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We report on the valence fluctuation of Ce in CeMo2Si2C as studied by means of magnetic susceptibility
v(T), specific heat C(T), electrical resistivity q(T) and X-ray absorption spectroscopy. Powder X-ray dif-
fraction revealed that CeMo2Si2C crystallizes in CeCr2Si2C-type layered tetragonal crystal structure (space
group P4/mmm). The unit cell volume of CeMo2Si2C deviates from the expected lanthanide contraction,
indicating non-trivalent state of Ce ions in this compound. The observed weak temperature dependence
of the magnetic susceptibility and its low value indicate that Ce ions are in valence fluctuating state. The
formal LIII Ce valence in CeMo2Si2Chemi ¼ 3:14 as determined from X-ray absorption spectroscopy mea-
surement is well below the value hemi ’ 3:4 in tetravalent Ce compound CeO2. The temperature depen-
dence of specific heat does not show any anomaly down to 1.8 K which rules out any magnetic
ordering in the system. The Sommerfeld coefficient obtained from the specific heat data is c = 23.4 mJ/
mol K2. The electrical resistivity follows the T2 behavior in the low temperature range below 35 K con-
firming a Fermi liquid behavior. Accordingly both the Kadowaki Woods ratio A=c2 and the Sommerfeld
Wilson ratio vð0Þ=c are in the range expected for Fermi-liquid systems. In order to get some information
on the electronic states, we calculated the band structure within the density functional theory, even-
though this approach is not able to treat 4f electrons accurately. The non-f electron states crossing the
Fermi level have mostly Mo 4d character. They provide the states with which the 4f sates are strongly
hybridized, leading to the intermediate valent state.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Ce-based intermetallic compounds have attracted tremen-
dous attention with interesting phenomena such as valence
fluctuations, heavy fermion behavior, quantum criticality, uncon-
ventional superconductivity and Kondo effect [1–4]. These anoma-
lous properties arise due to the hybridization between the
localized (4f) electrons and conduction electrons. Usually, the com-
petition between Ruderman–Kittel–Kasuya–Yosida (RKKY) and
Kondo interactions determines the ground state of these com-
pounds. While the RKKY interaction favors a long-range magnetic
order, the Kondo interactions have a tendency to screen the mag-
netic moments which lead to a non-magnetic ground state [5,6].
The result of these two interactions is summarized in the Doniach
phase diagram [5]. A quantum critical point exists in the regime
where the strength of RKKY and Kondo interactions are compara-
ble. Quantum criticality in heavy fermion systems is one of the
hot topics in condensed matter physics. In Ce-based compounds,
quantum criticality and associated unusual physical properties
such as the non-Fermi liquid behavior are found near the magnetic
non-magnetic crossover, where the Ce valency is very close to 3+.
Usually one uses a tuning parameter such as pressure, doping or
magnetic field to tune the electronic ground state of the system
close to quantum critical point. Many Ce-based compounds exhibit
magnetically mediated unconventional superconductivity in the
quantum critical regime. Despite the first such superconductor,
CeCu2Si2 [7], was discovered 35 years ago, many fundamental
questions have yet not been settled and there is still an intensive
research going on these superconductors. Pressure experiments
on pure and Ge-doped CeCu2Si2 revealed two superconducting do-
mes, one at lower pressure attributed to the magnetic quantum
critical point and the other one at a higher pressure which could
be related to valence fluctuation [8,9]. In contrast, unconventional
superconductivity was not found in Yb-compounds near a mag-
netic quantum critical point, even though there are examples of
Yb-compounds showing quantum criticality. YbAlB4 is the only
compound showing superconductivity which is proposed to be
connected with critical valence fluctuations [10–12]. This provided
additional incentive for the investigations of valence fluctuation
phenomenon.

In our search for new valence fluctuating compound that may
show quantum criticality similar to that of YbAlB4, we have syn-
thesized and investigated the physical properties of CeMo2Si2C.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2013.05.169&domain=pdf
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To the best of our knowledge, there is no report in the literature on
the layered intermetallic compound CeMo2Si2C. The structurally
homologous compound, PrMo2Si2C [13] has been reported to form
in CeCr2Si2C-type (‘‘filled’’ CeMg2Si2-type) tetragonal crystal struc-
ture (space group P4/mmm). The magnetic measurements on
PrMo2Si2C have suggested a trivalent state of Pr in this compound.
RCr2Si2C (R = Y, La-Sm, Gd-Er), an isoelectronic structural homo-
logue series of CeMo2Si2C, has been reported to exhibit ferromag-
netic ordering of rare earth ions [14] but intermediate valence
for R = Ce [15,16]. We present the structural and physical proper-
ties of CeMo2Si2C, viz., X-ray diffraction (XRD), dc magnetic suscep-
tibility, electrical resistivity, specific heat and X-ray absorption
spectroscopy (XAS) and discuss the results in the context of the cal-
culated electronic structure. From our measurements, we show
that Ce ions are in a valence fluctuating state in this compound.
Fig. 1. The powder X-ray diffraction pattern of CeMo2Si2C recorded at room
temperature. The solid line through the experimental points is the Rietveld
refinement profile calculated for the CeCr2Si2C-type layered tetragonal crystal
structure (space group P4/mmm). The short vertical bars indicate the Bragg peak
positions. The lowermost curve represents the difference between the experimental
and model results.

Table 1
Crystallographic parameters obtained from the Rietveld refinement of powder X-ray
diffraction data for CeMo2Si2C.

Structure CeCr2Si2C-type tetragonal
Space group P4/mmm
Lattice parameters
a (Å) 4.213(1)
c (Å) 5.376(1)
2. Methods

2.1. Experiment

Polycrystalline sample of CeMo2Si2C has been prepared by the standard arc
melting technique on a water cooled copper hearth. Since the melting point of
Molybdenum element is very high, therefore, we first arc melted Si and Mo together
in the stoichiometric ratio. Then the as-obtained pellet was arc melted with carbon
and subsequently with cerium. All the constituent elements were of high purity
(99.9% and above). The samples were flipped after each melting and were melted
several times to ensure homogeneity. The arc melted button was sealed in the Ta
crucible and annealed in a vacuum furnace at 1500 �C for five days. The phase purity
of the sample was checked by powder X-ray diffraction using Cu Ka radiation and
scanning electron micrograph (SEM). Energy dispersive X-ray (EDX) analysis was
used to check the stoichiometry of the sample. Electrical resistivity measurements
were carried out using conventional four probe technique in the temperature range
2–300 K in a physical property measurement system (PPMS, Quantum design). A
commercial superconducting quantum interference device (SQUID) magnetometer
(MPMS, Quantum design) was used for magnetic measurements. The specific heat
was measured by relaxation method in a physical property measurement system
(PPMS, Quantum design). The absorption spectra of CeMo2Si2C at the Ce-LIII edge
(E = 5723 eV) have been recorded in transmission mode at the EXAFS beam line
A1 of the Hamburg synchrotron radiation facility (HASYLAB at DESY) using the
Si(111) double crystal monochromator. The absorption behavior has been deter-
mined in the energy range 5450–6200 eV with a minimal step size of DE ¼ 0:2 eV
close to the absorption edge, e.g. 5723 ± 25 eV. The powdered sample with particle
size smaller than 20 lm was distributed on self adhesive Kapton foil. Multi-layers
of 4 foils corresponding to 8 mg/cm2 resulted an absorption edge step of Dl ¼ 0:5
which represents the difference of the low and high energy background functions
at the absorption edge. Evaluation of spectra, energy calibration and normalization
have been performed with the Athena modul of the Horae software package [17].
The simultaneously measured reference spectra of the Ce3+ compound CePO4 was
used for energy calibration and was measured together with the CeO2 reference
material with a dominant Ce4+ contribution.

2.2. Method of calculation

We have performed the density-functional band structure calculations using
two full potential codes: local orbital minimum basis band structure scheme (FPLO)
[18] and full-potential linearized augmented plane wave (FLAPW) method imple-
mented in WIEN2K code [19]. Perdew–Burke–Ernzerhof (PBE) form of the general-
ized gradient approximation (GGA) was employed for the exchange correlation
potential [20]. Additionally, to account for the strong Coulomb repulsion within
the Ce (4f) orbitals a typical value of the Coulomb energy U = 6 eV has been chosen
for the GGA + U calculations [21,22]. The calculations were performed using the
experimentally obtained lattice parameters of CeMo2Si2C where the full-lattice
optimizations were done using Rietveld refined atomic coordinates.
VcellðÅ
3Þ 95.42(1)

Refinement quality
v2 1.36
RP 3.15
RWP 4.08
Refined atomic coordinates

Atom Wyckoff x y z B

Ce 1b 0.0000 0.0000 0.5000 0.10784
Mo 2f 0.0000 0.5000 0.0000 0.07548
Si 2h 0.5000 0.5000 0.2812 0.20884
C 1a 0.0000 0.0000 0.0000 0.31818
3. Results and discussion

3.1. Experiment

Fig. 1 shows the XRD pattern of CeMo2Si2C together with the
structural Rietveld refinement profile for the CeCr2Si2C-type lay-
ered tetragonal crystal structure (space group P4/mmm). Powder
X-ray diffraction data were collected on the crushed sample and
analyzed by Rietveld refinement using FullProf software [23].
The obtained lattice parameters for CeMo2Si2C are a = 4.213(1) Å,
and c = 5.376(1) Å which are smaller than the values reported for
homologous PrMo2Si2C (a = 4.214 Å and c = 5.409 Å) [13]. That
means CeMo2Si2C unit cell volume does not follow the usual
lanthanide contraction which is a first indication for a valence fluc-
tuating Ce states.

The crystallographic parameters obtained from the least square
refinement of XRD data are listed in Table 1 and Table 2. The XRD
and SEM reveal the single phase nature of the sample. The EDX
composition analysis confirmed the desired stoichiometry of
CeMo2Si2C. The CeCr2 Si2C-type primitive tetragonal crystal struc-
ture of CeMo2Si2C is presented schematically in Fig. 2. This struc-
ture is different from the very common tetragonal ThCr2)Si2-type
structure: an additional carbon atom sharing the same edge with
Mo forms a layer of MoC. The loss of the body centering results
in the c/a ratio 1.27 which is almost half of usually observed ratio
of about 2.5 in the ThCr2Si2-type structure. The value of the lattice
parameter c in this structure suggests a covalent bonding between
the Ce–C along [0 0 1] direction [15]. The Ce atoms lie at the mid-
point of the c-axis of the unit cell and there is no direct bonding be-
tween them.

The temperature dependence of magnetic susceptibility v(T) of
CeMo2Si2C measured under an applied magnetic field of H = 5 T is
shown in Fig. 3. The very low value of susceptibility and its weak
temperature dependence down to 100 K clearly indicate that Ce
ions are in valence fluctuating state. Similar shape of susceptibility



Fig. 2. Tetragonal crystal structure of CeMo2Si2C (space group P4/mmm). The
atomic coordinates are listed in Table 1.

Fig. 3. Temperature dependence of the magnetic susceptibility of CeMo2Si2C at 5 T.
The solid red line through the magnetic susceptibility data shows a fit to the two-
level ionic interconfiguration fluctuations (ICF) model in the temperature range 10–
300 K. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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curves has been observed and are typical for Ce-based valence fluc-
tuating compounds [24–27]. Sometimes the magnetic susceptibil-
ity does show a curie tail at lower temperatures in valence
fluctuating systems for instance in Ce2Co3Ge5 [24], Ce2Ni3Si5 [27],
and CeNi2B2C [28]. which arises due to free Ce3+ magnetic impurity
ions.

The dc magnetic susceptibility for a valence fluctuating system
can be described with the two level ionic interconfiguration fluctu-
ation (ICF) model. The theory of ICF was first proposed by Hirst [30]
and latter Sales and Wohlleben developed it further to explain the
valence fluctuating behavior observed in few Yb-based compounds
[31]. According to the ICF model [32], the temperature dependence
of the susceptibility is given by

vðTÞ ¼ N
3kB

� �
l2

nmðTÞ þ l2
n�1f1� mðTÞg
T�

� �
ð1Þ

with

mðTÞ ¼ 2Jn þ 1
ð2Jn þ 1Þ þ ð2Jn�1 þ 1Þexpð�Eex=KBT�Þ ð2Þ
and

T� ¼ T2 þ T2
sf

h i1=2
ð3Þ

where ln and ln�1 are the effective moments in 4f n and 4f ðn�1Þ

states, and ð2Jn þ 1Þ and ð2Jn�1 þ 1Þ are the degeneracies of the cor-
responding energy states En and En-1. Here Eex is interconfigurational
excitation energy which is equals to ðEnÞ � ðEn�1Þ and Tsf is the spin
fluctuation temperature associated with the valence fluctuation. In
order to take care of the contribution of Ce3+ ions which belong to
the impurity phases present in CeMo2Si2C, we have added the term
vimp ¼ n � C=ðT � hÞ to the magnetic susceptibility. Thus the final
equation is

vðTÞ ¼ ð1� nÞ N
3kB

� �
ð2:54 lBÞ

2f1� mðTÞg
T�

" #
þ n

C
T � h

þ v0 ð4Þ

with

mðTÞ ¼ 1
1þ 6expð�Eex=KBT�Þ ð5Þ

where v0 is temperature independent term and n is the fraction of
stable Ce3+ ions. Here we have taken Ce4+ (J = 0 and l = 0 lB) state
as ground state and Ce3+ (J ¼ 5

2 and l ¼ 2:54 lBÞ as an excited state.
The solid line through the magnetic susceptibility data in Fig. 3 is the
fit to the Eq. (4). The values of parameters obtained from the least
square fits are n ¼ 0:06; Eex ¼ 677� 12 K; Tsf ¼ 205� 3 K; h ¼ 1:9 K
and v0 ¼ �1:67� 10�4 emu=mole. The values of Eex and Tsf are in
the range of typical values found for the valence-fluctuating system
Ce2Rh3Si5 (Eex = 845 K and Tsf = 129 K) [22].

Furthermore, to understand the intrinsic behavior of the suscep-
tibility for the sample, i.e. v(T) without the contribution from Ce3+

impurity phase, we have subtracted the magnetic impurity contri-
bution from the measured susceptibility data. The susceptibility
data were first fitted to the equation vðTÞ ¼ v0 þ n � C=ðT � hÞ in
the temperature range 15–80 K where the dominant magnetic con-
tribution is coming from Ce3+ magnetic impurity phase (see Fig. 4).
The parameters obtained from the least square fit, n = 0.06 and
h = 2.32 K are nearly same as found in the impurity part of ICF fitting
discussed earlier. In next step, the impurity part vimp ¼ n � C=ðT � hÞ
was subtracted from the measured v(T) in the temperature range
10–300 K. The resulted (after subtraction) susceptibility v� vimp

posses a broad maximum which is a characteristic feature of a va-
lence fluctuating system [22,33] (see inset of Fig. 4). The v� vimp

data were fitted to the following ICF equation

vðTÞ ¼ ð1� nÞ N
3kB

� �
ð2:54 lBÞ

2f1� mðTÞg
T�

" #
þ v0 ð6Þ

where the impurity concentration n is kept fixed at 0.06. The fit
to the data yields the values Eex = 701 ± 4 K, Tsf = 217 ± 1 K and
v0 = �1.24 � 10�4 emu/mole, which are close to the values
obtained from the ICF fitting earlier above.

Even though the valence fluctuating systems are not expected
to order magnetically, the magnetic susceptibility measured under
low magnetic fields exhibit sharp increase below 8 K (Fig. 5). How-
ever, the low value of magnetization at 5 K (�0.003 lB/Ce at 0.01 T)
and the absence of any anomaly in the specific heat data suggest
that this low temperature magnetic susceptibility anomaly is not
intrinsic and arises from small amount of impurity phase. The field
dependence indicate this impurity phase to be ferromagnetic.
Therefore it is likely a small amount of CeSi2-x [34].

The specific heat C(T) of CeMo2Si2C measured under zero
applied magnetic field is presented in Fig. 6 in the temperature
range 1.8–35 K. The specific heat exhibits no anomaly in this tem-
perature range down to 1.8 K and hence confirms the absence of



Table 2
Powder pattern of CeMo2Si2C, the calculated values are obtained from the Rietveld refinement of powder X-ray diffraction data and the observed values are the experimental
values.

2h hkl dhkl Ical Iobs 2h hkl dhkl Ical Iobs

16.477 001 5.375545 185.0 189.1 66.541 300 1.404098 18.9 20.8
21.073 100 4.212293 437.3 464.0 68.722 203 1.36476 36.8 38.2
26.867 101 3.315601 654.9 643.1 69.083 301 1.358519 55.7 53.7
29.975 110 2.978541 4 3.7 69.944 004 1.343886 108.6 116
33.307 002 2.687773 550.5 559 70.658 310 1.332044 1.2 1.5
34.394 111 2.605331 2479.7 2472.6 72.5 222 1.302666 202.5 202.3
39.749 102 2.265809 673.8 667.4 72.782 213 1.298317 130.9 130.8
42.905 200 2.106147 1482.2 1473.1 73.133 311 1.29294 663.9 687.8
45.414 112 1.995443 121.4 128.8 73.974 104 1.280306 27.3 25.8
46.258 201 1.961003 54.4 51.4 76.478 302 1.244513 107.8 110.1
48.271 210 1.883795 81.1 89.2 77.925 114 1.224973 1.1 1.1
50.92 003 1.791848 21.8 21 80.39 312 1.193512 54.4 57.8
51.352 211 1.777793 214.5 224.7 82.497 320 1.16828 16.6 19.1
55.374 202 1.657801 561.4 516.3 84.527 223 1.145326 17.9 20
55.7 103 1.648865 151.9 159.9 84.865 321 1.141629 53.2 59.3
59.911 212 1.54263 364.8 355.8 85.674 204 1.132904 271 264.1
60.222 113 1.535422 364.4 375.3 88.367 303 1.1052 48.3 48.3
62.292 220 1.489271 343.6 376.6 89.51 214 1.094027 32.4 34.6
64.919 221 1.43521 14.4 16.4

Fig. 4. Temperature dependence of the magnetic susceptibility of CeMo2Si2C at 5 T.
The solid line through the magnetic susceptibility data in the temperature range
15–80 K shows a fit to the equation vðTÞ ¼ v0 þ n � C=ðT � hÞ. The blue circles in the
inset represent the susceptibility data obtained after subtracting the extrapolated
impurity component from the measured susceptibility data in the temperaure
range 10–300 K and the solid line through the data points represents an ICF fit as
discussed in the text. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. The temperature dependence of zero field-cooled (ZFC) and field-cooled (FC)
dc magnetic susceptibility in the temperature range 2–40 K measured under
various applied magnetic fields.
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magnetic ordering in CeMo2Si2C. We could fit the low temperature
specific heat data below 12 K to the equation

CðTÞ ¼ cT þ bT3 ð7Þ

where cT is the electronic contribution to the specific heat, bT3 is
the phononic contribution to the specific heat (inset of the Fig. 6).
The fit to the data yields the value of c ¼ 23:4 mJ=mol K2 and
b = 1.6 � 10�4 J/mol K4. This gamma value is at the lower border
of the range expected for valence fluctuating Ce system, but compa-
rable to the value found, e.g. in CeRu2 (c = 23 mJ/mol K2) [35], Ce2-

Co3Ge5 (c=17 mJ/mol K2) [24] and CeRu3Si2 (c = 39 mJ/mol K2)
[29]. The Debye temperature HD for CeMo2Si2C was estimated from
b using the relation [36]

HD ¼
12p4nR

5b

� �1=3

ð8Þ

where R is molar gas constant and n = 6 is the number of atoms per
formula unit (f.u.). Form this, we obtain Debye temperature
HD ¼ 417 K for CeMo2Si2C.

The temperature dependence of electrical resistivity q(T) of
CeMo2Si2C is shown in Fig. 7. The electrical resistivity data exhibit
metallic behavior with residual resistivity, q0 � 12:7 lX cm at 2 K.
Fig. 6. Temperature dependence of the specific heat data, C(T) of CeMo2Si2C
measured in zero field in the temperature range (1.8–35 K). The solid line through
the specific heat data in the inset shows the fit to the equation CðTÞ ¼ cT þ bT3.



Fig. 8. Ce–LIII-edge X-ray absorption of CeMo2Si2C at 300 K. The solid black line
through data points shows the least square fit. The contributions due to 4f1 and 4f0

configurations are represented by the solid Gaussian lines, while the dashed line
represents the arctan functions.
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The large value of residual resistivity ratio ðRRR ¼ q300 K=q2 KÞ � 9
indicates good crystallinity of our sample. We do not observe any
prominent anomaly in the resistivity data and the data fit well to
the following equation in the low temperature range 10–35 K, i.e.

qðTÞ ¼ q0 þ AT2 ð9Þ

The fitting yield the parameters q0 � 12:3 lX cm for the residual
resistivity and the coefficient A ¼ 2:57� 10�3 lX cm K�2. Thus,
the electrical resistivity of CeMo2Si2C exhibits the Fermi liquid
behavior as usually observed for Ce-based valence fluctuating sys-
tems [37]. Within the Fermi liquid theory the A coefficient is related
to c2. Kadowaki and Woods found that in heavy fermion systems
and valence fluctuating systems the ratio A=c2 is of the order of
1� 10�5 lX cm ðmol K=mJÞ2 [38]. Later on Tsujii et al. [39].
suggested this ratio to scale with 2/N(N � 1) where N is the
degeneracy of the orbital state of the f element. For an intermediate
valent Ce system N = 6 gives A=c2 ¼ 6:7� 10�7 lX cm ðmol K=mJÞ2.
For CeMo2Si2C our experimental data result in
A=c2 ¼ 0:5� 10�5 lX cm ðmol K=mJÞ2, just the original Kadowaki
Woods value. Furthermore, in a Fermi liquid one expect a T-inde-
pendent susceptibility vFL at low temperatures with a value scaling
with c too. This is expressed in the Wilson Sommerfeld ratio i.e.

RW ¼
p2k2

BvFL

cl2
eff

ð10Þ

which is expected to be close to one. Taking the low temperature
value of vFL � 5:6� 10�4 emu/mole from the impurity corrected
v(T) shown in the inset of Fig. 4, c ¼ 23:4 mJ=mol K2 as determined
above, and leff ¼ 2:54 lB as expected for the free Ce3+ moment we
get RW ¼ 0:81, while taking leff ¼ 1:73 lB as for a free conduction
electron, one get RW ¼ 1:7: Thus, low T susceptibility, specific heat
and resistivity data fulfill Fermi liquid expectations.

The Ce–LIII-edge X-ray absorption spectrum of CeMo2Si2C taken
at room temperature is presented in Fig. 8. To analyze the
spectrum in detail two Gaussian functions were taken into consid-
eration which represents the 4f1 and 4f0 configuration. Addition-
ally, two arc tan function was added to provide the relative
weight of the two electron configurations. The larger peak at
5724 eV corresponds to the 4f1 configuration and the smaller peak
at 5734 eV corresponds to the 4f0 configuration. The Ce–LIII clearly
indicates that the Ce ions in this compound are in valence fluctuat-
ing state. Moreover, the average formal LIII valence of Ce can be ob-
tained from the intensity ratio of the two Gaussian peaks using the
equation hemi ¼ 3þ I1=ðI1 þ I2Þ. Hence we get the value of average
formal LIII valence of Ce atoms in CeMo2Si2C as hemi ¼ 3:14 at room
Fig. 7. Temperature dependence of electrical resistivity data, q(T) of CeMo2Si2C as a
function of temperature. The solid line in the inset shows the fit to the equation
qðTÞ ¼ q0 þ AT2.
temperature. This value is less than the value (�3.4) obtained for a
tetravalent CeO2 [40]. Similar values of mean formal LIII valence of
Ce ions have also been reported for other valence fluctuating com-
pounds, for example, CeRhSi2 ðhemi ¼ 3:15Þ, Ce2Rh3Si5ðhemi ¼ 3:18Þ
[22] and CeNi2B2C ðhemi ¼ 3:18Þ [28] at room temperature.

3.2. Band structure calculations

In order to gain some information on the electronic state, elec-
tronic structure calculations were performed for the compound
using two different approaches, i.e., with FPLO and full potential
LAPW method. Both the methods give very similar results and
therefore only those obtained by using the FLAPW method are dis-
cussed here. Because of the strong correlations in the (4f) shell, the
density functional approach is not able to treat the (4f)-electrons of
Ce accurately. In contrast non-f valence states are usually only
weakly affected by these correlations, except close to the Fermi le-
vel where hybridization with f-states becomes relevant. Therefore,
such a calculation allows insight into the non-f valence states and
gives some information on the states which are hybridized with
the Ce (4f) states at the Fermi level. In this method the unit cell
is divided into non-overlapping muffin-tin spheres centered at
the atomic sites and an interstitial region. The muffin-tin radii
were chosen to be of 2.5 a.u. for Ce, 2.1 a.u. for Mo, 2.2 a.u. for Si
and 1.86 a.u. for C. The set of plane-wave expansion KMAX was
determined as RMT � KMAX equal to 7 and K mesh used was
13 � 13 � 10. We have performed the calculations with and with-
out spin polarization. Notably the self-consistent results for mag-
netic solutions were nearly the same as those for non-magnetic
ones because the spin polarized calculation resulted in a non-mag-
netic state. Total and local magnetic moments were approximately
zero ð� 10�5 lB=CeÞ in the spin polarized calculations.Fig. 9 shows
the total and partial Density of States (DOSs) for CeMo2Si2C, calcu-
lated within the GGA and GGA + U (U = 6 eV) approximations. To
describe in detail, here we divide the total DOS into four main
parts.

1. The peak located below �16 eV is due to Ce 5p electronic state.
It is remarkable that the GGA + U peak is shifted towards higher
binding energy by 1 eV with respect to GGA.

2. The sub-band situated between �12 eV and �6 eV, is formed
mainly by Si 3s and C 2s states.

3. The third part, which is located between the �6 and �2 eV con-
tains strongly hybridized Mo 4d , Si 3p and C 2p states. Hybrid-
ized states of Ce 4d and C 2p are observed as well just below the
Fermi level (see the partial density of states of Fig. 9).



Fig. 9. Total (upper panel) and partial densities of states (bottom panels) for
CeMo2Si2C. Here the Fermi level (EF) corresponds to zero binding energy.

Table 3
Total densities of states N½EF � (in states/eV/f.u) and partial densities of states (in
states/eV/atom) at the Fermi level, the calculated Sommerfeld coefficient c0 (in mJ/
mol K(2) and molar Pauli paramagnetic susceptibility vFL (in 10�4 emu/mol).

Method Total N½EF � c0 vFL Ce-(4f) Mo-4d

GGA 3.86 9.10 1.24 1.47 0.52
GGA + U 3.16 7.45 1.01 0.77 0.52
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Fig. 10. Band structure of CeMo2Si2C along the symmetry lines of the Primitive
tetragonal BZ. Mo 4d contribution to the bands is represented by the larger circles.
Different colors of the bands are used just to guide the eyes. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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4. The bottom of the conduction band or at the Fermi level, the
main contribution to the DOS is provided by Ce (4f) and Mo
4d electronic states. Hybridization between Ce 4f and Mo 4d
states are observed near the Fermi level. In case of GGA + U
the main peak (Ce (4f)) is broadened and slightly shifted
towards right side above the Fermi level in comparison to
GGA and consequently reduced the occupancy of Ce (4f) elec-
trons at the Fermi level.

It should be noted that at the Fermi level a small contribution to
the total DOS come from Ce 5d, Si 3p and C 2p states as well. The
orbital occupancy of electrons inside the atomic sphere of the Ce
atom is calculated by the GGA approach as 6s1:98 5d0:64 4f 0:94 and
by GGA + U calculation as 6s1:99 5d0:85 4f 0:64. Thus the f-count in
these calculations is slightly (GGA) or far (GGA + U) below 1. Com-
parison with the LIII result shows that GGA overestimate the f count
while GGA + U provides more realistic value of f electron count.
Based on the DOS at the Fermi level here we obtained the Som-
merfeld coefficients c0 and the Pauli paramagnetic susceptibility
vFL as calculated under the assumption of free electron model,
c0 ¼ ðp2=3ÞN½EF �K2

B and vFL ¼ l2
BN½EF �, where N½EF � is the electron

density of states at the Fermi level. All the calculated values are
listed in Table 3. The calculated c0 and vFL values are a factor of
about 3 and 6, respectively, below the experimental values. This
difference can be very simply attributed to the strong renormaliza-
tion connected with the valence fluctuations.

The band structure along various symmetry directions calcu-
lated within the GGA is shown in Fig. 10. The band structure close
to the Fermi level is mainly composed of three bands (bands 26, 27
and 28) which are crossing EF. The fat part (bigger circles) of the
bands represent the contribution from Mo 4d states which are con-
siderably hybridized with the Ce (4f) bands near EF. Two electron
like bands (bands 27 and 28) cut by the Fermi level at C and X
points and a highly dispersed hole like band (band 26) crosses
the Fermi level at M and A points. The strong dispersion along
C–Z shows that this compound, despite having a quasi 2D struc-
ture, has a true 3D electronic structure. Interesting features are ob-
served between C–Z and A–Z as the sharp tip of the bottom of the
conduction band touches the sharp tip of the top of the valence
band.

4. Conclusion

To summarize, our comprehensive studies of physical proper-
ties of CeMo2Si2C by vðTÞ;CðTÞ;qðTÞ, and XAS measurements reveal
the valence fluctuating state of Ce in CeMo2Si2C. The compound
crystallizes in the CeCr2Si2C-type layered tetragonal structure
(space group P4/mmm). The value of magnetic susceptibility is very
low and almost independent of temperature except a curie tail at
lower temperature (as observed in many valence fluctuating com-
pounds) which arises due to a small amount (�6%) of an impurity
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Ce3+ phase present in the sample. An ICF analysis of v(T) result in a
fluctuation temperature Tsf = 205 ± 3 K and an interconfigurational
excitation energy Eex = 677 ± 12 K. The temperature dependence of
specific heat at zero magnetic field does not show any anomaly
throughout the temperature range and hence confirms the absence
of any magnetic ordering down to 2 K. The Sommerfeld coefficient
obtained from the specific heat data c = 23.4 mJ/mol K2 is relatively
low for a valence fluctuating compound which indicates a strong
hybridization of Ce (4f) states with the conduction states at the
Fermi level. The electrical resistivity exhibits a metallic behavior
with a T2 dependence in the low temperature range indicating
the Fermi liquid behavior as observed for many Ce-based valence
fluctuating systems. XAS studies indicate an average formal LIII va-
lence hemi ¼ 3:14 hence gives a direct evidence for valence fluctua-
tions. Nevertheless, this value is less than that obtained for a
tetravalent CeO2 ðhemi ’ 3:4Þ. The density functional calculations
show strong dispersions along all direction evidencing a 3D elec-
tronic structure despite the quasi 2D chemical structure. Strong
hybridization is found between Mo 4d, Si 3p and C 2p states, and
between Ce 4d and C 2p states at lower binding energies below
the Fermi level. The bands at the Fermi level bear a large Mo 4d
character and provide the states which are hybridized with the
Ce (4f) states.
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