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ABSTRACT

The thermoelectric power (TEP) of a ferromagnet U,ScBgCs (Tc = 61 K) has been measured in the temper-
ature range 5-300 K. The TEP is positive over the whole measured temperature range and reaches a rel-
atively large value at room temperature of 29 uV/K. Below 30K and above 200 K the TEP follows a
straight line S(T) ~AT, with slope of 0.23 and 0.085 uV/K?, respectively. The change in the slope can be
explained by the electron-phonon interaction renormalization effects or spin-reorientation associated
with a change in the electronic structure. Analysing the temperature dependence of the ratio [S(T)/T]/
[S300 k/300] and taking into account the specific heat data, we suggest that spin fluctuations are another
important factor in determining the thermoelectric power behaviour of U,;ScBgCs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Due to a high absorption cross-section, boron and its alloys are
commonly used as shielding materials for thermal neutrons. On
the other hand, uranium carbides are very promising fuels for nu-
clear reactors of generation IV. These reasons have motivated the
study of the ternary system U-B-C [1], leading to discovery of
the boron-carbide UB,C phase. It was found that this phase exists
in two modifications [1]. The low-temperature form called
a-UB,C crystallizes in the orthorhombic space group Pmma [2],
whereas the high-temperature form, called B-UB,C, adopts the
rhombohedral ThB,C-type structure (space group R3m) [3]. The
magnetic properties of these compounds are completely different.
The a-form is a temperature independent paramagnet, whilst the
B-form is ferromagnetic with Tc ~ 74.5 K [4,5].

The Sc-substitution for U in UB,C results in a new quaternary
boron-carbide U,ScBgCs [6]. The compound adopts a unique struc-
ture type with space group P6/mmm, being an ordered variant of
the rhombohedral ThB,C-type structure. The lattice relation to
the structure type of ThB,C (isotype B-UB,C) is as follows:
a(U,ScBgC3) = a(B-UB,C) and c(U,ScBgCs) = 1/3¢(B-UB,C). In spite
of this relationship, distinct differences exist in the unit cells. The
ThB,C structure is built from three puckered metal layers per unit
cell while in U,ScBgCs both the non-metal and metal layers are
perfectly planar.

The very recent investigation on U,ScBgCs [7] revealed that the
substitution of one U atom by one Sc atom in UB,C, not only de-
creases Curie temperature, from 74.5 to 61 K, but also results in
anomalous behaviour of electrical resistivity p(T) and specific heat
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properties. U,ScBgC3 exhibits an enhancement in the electronic
specific heat (C,/T ~40 mJ mol ' K2 at 2 K) and it is regarded as
a strongly correlated electron material. At higher temperatures
(T>150K) the susceptibility is described by a modified Curie-
Weiss law and the measured effective moment of 2.04 pg/U, com-
pared to 1.45 pg/U in B-UB,C indicates a higher degree of localiza-
tion of 5f-electrons in U,ScBsCs. The temperature dependence of
the magnetization at low temperatures is characteristic for spin-
wave systems. The analysis of isotherms, in addition to the ferro-
magnetic transition at 61K, indicates an anomaly around
T' ~ 45 K, probably of spin-reorienation origin. Subsequent specific
heat measurement showing some broad maximum between T and
Tc could support the magnetic nature of the anomaly at T". The
p(T)-curve of U,;ScBeCs is of typical behaviour for metallic ferro-
magnets, i.e., the p(T) increases with increasing temperature and
exhibits a knee at Tc. The metallic properties of U,ScBgC3 may be
supported further by electronic band calculations based on the
full-potential linear augmented plane wave approach. The exis-
tence of the anomaly at T" can be evidenced by the resistivity mea-
surement as @ maximum in the temperature derivative dp(T)/dT.
The observed large residual resistivity of ~430 pQ cm and small
residual resistivity ratio in U,ScBgC3 may have different origins.
In U-based intermetallics, Kondo effect and/or electron localization
frequently give a rise to the resistivity. For U,ScBsCs, the influence
of separated layers of the non-metal atoms and metal atoms, and
as well as some microcracks increasing the resistivity values can-
not be excluded.

We may recall that B-UB,C, in spite of its metallic nature, exhib-
its a remarkable thermoelectric power (S), TEP at room tempera-
ture as large as 22.5 pV/K [5]. Thus, it is highly desired to study
its related compounds in the context of underlying physics of the
enhanced TEP in intermetallics. Compared to -UB,C, the U,ScBeCs
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compound of the layer-type structure is expected to have better
thermoelectric power figure of merit Z = f)—f\ where p is the electri-
cal resistivity and « is the thermal conductivity, because the layer-
type structure of the compound should decrease the thermal
conductivity. Besides, U,ScBgCs has enhanced electronic specific
heat coefficient. As a consequence, charge carriers may have large
effective mass at low temperatures, which in turn usually leads to
large values of the thermoelectric power. Thus, the subject of this
work is to study the thermoelectric power property of U,ScBgCs
and to compare it to that of B-UB,C.

2. Experimental details

Samples used in this work are polycrystals prepared by arc-
melting technique which was described elsewhere [3,6]. We per-
formed powder X-ray diffraction, SEM and EDX to check quality
of the samples. Electrical resistivity was measured on bar shaped
samples applying a standard 4-probe a.c. technique at tempera-
tures down to 2 K. Thermoelectric power was measured with a
steady-state method between 5 and 300 K. Applied temperature
gradient of about 1K across the sample length was measured by
a pair of fine Au(Fe 0.07%)/Chromel thermocouples. The accuracy
of the measurement was estimated to be about +1 pV/K.

3. Results

Fig. 1 shows temperature dependence of the thermoelectric
power of U,ScBgCs. The compound has positive TEP values over
the whole measured temperature range. At high temperatures,
the TEP is nearly linear in T with the slope ~0.085 pV/K?. This
observation may suggest that contribution from thermal diffusion
of carriers to the total thermopower is dominating compared to
phonon-drag contribution. One should note that the magnitude
of TEP attains a value of 29 pV/K at room temperature, thus higher
than that associated with free electrons like in ordinary metals
(TEP of Cu and Pb is of about few pV/K at room temperature).

At low temperatures, the S(T)-curve can also be described by a
straight line. Therefore, there is no indication of either phonon-
drag peak or magnon-drag anomaly in the S(T) dependence of
U,ScBeCs. This means that these contributions are relatively minor
compared to the thermopower due to thermal diffusion of carriers.
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Fig. 1. Temperature dependence of the thermoelectric power of U,ScBgCs. The
dashed lines are guides for the eye. The inset shows density of states calculated
with FP-LAPW approach [7].

conductivity [8]. At low temperatures and in a single paralgozlic
band system, it approximates to the Mott formula: S(T) = ’;e—é‘fT,
where Er is the Fermi energy relative to the maximum of the den-
sity of states [8,9]. Analysing the low-temperature TEP data, we ob-
tained a slope of 0.23 uV/K?, corresponding to energy Er = 0.106 eV.
This value agrees very well with the theoretical value of 0.15 eV
(see the inset), which is obtained with employing a full-potential
linear augmented plane wave approach [7].

Obviously, in addition to the diffusion thermopower, there are
other contributions, which give a rise to a non-linear temperature
dependence of S(T). Besides phonon-drag and magnon-drag contri-
butions mentioned above, one considers contribution due to renor-
malization effects of electron-phonon interaction. According to
Kaiser [10], electron-phonon renormalization would lead to an en-
hanced thermopower by a parameter A(T), and then the measured
thermopower can be expressed as: S(T) = Sp(1 + A(T)), where S; is
the diffusion thermopower without renormalization effects. As we
have shown above, at high temperature the diffusion thermopower
is linear in T, so the ratio [S(T)/T]/[S300 k/300 K] would give a mea-
sure of A(T).

We plot in Fig. 2(a) the temperature dependence of [S(T)/T]/
[S300 k/300] for U,ScBeCs. The magnitude of the ratio [S(T)/T]/
[S300 k/300 K] increases as temperature lowers down and shows a
broad maximum around 35 K. The appearance of this maximum
reflects unusual behaviour of TEP of U,ScBeCs, since some change
due to a spin reorientation was observed at somehow higher
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Fig. 2. Temperature dependence of (a) the ratio [S(T)/T]/[S300 k/300 K] and (b) of
thermoelectric power factor (FP) S?T/p of U,ScBgCs. The FP value of B-UB,C at 300 K
is shown as closed square.
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temperature, i.e., ~45 K in other physical properties like magneti-
zation, resistivity and specific heat [7]. If the spin reorientation is
responsible for this maximum, then some change in the electronic
structure of U,ScBgC3 must occur. Interestingly, below 10 K we ob-
serve increase in [S(T)/T]/[S300 /300 K], suggesting additional
mechanism other than electron-phonon interaction or spin-reori-
entation. We may recall that from the specific heat data U,ScBgCs
has been reported to have strong spin fluctuations. A large electron
mass-enhancement calculated from the electronic specific heat
coefficients A = ﬁ — 1 of 4.1 was already estimated [7].

To discuss the transport properties of U,ScBgCs in the context of
thermoelectric materials, we plot in Fig. 2(b) the thermoelectric
power factor (PF) S*T/p as a function of temperature. At room tem-
perature the power factor reaches a large value of 0.1 W/Km. This
PF is much larger than that observed in p-UB,C (0.06 W/Km). How-
ever, neither of them attains the value exhibited by the best ther-
moelectric materials based on Bi;Tes (~1.7 W/Km) [11].

4. Conclusions

A comparative study on crystallographic, magnetic and thermo-
electric power properties has been performed for B-UB,C and
U,ScBeCs. Both compounds crystallize in a hexagonal unit cell with
a lattice relation close to the structure type of ThB,C. The published
data by us indicate that the substitution of one U atom by one Sc
atom in UB,C, not only decreases Curie temperature, from 74.5
to 61 K, but also results in anomalous behaviour, such as an in-
crease in the Sommerfeld ratio at 2 K, the disappearance of the spe-
cific heat hump near 37K in B-UB,C and appearance of spin-
reorientation at 45 K in U,ScBgCs. Here, we demonstrate that this
substitution causes an enhancement of TEP at high temperatures
for U,ScBsCs. To explain these changes one considers electronic
structure of these compounds. There is considerable increase in
conduction electron density in the Sc-based compound compared
to that of B-UB,C. Taking into account the specific heat data previ-
ously reported [5,7], the electronic density of states at the Femi
level N(EF) can be evaluated to be 17.4 states/eV at. and 14.7

states/eV at. for U,ScBsC3 and B-UB,C, respectively. As a conse-
quence, the DOS position in respect to the Fermi energy is expected
to be changed, and the derivative dN(Ef)/dE determined the TEP in
U,ScBeC3 is certainly higher than that for B-UB,C. We have shown
that the thermoelectric power of U,ScBgCs can be attributed to
thermal diffusion of carriers, electron-phonon interaction renor-
malization effects, spin-reorientation and spin fluctuations. These
three latter effects have found to give a rise to thermopogver value
and to cause change in the slopes of S(T)-curve around T . Though
it has a relatively large thermopower at room temperature, the PF
is lower by an order of magnitude than that of Bi,Tes.
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