−1 K−2 at 2 K. The comparison of the physical
properties of the two crystallographic modifications of CeTiGe suggests a decrease of the
hybridization Jcf between 4f(Ce) and conduction electrons in the sequence LT-CeTiGe
(CeFeSi type) → HT-CeTiGe (CeScSi type).

1. Introduction

Intermetallic cerium compounds have attracted considerable
attention among solid state chemists and physicists since
they exhibit a variety of interesting physical properties
(Kondo ferromagnetism, superconductivity, magnetically or
non-magnetically ordered heavy-fermion system, Kondo type
behaviour, etc) which are directly related to Jcf hybridization
between the conduction and 4f(Ce) electrons. Among this large
family of compounds, the equiatomic CeTX intermetallics
(T = transition metal and X = element of the third, fourth,
or fifth main group) have been most intensively investigated.
Outstanding examples are CeNiIn, CeNiSn, CePtSn, or
CeRhSb for which already more than 380 entries occur in the
current SciFinder Scholar version4.

While most of the around 100 CeTX intermetallics exhibit
only one polymorphic form, a few CeTX compounds show
structural phase transitions as a function of temperature

3 Author to whom any correspondence should be addressed.
4 23 entries occur for the formula CeNiIn, 224 for CeNiSn, 52 for CePtSn,
and 88 for CeRhSb in the SciFinder Scholar version 2009: http://www.cas.
org/SCIFINDER/SCHOLAR/.

or pressure. Tiny changes occur in the structures of α-
and β-CeCuSn [1]. The ordered Cu3Sn3 hexagons reveal
different degrees of puckering in the high (HT) and low
(LT) temperature modifications. The structural changes
are more drastic in the modifications of CeRhGe and
Ce(Rh0.69Ir0.31)Ge [2–4]. The three-dimensional [Rh(Ir)Ge]
polyanion shows significantly different tilting around 500–
520 K and 236–258 K, respectively, and this is accompanied
by a drastic jump in the magnetic susceptibility in the same
temperature range [2, 3]. For instance for CeRhGe, the lattice
parameters are a = 723.0, b = 446.2 and c = 740.8 pm at
530 K and a = 742.9, b = 446.7 and c = 712.1 pm at room
temperature, showing a strong increase of a and consequently
an important decrease of c [4]. The phase transitions occurring
in CeCuSn and CeRhGe are of a displacive type.

Temperature driven reconstructive phase transitions occur
for CePdZn [5], CeNiGa [6] and CePdAl [7], but with a
different sequence of the structure types, i.e. α-CePdZn or
α-CeNiGa with hexagonal ZrNiAl type and β-CePdZn or β-
CeNiGa with the orthorhombic TiNiSi type, while α-CePdAl
adopts a new orthorhombic structure type and β-CePdAl
crystallizes with the hexagonal ZrNiAl type. Thus, tiny
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differences in the atom sizes and the electronic structure force
different crystal structures. This has large influence on the
physical properties, e.g. one observes stronger 4f(Ce)–4d(Pd)
hybridization in α-CePdZn [5]. One of the most peculiar
examples is the static mixed-valent stannide CeRuSn [8, 9]
which exhibits an ordering of trivalent and intermediate-valent
cerium and undergoes a phase transition to a modulated
structure at low temperatures.

The structural phase transitions reported for CeRhAs [10],
CePdSn [11], CePtSn [12], and CeAuGe [13] are pressure
induced. The most interesting example is certainly
observed for CeRhAs, which shows successive structural
phase transitions at 360, 235, and 165 K with drastic
drops in the lattice parameters [10]. CePdSn and CePtSn
show reconstructive phase transitions with orthorhombic
TiNiSi type low- and hexagonal ZrNiAl type high-pressure
modifications [11, 12]. CeAuGe was studied under in situ
conditions in a diamond anvil cell. At 8.7(7) GPa a first
order phase transition from a hexagonal NdPtSb type to an
orthorhombic TiNiSi type occurs [13].

During our systematic studies on structure–property rela-
tionships of CeTX intermetallics, we study such compounds
under different temperature and pressure conditions in order
to elucidate possible phase transitions which might results
in interesting physical properties changes. In this context
we were interested in the ternary germanide CeTiGe, which
was first reported by Welter et al [14] and Morozkin et al
[15, 16]. The samples obtained by arc melting followed by
an annealing at 1180–1273 K crystallize with the tetragonal
CeFeSi type, space group P4/nmm. CeTiGe with this low
temperature form (LT) is a non-magnetically ordered heavy-
fermion system showing an enhanced Sommerfeld coefficient
γ ≈ 0.3 J K−2 mol−1 [17]. Isotypic GdTiGe [18] shows
temperature driven dimorphism with drastic changes in the
magnetic properties; the two modifications are respectively
ferromagnetically (TC = 376 K) and antiferromagnetically
(TN = 412 K) ordered. Keeping these results in mind, we
reinvestigated CeTiGe and observed a new high temperature
form (HT) with tetragonal CeScSi type structure, space group
I 4/mmm. Herein we report on our crystal chemical results
and discuss the physical properties changes between the two
forms (LT and HT).

2. Experimental details

Starting materials for the synthesis of HT-CeTiGe were a
cerium ingot (Johnson Matthey), titanium sponge (Degussa-
Hüls, about 200 mesh), and germanium granules (Merck), all
with a stated purity better than 99.9%. Pieces of the cerium
ingot were first arc melted into small buttons under purified
argon using molecular sieves, silica gel and titanium sponge
heated at 900 K. The Ce, Ti and Ge elements were then
weighed in the 32.5:34.5:33.0 atomic ratio. The elements
were arc melted under a purified argon pressure of about
700 mbar. The resulting button was turned over and remelted
three times in order to ensure homogeneity. The regulus was
then crushed under n-hexane and ground. The resulting powder
was cold-pressed to a small pellet (� = 6 mm) and sealed

in a small tantalum crucible under an argon pressure of about
600 mbar. The arc welded closed tantalum ampoule was
placed in the water-cooled sample chamber of an induction
furnace (Hüttinger Elektronik, Freiburg, Typ TIG 1.5/300)
rapidly heated to 1373 K and kept at that temperature for
approximately 1 h; the temperature was controlled by a Sensor
Therm Metis MS09 pyrometer with an accuracy of ±30 K.
Then the temperature was lowered by 10 K h−1 to 1273 K and
finally the sample was quenched by switching off the power
supply.

The same synthesis procedure applied to the starting
composition 33.3:33.3:33.3 as atomic ratio leads to a product
containing a small amount of the ferromagnetic binary
germanide Ce5Ge3 (TC = 6.4 K) [19]. In order to inhibit
the presence of Ce5Ge3 in the final sample, the starting
composition was slightly modified as indicated above. These
considerations were made using the phase equilibria in the
Ce–Ti–Ge system [20]. Finally, we should note that simply
arc-melted samples result in the formation of mainly Ti5Ge3,
Ce5Ge3, Ti and LT-CeTiGe, indicating peritectic formation of
the HT-CeTiGe phase.

The crystal structure of the ternary germanide HT-
CeTiGe was determined using x-ray powder diffraction. In
order to minimize problems of preferred orientation of the
crystallites, a finely ground (<40 μm) powder of the sample
was randomly scattered over a substrate made of the same
sample. The data were collected with a Philips X-Pert
diffractometer operating at room temperature and using Cu Kα

radiation. The powder diffraction pattern was scanned over the
angular range 15.011◦–119.986◦ with a step size of �(2θ) =
0.017◦. Rietveld refinement (figure 1) was performed using
the Jana2006 program package [21]. The background was
estimated by a Legendre function, and the peak shapes were
described by a pseudo-Voigt function. The cell parameters of
the tetragonal cell were refined to the values a = 414.95(2)

and c = 1590.85(10) pm. Three impurity phases were
taken into account for the refinement e.g. LT-CeTiGe [16],
Ti5Ge3 [22] and Ce5Ge3 [23]. The atomic parameters for these
three phases were fixed to the values reported in the literature;
only the cell parameters were refined. For HT-CeTiGe,
the initial atomic coordinates were taken from the previous
study of the isotypic ternary germanide GdTiGe adopting
the tetragonal CeScSi type [18]. An absorption correction
and a preferential orientation along the [110] direction were
introduced. The final refinement of the atomic positions
with isotropic atomic displacement parameters (ADPs) led to
the profile factors Rp/Rwp = 4.95/6.68% and the Bragg
factor RB(obs) = 5.81%. The final atomic positions and
isotropic ADPs are gathered in table 1. The refined amounts
of impurities were equal to 19.2(8), 2.5(4) and 1.1(9) wt%
for LT-CeTiGe, Ti5Ge3 and Ce5Ge3, respectively. The two
last compounds Ti5Ge3 and Ce5Ge3 are respectively non-
magnetic [22] and ferromagnetic [19]. Also, these impurities
were localized using scanning electron microscopy in the grain
boundaries.

Magnetization measurements were performed using
a superconducting quantum interference device (SQUID)
magnetometer in the temperature range 2–300 K and applied
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Figure 1. Rietveld profile refinement of the x-ray diffraction pattern
of the HT-CeTiGe sample at T = 293 K (λ = 1.540 51 Å). The
bottom vertical bars correspond to the Bragg peak positions for the
main phase and the three impurities.

Table 1. Atomic coordinates and isotropic displacement parameters
(Å

2
) for LT-CeTiGe [16] (a = 412.8(1) and c = 790.8(1) pm) and

HT-CeTiGe (a = 414.95(2) and c = 1590.85(10) pm).

Atom Wyckoff site x y z Ueq

LT-CeTiGe, P4/nmm

Ce 2c 1/4 1/4 0.649(3) —
Ti 2a 3/4 1/4 0 —
Ge 2c 1/4 1/4 0.227(6) —

HT-CeTiGe, I4/mmm

Ce 4e 0 0 0.3262(2) 0.0159(14)
Ti 4c 0 1/2 0 0.026(4)
Ge 4e 0 0 0.1151(5) 0.019(2)

fields up to 3 T and a PPMS (Quantum Design). The
measurement of the electrical resistivity was carried out
above 4.2 K on a bar of 1.5 × 1.5 × 5 mm3, using a
standard dc four probe method, with silver paint contacts
and an intensity current of 10 mA. Due to the presence of
microcracks in the sample, the absolute value of ρ could
not be determined accurately; for this reason, a reduced
representation ρ(T )/ρ(270 K) is chosen. Thermoelectric
power measurements were performed on the bar previously
described using a dynamic method. Details of the cell
used and of the measurement methods have been described
previously [24]. Heat capacity measurements were realized by
a relaxation method with a Quantum Design PPMS system and
using a two tau model analysis.

3. Results and discussion

Using the unit cell parameters reported in table 1, it is observed
that the molar volume of HT-CeTiGe (0.0685 nm3) is weakly
higher than that existing for LT-CeTiGe (0.0674 nm3). This
observation suggests that the chemical bonding between 4f(Ce)
states and its ligands is smaller in the HT-CeTiGe phase.
Also, this last phase adopts the same structure as CeScGe [25]

Figure 2. The crystal structures of LT-CeTiGe and HT-CeTiGe.
Cerium, titanium, and germanium atoms are drawn as medium grey,
black filled, and open circles, respectively. The empty condensed Ce4

tetrahedra and the Ti–Ge coordination are emphasized. For details
see the text.

Table 2. Number of neighbours and interatomic distances (pm) in
the structures of LT-CeTiGe [16] and HT-CeTiGe. Standard
deviations are all equal or less than 0.3 pm.

LT-CeTiGe HT-CeTiGe

Ce: 4 Ge 307.2 Ce: 4 Ge 307.9
1 Ge 336.1 1 Ge 335.8
4 Ti 344.0 4 Ti 345.7
4 Ce 378.1 4 Ce 380.6
4 Ce 412.8 4 Ce 414.9

Ti: 4 Ge 273.5 Ti: 4 Ge 276.7
4 Ti 291.9 4 Ti 293.4
4 Ce 344.0 4 Ce 345.7

Ge: 4 Ti 273.5 Ge: 4 Ti 276.7
4 Ce 307.2 4 Ce 307.9
1 Ce 336.1 1 Ce 335.8

but its molar volume is smaller (0.0740 nm3 for CeScGe) in
agreement with the evolution of the metallic radius from Ti
(146.2 pm) to Sc (164.1 pm).

CeTiGe is a further example for temperature driven
polymorphism. The CeFeSi type low temperature modification
has already been described in [14, 16]. Herein we focus
on a crystal chemical comparison with the high temperature
form (CeScSi type) which forms upon a reconstructive phase
transition. Views on both modifications are presented in
figure 2. The cerium atoms in LT- and HT-CeTiGe built
up layers of empty edge-sharing Ce4 tetrahedra which are
separated by the titanium–germanium networks. The cerium
atoms in both modifications have eight cerium neighbours
(table 2). As expected, the Ce–Ce distances are slightly longer
in the HT-modification. The Ce–Ce distances are all well
above the Hill limit [26] of about 340 pm for 4f(Ce) electron
localization, so that sufficient localization for the onset of
ordered magnetic moments can be expected.

3
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Figure 3. Temperature dependence of the thermoelectric power S for
LT- and HT-CeTiGe. The inset presents the dependence of the
reduced electrical resistivity versus T for HT-CeTiGe.

The striking structural difference between both modifica-
tions concerns the [TiGe] networks. The titanium atoms in both
modifications have four germanium neighbours, in tetrahedral
coordination in LT-CeTiGe but in a planar coordination in
HT-CeTiGe. The Ti–Ge distances in both modifications of
274 pm (LT) and 277 pm (HT) are both longer than the sum
of the covalent radii [27] of 254 pm, indicating only weak Ti–
Ge bonding. In contrast, both modifications show short Ti–
Ti distances of 292 (LT) and 293 pm (HT), which compare
well with the Ti–Ti distances (6 × 290 and 6 × 295 pm)
in hcp titanium [28]. Similar to the many ZrCuSiAs type
materials [29], also in the two modifications of CeTiGe we
observe substantial Ti–Ti bonding.

The centres of the Ce4 tetrahedra in both modifications
are special positions, i.e. Wyckoff site 2d (1/4 3/4 1/2)
in LT-CeTiGe and 4d (0 1/2 1/4) in HT-CeTiGe. These
empty tetrahedra are favourable for hydrogenation, as recently
demonstrated for the isotypic compound CeRuSi and its
hydride CeRuSiH [30]. Filling of Ce4 tetrahedral sites with
hydrogen without cell expansion for both forms of CeTiGe
would lead to Ce–H distances of 238 (LT) and 240 pm
(HT), which are comparable to the ones in the structurally
related hydrides CeRuSiH (244.7 pm) [30] and CeCoSiH
(239.1 pm) [31]. Our recent hydrogenation experiments on
LT-CeTiGe and HT-CeTiGe resulted in the hydride CeTiGeH
adopting a structure derivative from the CeScSi type; these
results will be reported in a forthcoming paper.

The temperature dependence of the reduced electrical
resistivity ρ(T )/ρ(270 K) of HT-CeTiGe, is shown in the
inset of the figure 3. In the temperature range 270–38 K,
the resistivity decreases almost linearly with the lowering of
temperature, then decreases weakly between 38 and 15 K, and
finally a sudden change of slope is detected at 15(1) K on the
curve ρ(T )/ρ(270 K) versus T . This behaviour is comparable

Figure 4. Temperature dependence of the reciprocal magnetic
susceptibility χ−1

m measured for an applied field H = 3 T for
HT-CeTiGe.

to that reported for LT-CeTiGe [17]. The decrease of the
reduced resistivity occurring below 15(1) K can be attributed
to the formation of the coherent Kondo lattice.

Figure 3 compares the temperature dependence between
4.2 and 300 K of the thermoelectric power S of the two
modifications of CeTiGe. The curve S versus T for LT-
CeTiGe exhibits the same characteristics as that determined
recently, but the measured maximum value of S = 88 μV K−1

is higher than the one reported in the literature [17]. This
curve, which shows many similarities to that measured for
the isotypic ternary silicide CeRuSi [30], can be explained
with a model describing the influence of the crystalline field
effect on the Kondo effect at temperatures larger than the
Kondo temperature within the Coqblin–Schrieffer Hamiltonian
for the 4f1 configuration of cerium [32]. The comparison
between the curves S versus T concerning HT- and LT-
CeTiGe indicates that for the former modification: (i) a
smaller value of S = 40 μV K−1 for the maximum and also
(ii) a smaller temperature (∼=170 K) where S changes its sign
from negative to positive with decreasing temperature. The
comparison suggests that the influence of the Kondo effect on
the physical properties of CeTiGe decreases in the sequence
LT-CeTiGe → HT-CeTiGe. A similar decrease of the S value
for the maximum of the curve S versus T is evidenced in the
system Ce(Nix Pd1−x)2Si2 [33] and in CePd2Si2 when external
pressure is applied [34]. In other words, the temperature
dependence of S in the sequence LT-CeTiGe → HT-CeTiGe
reveals a decrease of the hybridization between the 4f(Ce) and
the conduction electrons.

Above 100 K, the temperature dependence of the recip-
rocal magnetic susceptibility χ−1

m of HT-CeTiGe (figure 4)
can be fitted with a Curie–Weiss law χ−1

m = (T − θp)/Cm

giving θp = −59(2) K as the paramagnetic Curie temperature
and μeff = (8Cm)1/2 = 2.60(5) μB mol−1 as the effective
paramagnetic moment, a value close to that calculated for
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Figure 5. Temperature dependence of the magnetic susceptibility χm

measured for an applied field H = 0.1 T for HT-CeTiGe. The inset
presents the curve χm versus T for LT-CeTiGe.

the free Ce3+ ion (μeff = 2.54 μB mol−1). The negative
curvature observed at low temperatures in the χ−1

m versus T
curve indicates the presence of a crystal field effect.

Before the presentation of the magnetization and specific
heat measurements performed down to 2 K (figures 5 and 6),
we must mention: (i) that these data reveal no anomaly around
6.4 K attributed to the ferromagnetic transition of Ce5Ge3 [19],
and (ii) that the impact on these data of the LT-CeTiGe phase
was subtracted.

No anomaly can be detected down to 2 K from the
curve χm versus T giving the temperature dependence of the
magnetic susceptibility measured at low field H = 0.1 T
for HT-CeTiGe (figure 5). At 2 K, χm takes a value of
0.316 emu mol−1. This evolution of χm is different to
that existing for LT-CeTiGe (inset of figure 5), where a
shoulder appears around 10–12 K. This last anomaly detected
also by Deppe et al [17] but at higher temperature (24 K)
characterizes the spin fluctuation temperature resulting from
the hybridization between the 4f(Ce) and the conduction
electrons. As a similar anomaly is not observed for HT-
CeTiGe, the magnetization measurement confirms the decrease
of the hybridization in the sequence LT-CeTiGe → HT-
CeTiGe.

Finally, the ternary germanide HT-CeTiGe was investi-
gated by specific heat measurements (figure 6). No peak can
be observed from the curve Cp/T versus T , in agreement
with the absence of magnetic ordering down to 2 K as
reported from the magnetization measurements. However,
around 10 K, this curve exhibits a strong increase, attaining a
value of 0.635 J mol−1 K−2 at 2 K, suggesting that this form
is a strongly correlated electron system at low temperature.
At higher temperature, between 12 and 25 K, an enhanced
Sommerfeld coefficient γ = 0.308 J mol−1 K−2 can be
obtained by fitting the data Cp/T versus T 2 (inset of figure 6).

Figure 6. Temperature dependence of the specific heat C p divided by
temperature for HT-CeTiGe (the line is a guide for eye). The inset
presents the curve C p/T versus T 2.

This γ value is comparable to that reported for LT-CeTiGe [17]
but the specific heat of this last form does not show an increase
at low temperature.

4. Conclusion

The magnetization, electrical resistivity, thermoelectric power,
and specific heat measurements presented here for HT-
CeTiGe indicate that this compound does not show magnetic
ordering down to 2 K. However, this study reveals at low
temperatures some characteristic features of a non-magnetic
strongly correlated electron system: an important increase of
its magnetic susceptibility and specific heat. Also, these results
suggest that the physical properties of CeTiGe are strongly
dependent on its structural properties; the 4f(Ce)–conduction
electrons interaction decreases from the low temperature form
(CeFeSi type) to the high temperature form (CeScSi type).
A detailed investigation of the Ce–Ti–Ge system near the
CeTiGe composition is now in progress in order to explain
these different behaviours.
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Eyert V 2007 Phys. Rev. B 76 174434

[10] Umeo K, Masumori K, Sasakawa T, Iga T, Takabatake T,
Ohishi Y and Adachi T 2005 Phys. Rev. B 71 064110

[11] Heymann G, Riecken J F, Rayaprol S, Christian S,
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