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Abstract

SmBg, single crystals were successfully grown by the floating zone (FZ) method. The high-temperature thermoelectric properties were
investigated, together with magnetic properties and specific heat at low-temperature. The electrical resistivity, p, shows variable-range-hopping
(VRH) behavior with significantly lower values than other rare-earth RBg, (RBgs) compounds. An effective magnetic moment, g, of 0.42 pg/
Sm was estimated, which if straightforwardly taken indicates a mixed valency for SmBg, with Sm>*:Sm** = 1:1, which is the first ever
indicated for RBgg-type compounds. Localization length of the VRH at the Fermi level, &, was estimated to be 3.33 A indicating that carriers in
SmBg, are much less localized than in YBge which has 0.56 A. The thermoelectric behavior of SmBg; is striking, with p reduced by two orders
of magnitude while maintaining large Seebeck coefficients, and as a result the power factor is ~30 times higher than other rare-earth phases.
Overall the figure of merit Z7 amounts to ~0.13 at 1050 K, with an extrapolated value of ~0.4 at 1500 K, an expected working temperature for
topping cycles in thermal power plants; that gives a ~40 times enhancement for Sm. Since there are few thermoelectric materials applicable for
very-high temperature applications, this discovery gives new interest in the samarium higher borides.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Thermoelectric materials are being actively investigated
throughout the world now, due to the potential large societal
benefits through the direct conversion of waste heat to elec-
tricity. One need exists to develop high temperature thermo-
electric materials which can utilize the high temperature waste
heat in thermal power plants, steelworks, factories, and in-
cinerators, etc. and also the conversion of concentrated solar
power CSP [1,2]. The performance of thermoelectric materials
can be evaluated by the figure of merit ZT' = $*T/pk, where S,
p, k and T are the Seebeck coefficient, electrical resistivity,
thermal conductivity and temperature, respectively.
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Boron cluster compounds are attractive candidates as high
temperature thermoelectric materials because of their material
stability and generally large Seebeck coefficients [3—5].
Furthermore, they have been found to typically possess
intrinsic low thermal conductivity [6—8], which is a built-in
advantage for thermoelectrics. This property is quite inter-
esting since the boron cluster compounds are strongly cova-
lently bonded solids with high sound velocities. Several
mechanisms, such as symmetry mismatch effect or degrees of
freedom of boron dumbbells in the Bgq cluster, in addition to
the well-known crystal complexity first demonstrated by Slack
[8], have been proposed to be the origin of this intrinsic low
thermal conductivity [5,9,10]. Many of the boron cluster
compounds follow the variable range hopping (VRH) transport
mechanism [11] which is advantageous at high temperatures,
since the electrical conductivity and Seebeck coefficient have
a positive temperature coefficient [3,4]. Another attractive
feature of such boron cluster compounds in general is that the
network structures and physical properties have been found to
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be controllable to some degree through incorporation of metal
atoms in the voids of clusters, and also by the addition of third
elements like C, N, Si which can act as bridging sites of the
cluster framework [12].

Up to now, there has been active investigation into the
thermoelectric properties of boron cluster compounds such as
boron carbide [2,13—15], rare earth borocarbonitrides
RB15_5CN, RB22C2N, and RB28.5C4 (R = rare earth) [16719],
doped B-boron [20—22], B¢S;_x [23], RBge [24,25], RB44Si;
[3.8,26,27], MgAIB 4 [28.,29], Y,Al,B 4 [30—32], and a recent
re-examination of the prospects of BcO by Slack [33].

RBgg is an interesting boride [12], with a complex structure
with more than 1600 atoms in the unit cell, and it was
discovered to be a crystalline material with glass-like thermal
conductivity [5,6], which can be considered as a precursor to
the famous phonon glass electron crystal (PGEC) concept. A
view of the crystal structure is given in Fig. 1, together with a
simplified view. The crystal structure can be represented by
three structural units; the (B1,);3 supericosahedra, Bg, cluster,
and the rare earth atoms. As a representative expression of the
compound, RBgg is typically used, but the congruent compo-
sition has been reported to be RBg,, for example, and in some

“supericosahedron” By,(B,,);,
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Fig. 1. Crystal structure of RBg, (RBgg).

cases the composition is also used to express the compound
(like in this paper).

Among rare-earth series of compounds, phases with Yb and
Sm have been discovered to sometimes exhibit anomalous
properties for different reasons, related e.g. to mixed valency
[34]. Mixed valency has previously been reported in the case
of SmBg [35—37]. Recently, SmB¢ has attracted increasing
interest as a topological insulator [38—45]. Topological in-
sulators have been reported to have enhanced thermoelectric
properties [46].

With these developments in mind, we revisited the PGEC
RB¢s compound and investigated the samarium phase in detail
by growing high quality single crystals of SmBg;. RBgg
(congruent composition of RBg,) had previously been reported
to be a poor thermoelectric material [24,25] but we discovered
that SmBg, has a ~40 times higher ZT than its yttrium and
erbium counterparts. At 1050 K it amounts to 0.13, or
extrapolated to 1500 K (an expected working temperature for
topping cycles in thermal power plants) a value of ~0.4, which
is a promising start as a new high temperature material. This
discovery of a dramatic increase in performance in a well-
known boride by investigating the samarium phase, is
exciting and shows the still untapped potential of these
materials.

2. Experimental

SmBg, crystals were synthesized by the Floating Zone (FZ)
method with focused light from four Xenon lamps. The feed
and seed rod for the crystal growth were synthesized by the
borothermal reduction method [12], starting from samarium
oxide and boron powder.

The borothermal reduction method was carried out by
mixing Sm,03 (99.95% Wako) and Boron (99.9% SB Boron)
with ratios of B:Sm,0; of 127:1 and 123:1 to make the
composition Sm:B to be 1:62 and 1:60, respectively. We used
a composition of SmBg,, since this has been shown to be the
congruent composition for YBgs, and we therefore, tried to
grow a slightly samarium-rich crystal also. The constituents
were mixed in agate mortars for 20 min in ethanol to ensure
homogeneity. After drying the mixture overnight under a
halogen lamp, it was compacted with a Cold Isostatic Press
(CIP) apparatus at 2500 kg/cm? to form solid rods. Then the
solid rods were heated in an induction furnace for 8 h at
~1700 °C under vacuum. The temperature was controlled
manually with a pyrometer.

The rods were then crushed with a mortar and compacted
by CIP and heated again by induction furnace. The process
was repeated 3 times to be certain to reduce Sm,Oj
completely and form the samarium boron solid rod. BO gas
was observed to emanate during heating, with the most intense
gas evaporation observed during the first heating sequence, but
reduced considerably for following sequences. At the end of
the borothermal reduction process, the rods were dense and
ready to be used as feed and seed rod for FZ crystal growth. A
part of the rod was crushed and characterized by powder X-ray
diffraction (XRD) using a Rigaku Ultima III X-ray
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Diffractometer just as a check of the phase. Pieces of the
grown crystals were finally crushed for XRD characterization.
Rietveld refinement was carried out using the FullProf Suite
Program (2.05). The rod was then divided in 2 parts, the small
part utilized as seed rod and the longer part utilized as feed
rod. The FZ crystal growth was performed by focusing four
Xenon lamps to create the molten zone in the rod, and then the
feed and seed rod were pulled down to grow the crystal. The
optimum growth rate for SmB¢, was found to be 8 mm/h. The
seed rod was rotated clockwise at 10 rpm and the feed rod was
rotated counter-clockwise at 15 rpm. The crystals were grown
in a way to have approximately 10 mm in diameter.

Thermal conductivity measurement were carried out with
the laser flash method using an ULVAC TC7000, to determine
the thermal diffusivity and relative specific heat, from which
thermal conductivity can be determined. The absolute specific
heat value at low temperature and room temperature was
measured by a PPMS (Quantum Design). The specific heat at
high temperature was measured by Differential Scanning
Calorimetry Rigaku Thermo Plus Evo 2 up to 773 K, and from
873 K up to 1073 K was calculated from Cp and 1/AT (inverse
of the temperature rise due to the laser pulse). The magnetic
susceptibility was measured with a MPMS (Quantum Design).
The electrical resistivity and Seebeck coefficient measure-
ments were carried out with an ULVAC ZEM-2. Scanning
electron microscope (SEM) images of the crystals were taken
by a Hitachi FE-SEM S-4800. The images were taken from
polished samples after coating with platinum by RF sputtering.

3. Results and discussions

A picture of the floating zone (FZ) grown SmBg crystal,
and samples cut for measurements, are shown in Fig. 2. The
disc is for laser flash measurements, and bar for Seebeck and
electrical conductivity measurements. The striations on the
surface of the cut samples are due to the cutting with the
diamond saw. The directions of the measurements are
approximately parallel to the long axis of the crystal for the
thermal conductivity and perpendicular for the Seebeck and
electrical conductivity, but since this compound is isotropic
this should not have any significant effect.

The powder x-ray diffraction patterns of SmBg, and SmBg
crystals are shown in Fig. 3. The majority phase matches the
RBgs-type crystal structure. There is a small amount of im-
purity phase SmBg in SmBg, and SmBg crystals (0.25% and
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Fig. 2. FZ grown SmBy crystal, and cut samples for measurements.
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Fig. 3. X-ray diffraction patterns from SmBg, (bottom) and SmBg, (top)
crystals. For the SmBg crystal, red and blue arrows show the SmB¢ and
carbon impurity phases, respectively.

1.8%, respectively), as determined by the Rietveld refinement.
We also found a carbon impurity as shown by the blue arrow
for the SmBg crystal, which might be caused by the heating
process inside the induction furnace, where inert boron nitride
crucibles are used but with heating elements of graphite
outside. For the SmBg, crystal, we used a specially designed
carbon-free heating element [12] and were able to avoid the
carbon impurity. These impurities appear not to have a big
effect on the thermoelectric properties as seen later. The
Rietveld refinement yielded the lattice parameters as 23.493(8)
A and 23.466(1) A for the SmBg, and SmBgg crystals,
respectively. The measured densities of SmBgy and SmBg,
crystals are 2.755 and 2.650 g/cm® which correspond to
98.7% and 99% of the theoretical density, respectively. To our
knowledge, this is the first report of floating zone crystal
growth of SmBge—type single crystals. Previous synthesis of
SmBgg has been carried out by sintering or melt methods
[47—49].

The chemical composition of SmBg, was confirmed using
Electron Probe Micro-Analysis (EPMA). In the case of the
SmBg crystal, the composition consists of the SmBg, phase
and a larger content of impurity SmBg phase. Furthermore,
from the SEM pictures of Fig. 4(a) and (b), we can see that there
are many submicron pores in the SmBg crystal. In contrast, for
SmBg,, no sizable pores in the crystal were observed.

To summarize the results of the crystal growth, attempts to
obtain a more metal-rich SmBg; crystal of SmBgy, results in a
larger amount of SmBg impurities, and furthermore, submi-
cron pores were also created in the crystal, despite our careful
tuning of the optimum crystal growth conditions. It appears
that high quality SmBg¢ crystal growth is much more difficult
than YBgg, for example, which has shown a wide homogeneity
region and easier crystal growth from YBs¢ to YBgg [50,51].

So far measurements of the Seebeck coefficient of SmBgg
were reported just for 300 K to be 100 pVK " [49]. Results of
our electrical resistivity p and Seebeck coefficient S mea-
surements of FZ grown SmBg( and SmBg; crystals are plotted
in Fig. 5. Comparing the data at 300 K with Golikova's results
reveals that our crystals show a 5 times larger Seebeck coef-
ficient and a slightly higher resistivity. This may be due to
some change in composition (detailed characterization
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Fig. 4. SEM images of the crystals; (a) SmBg, with pores and (b) SmBg,, the higher quality crystal without pores. White spots are due to the polishing powder.

analysis appear not to have been carried out for Golikova's
samples), but in any case our FZ grown crystals appear to have
much more attractive thermoelectric properties. For the FZ
grown crystals, SmBgg has slightly lower electrical resistivity
at low temperatures as compared to SmBg;, despite having
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Fig. 5. Temperature dependence of the (a) electrical resistivity p, (b) Seebeck
coefficient S, of SmBgy and SmBg, crystals. The values of YBgs [25] and
ErBg, [26] are plotted from references.

some pores. This may be due to the existence of graphitic
carbon impurities and larger amount of SmBg which are both
highly conductive, as observed before in composite effects in
other systems with metallic impurity doping [17,52,53]. A
large difference in the electrical resistivity between the Sm
phase and other rare earth phases of Y [25] and Er [26], with
almost 2 orders lower resistivity for SmBgy and SmBg; crys-
tals, while the Seebeck coefficients do not show such a large
reduction.

The electrical conductivity of the boron icosahedra com-
pounds in general follow the three-dimensional variable range
hopping (VRH) by Mott [11]. Mott's variable range hopping is
based on the probability for electrical carriers in a specific
material to hop (i.e. be transported) by increasing temperature,
and where for 3 dimensional systems, the resistivity follows
the relationship:

p = poeXp [(TO/T)O'ZS]‘ (1)

The pg and Ty is resistivity pre-factor and characteristic
temperature, respectively. As shown by the log p versus T~
plot in Fig. 6, the electrical resistivity generally follows a
straight line indicating the VRH dependence. The determined
po and Ty values of the materials from fitting with Eq. (1) are
summarized in Table 1

Fig. 7 shows the temperature dependence of the magnetic
susceptibility of the SmByg, crystal. The Curie—Weiss fit,

T-T, (2)

gives us an effective magnetic moment of 0.42 Bohr magne-
tons (pg) per Sm atom. This is about half the effective mag-
netic moment expected for a free trivalent Sm>" ion.
Previously it has been reported that SmBg is a mixed valence
compound with Sm*": Sm>" ratio of 3:7 [35]. Straightfor-
wardly interpreting these results yields a mixed valence of
samarium in SmBg, with Sm®™: Sm®" of 1:1. No mixed
valence for any other RBgg has ever been reported. Consid-
ering this valence, it seems to be reasonable that we are getting
an enhanced hole conduction for SmBg, compared to the other
RBgg (YBge and ErBgg). Although we were not able to obtain
good Hall measurements to make direct evaluation of the
carrier concentration, which difficulty has been generally
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Fig. 6. The logarithmic resistivities of SmBgy, and SmBg, crystals plotted
versus T~%%. The values of YBes [25] and ErBg, [26] are plotted from
references.

observed for the variable range hopping higher borides, the
mixed valency is an obvious indication of increasing number
of holes.

Typically for thermoelectric materials, when the carrier
concentration is increased, the electrical resistivity decreases,
but the absolute value of the Seebeck coefficient also de-
creases in a trade-off. However, the striking feature is that for
SmBg,, although we observe a huge, almost 2 orders of
reduction of the resistivity compared with the yttrium and
erbium phases, the Seebeck coefficient values are only slightly
decreased, thereby causing ~30 times enhancement of the
power factor, PF = $%/p (Fig. 8). Considering this striking
result, it would be of interest to see electronic structure cal-
culations on SmBg,, however, we have not been able to obtain
this yet, because of the extremely large unit cell with ~1600
atoms in the unit cell. Nevertheless, with increase of calcu-
lation power and new methods we hope this will be possible in
the near future.

We further analyzed the transport behavior of SmBg, in
comparison with other rare earth phases estimating the local-
ization length & of the variable range hopping (VRH), which
has been demonstrated to be a measure of the microscopic
disorder for similar systems [9,12].

In VRH systems, the localization length at the Fermi level
has the following relationship with the characteristic temper-
ature T determined above

Table 1
Parameters determined from Mott's variable range hopping (VRH) of the
electrical resistivity.

Compound po (Q m) To (K)

SmBg» 3.08 x 1077 7.43 x 108
SmBgo 235 x 1071° 5.61 x 108
YBg [25] 122 x 10777 1.28 x 10°
ErBg [26] 1.90 x 1071 7.75 x 108
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Fig. 7. Temperature dependence of magnetic susceptibility of the SmBg,
crystal. The line indicates the fitting to Eq. (2).

ksTo = 1.81/(D(Er)E) 3)

where kg, D(Ep), and & are Boltzmann constant, density of
states at Fermi level energy and localization length. In order to
evaluate D(Eg) we measured the specific heat of SmBg, at low
temperature. The specific heat, C, can be written as the sum of
electron and phonon contributions with an approximation of

C =~T+ 6T (4)

valid at low temperatures well below the Debye temperature,
where v and @ are constants characteristic of the material. The
experimental results were plotted as C/T versus 72, shown in
Fig. 9. From the linear fitting we obtain y and B values
3.0 x 1072 mJg 'K % and 2.6 x 10~* mJg~' K™*, respec-
tively. There is a deviation from a straight line at low tem-
perature with C/T showing an increase probably of magnetic
origin [54—56]. The <y value of SmBg, is equivalent to
24.7 mJmol 'K 2 which is relatively large, and could indicate
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Fig. 8. Temperature dependence of the power factors of SmBgy, SmBg,
crystals. The values of YBgg [25] and ErBg, [26] are plotted from references.
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some strong correlations in the material [34], but in any case,
at present, any direct effect of this on high temperature ther-
moelectric properties is not clear.

The electronic vy coefficient of the specific heat follows the
relationship:

vy =1/3k;D(Er) (5)

And we can substitute Eg. (5) to Eq. (3) to obtain the
localization length.

The localization length of SmBg, obtained from calculation
is 3.33 A, compared to the YBgg localization length from the
literature which is 0.56 A, indicating that SmByg, electronic
states are significantly less localized as compared to YBgg.

This reduced localization may be related to the origin of the
huge enhancement of the power factor of SmBg, compared to
the other rare earth phases. The origin should be further
studied, with a detailed investigation of the mixed valence
behavior, of strong correlation effects, and also of potential of
topological insulating states as was previous reported for
SmBe.

As regards the thermal properties, we plot the heat capacity,
thermal diffusivity, and thermal conductivity, in Fig. 10(a), (b),
and (c), respectively. The thermal conductivity values of k of
SmBg, and SmBgy are somewhat lower than YBgg [6]. This
trend can be understood by considering the much larger mass
of Sm compared to Y. The SmBgq crystal has higher thermal
conductivity than SmBg,, which is interesting considering the
pores observed in SmBgg, but which is likely due to the effect
of higher content of impurities in SmBgy, namely SmBg and
carbon. We also plot the lattice thermal conductivity, ki,
estimated using a Lorenz number of 1.5 x 10~® WQK 2. This
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Fig. 9. C/T versus T° plot for the SmBg, crystal. The line shows the linear

fitting with the upturn below T = 10 K possibly due to magnetic behavior at
lower temperatures.
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Fig. 10. Temperature dependence of the (a) heat capacity, (b) thermal diffu-
sivity, and (c) thermal conductivity and lattice thermal conductivity of SmBgg
and SmBg; crystals. The thermal conductivity of YB¢e [6] is also plotted for
comparison.

of course will give an upper limit to i but determination of
the Lorenz number for this complex variable range hopping
system is not trivial. In any case, we can observe that the
thermal conductivity is dominated by the lattice thermal
conductivity, as has generally been the case for these higher
borides with relatively low electrical conductivity.

The estimated figure of merit of SmBgq is ~0.13 at 1050 K,
approximately 40 times bigger than YBgg as shown in com-
parison in Fig. 11. One of the main interests for very-high
temperature thermoelectric materials is their possibility to be
utilized in topping cycles in thermal power plants to enhance
the total output power [57—59]. A working temperature could
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be 1500 K, which by itself is not a problem for SmBg, as the
melting point is around 2850 K [60,61]. With this in mind, we
extrapolate the Z7 to 1500 K to yield an extrapolated value of
~0.4. The directly obtained value of 0.13 is not relatively high,
but can be expected to be improved since these are the initial
results for an unmodified compound. Starting with work by
Slack on elemental boron, doping with transition metals has
been shown to be a powerful way to enhance the thermo-
electric properties of boron cluster compounds [4,15,20,21]. A
beneficial hybrid effect was also previously obtained for the n-
type counterpart compound to boron carbide, whereby with a
combination of transition metal doping and heat treatment, the
Seebeck coefficients of YB,,C,N could be increased by up to
220% while resistivity was simultaneously very laregly
reduced by 2 orders [52,53]. Considering that work on
samarium higher boride has just started, we think the present
results provide a promising starting point for further devel-
opment as very-high temperature thermoelectric materials.

4. Conclusion

We grew SmBg, and SmBg, single crystals by the floating
zone (FZ) method and investigated their thermoelectric
properties. These Sm phases show striking enhancement of the
thermoelectric properties compared to those of other rare earth
phases of the RBg, (RBgg) family like Y and Er, with slightly
lower Seebeck coefficients and very large increase of electrical
conductivity by almost 2 orders of magnitude, leading to a
power factor enhancement of ~30 times.

We interpret the magnetic properties with a mixed valence
behavior with the ratio of Sm**:Sm*" = 1:1. This is the first
mixed valence behavior ever reported for the RBgg-type com-
pounds, and indicates enhanced hole conduction. However, the
striking point is that despite the very largely increased electrical
conductivity, unlike with the typical tradeoff relationship, the
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Fig. 11. Temperature dependence of the figure of merits of SmBg, and SmBgg
crystals compared to YBge [25,60].

Seebeck coefficient does not decrease significantly, leading to
the strongly enhanced thermoelectric properties. More detailed
studies of the enhancement mechanism will be investigated in
the future, as well as a detailed study of the mixed valency with
more precise methods.

Overall the figure of merit ZT of the samarium phase is
approximately 40 times larger than that of the yttrium phase
taking a value around 0.13 at 1050 K, and extrapolated value
of ~0.4 at 1500 K, an expected working temperature of
topping cycles in thermal power plants. These values are ob-
tained for an initial unmodified compound, and with doping
e.g. with transition metals, further improvements are hoped
for. Considering that these borides are one of the few really
very-high temperature systems for thermoelectrics e.g. for
topping cycles in thermal power plants, concentrated solar
power and waste heat applications in steelworks, and they do
not have precious elements as a main constituent, this work
reveals SmByg, as a promising material to study further.
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