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Thermopower, resistivity, and heat capacity have been measured on eight Sn-substituted FeSb,_ Sn, samples
with x=0-0.15. A giant peak in the low temperature thermopower of FeSb, is observed and is similar to what
is found in the Kondo insulator FeSi. The ab initio calculated band structure of FeSb, shows striking similari-
ties to that of FeSi. For the samples with Sn substitution the data indicate that as the Sn content increases
FeSb,_,Sn, evolves from a Kondo insulator into a heavy fermion metal similar to what is observed for

FeSi;_,Al,.
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INTRODUCTION

In Kondo insulators and strongly correlated electron sys-
tems (SCES) with low charge carrier density (LCD), local-
ized d or f states hybridize with conduction electron states
leading to the formation of a small hybridization gap.' The
density of states [g(e)] just below and above the hybridiza-
tion gap becomes very large. The thermopower (S) is sensi-
tive to variations in g(e) in the vicinity of the Fermi level
(ep), and very large absolute values of S can be expected in
Kondo insulators and SCES LCD. This is realized in number
of compounds, e.g., FeSi,>® Ce;Sb,Pt;,*7 CeFe,P,,,"8
CeRu,Sby,,” and CeBg,'” which all have pronounced peaks
in S(7) at low temperatures, where |S| > 100 uV/K.

Because of the large thermopower Kondo insulators and
SCES LCD have the potential to become good thermoelec-
tric materials for cooling applications at cryogenic tempera-
tures. The cooling efficiency increases monotonically with
the dimensionless figure of merit ZT'=S?/(p«)T, where S is
the thermopower, p is the electrical resistivity, « is the ther-
mal conductivity, and T is the temperature. Some of the
listed compounds have enhanced power factors (S%/p) that
are comparable to or several times larger than observed for
Bi,Tes,'! which is the state-of-art thermoelectric material for
cooling applications.

FeSb, (Fig. 1) is a well-studied compound!>'® and the
thermoelectric properties are known at room temperature and
above for Te substituted samples (FeSb,_,Te,)."”"!° Our in-
terest in this compound was initiated from band structure
calculations, which showed a striking similarity to the elec-
tronic band structure of FeSi,”>?? which is the prototypic
example of a non-rare-earth containing Kondo insulator.
Some of the properties measured below room temperature
are the magnetic susceptibility (y), the electrical
resistivity,>>>* and the Mossbauer effect. In Ref. 24 the
resistivity was found to be very anisotropic. FeSb, has been
characterized as a highly correlated diamagnetic small band
gap semiconductor?® and in a recent publication as a Kondo
insulator?” with properties similar to FeSi. Furthermore, it is
interesting to note a large temperature dependence of the
quadrupole splitting with temperature,? also found in FeSi.?

The paper is organized as follows. First we present the
calculated band structure, the measured transport properties
(p and S) and heat capacities of eight FeSb,_,Sn, samples
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with x=0, 0.01, 0.02, 0.03, 0.06, 0.09, 0.12, and 0.15. We
then discuss the relevance of the Kondo insulator picture of
the x=0 sample and the possibility that FeSb,_,Sn, evolves
into heavy Fermion metal as x increases. Preliminary results
from our studies were published as a proceedings paper.”®
S(T) for the x=0 sample has a large peak in S(7) at low
temperatures, similar to that of FeSi, supporting the Kondo
insulator description of FeSb,.

SAMPLE PREPARATION AND MEASUREMENT DETAILS

FeSb, can be synthesized by several methods.!?!7-18:23.24

In this study stoichiometric amounts of Fe, Sb, and Sn are
rapidly heated to 1050 °C in evacuated quartz ampoules,
kept at this temperature for 30 min, and subsequently
quenched in water. This step leads to a variety of phases
(FeSb,, FeSb, Sb, and SbSn), but single phase FeSb, can be
obtained by annealing at 600 °C in evacuated quartz am-
poules for one week. It is observed that as the Sn content
increases the samples become less brittle and more metal-

FIG. 1. (Color online) Structure of FeSb,. Red (dark) atoms are
Fe and white atoms are Sb. The unit cell is orthorhombic with a
=5.83 10\, b=6.54 A, and ¢=3.20 A and the structure belongs to
space group No. 58 (Pnnm). The Sb atoms are tetrahedrally coor-
dinated by three Fe atoms and one Sb atom. The Fe atoms are
octahedrally coordinated by six Sb atoms. The Fe-Sb and Sb-Sb
dimer (dark, blue) bonds are 2.58 A, 2.60 A, and 2.88 A, respec-
tively. There are no direct Fe-Fe bonds and the shortest Fe-Fe dis-
tance is 3.20 A. The unit cell contains two formula units.
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FIG. 2. (Color online) X-ray powder diffraction patterns of
FeSb,_,Sn, with x=0 (black), 0.03 (red), and 0.12 (blue). Vertical
bars indicate the position and magnitude of the theoretical peaks for
FeSb,. Arrows indicate the position of the two strongest diffraction
peaks of the SbSn alloy.

like. Densities measured on large samples are about 94% of
the theoretical density. For all samples x-ray powder diffrac-
tion patterns were recorded on a STOE diffractometer
equipped with a position sensitive detector and using
Cu Kal radiation obtained from a germanium monochro-
mator. As examples, Fig. 2 shows representative x-ray dif-
fraction patterns of the x=0, 0.03, and 0.12 samples. All
diffraction patterns are consistent with FeSb,_.Sn, having the
FeSb, structure. All Sn containing samples had small traces
of SbSn, but with much less concentration than the nominal
Sn concentration. Besides this all samples contain a magnetic
impurity, probably Fe;O, which orders ferrimagnetically at
853 K with an average saturation moment of 1.27up per
Fe.” From the magnetization as function of the magnetic
field (data not shown) the Fe;0, content can be estimated to
be of the order one Fe;O, per 300 FeSb,, except for the
x=0.02 sample where it is several times larger. The x=0.02
sample is subsequently left out of the analysis. Figure 1 sum-
marizes some of the structural features of FeSb,. The lattice
parameters of all samples were determined at 22 °C on a D8
Bruker powder diffractometer with monochromatic Cu Kal
radiation using LaBg as an internal standard (ap.pe
=4.15692 A). The results can be seen in Fig. 3. The ¢ and b
axes have a clear increase as a function of the nominal Sn
content (x), whereas the ¢ axis decreases with increasing x.
Since the covalent radius for Sn (1.41 A) is slightly larger
than for Sb (1.38 A) an increase of all three lattice param-
eters would be expected. In the ¢ direction there are only
Fe-Sb bonds, and the data therefore indicate that Fe-Sb/Sn
bonds are strengthened as Sb is substituted with Sn. In
FeSb,_,Te, the reverse effect is observed, the a and b axes
decrease whereas the ¢ axis increases with increasing Te
content.!”

Transport properties and specific heat (C,,) were measured
on a Quantum Design physical properties measurement sys-
tem (PPMS). For the transport measurements a four point
contact technique was used. The samples were cut from the
annealed bulk material, and visible cracks were avoided.
Typical sample dimensions were 5 mm X5 mm X 14 mm.
For the specific heat measurements, samples with masses
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FIG. 3. Lattice parameters and unit cell volume for FeSb,_,Sn,
as function of x (the nominal stoichiometry).

20-25 mg were used. They were cut from vicinity of the
samples used for the transport measurements. For the spe-
cific heat measurements a new calibration of the sample
holder thermometers was made. C,, of the sample holder and
contact grease were measured prior to mounting the sample.
C, of the grease did not contribute more than 3% of the C, of
the sample and the sample always contributed more than
60% of the total C, at any temperature. For measurements
at 7<<310 K samples were mounted with N grease and for
T>290 K H grease was used. Data in the overlapping region
were the same within errors and data sets were merged with-
out any scaling.

BAND STRUCTURE

The calculations were performed using the L/APW+lo
method as implemented in the WIEN2k code.’® A plane wave
cutoff defined by min(Ra)max(k,)=5.5 and sphere sizes of
2.5 ay (Fe) and 2.2 a, (Sb) were used. Spin-orbit coupling
was included and an energy cutoff of 2.4 Ry for the second
variational basis set was used. 330 k points on a shifted mesh
in the irreducible Brillouin zone were used for the self-
consistent calculations.

The electronic structure of the marcasite compounds was
analyzed qualitatively by Goodenough®' and valence states
can be expected to be dominated by the Fe 3d states and the
Sb 5sp states. Figure 4 shows the calculated g(e) and it is
seen that g(ep) is small but has a nonzero value slightly
larger than 1 states per eV per unit cell [states/(eV u.c.)].
This is due to a maximum of the highest valence band at the
7(111) point and a minimum of the lowest conduction band
along the I'-7(111) line (not shown). The direct gap is cal-
culated to be around 0.2 eV.

The Fe atoms are located on sites with C,;, (2/m) sym-
metry. In Table I the integrated populations of the Fe d states
in a local coordinate system corresponding to the symmetry
direction with z parallel to the two fold axes are given. The
d orbital is destabilized and the Fermi level is found be-
tween peaks with mainly d2 and d,>_,» character but other-
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FIG. 4. (Color online) The main panel shows the density of
states (g) of FeSb, as a function of electron energy (&). The straight
dotted line represents the Fermi level (ep). Inset is a replot of the
same data in the vicinity of the Fermi level, a nonzero g(ep) is
observed. The unit cell contain two FeSb, formula units.

wise the orbital populations do not form a clear pattern. One
can choose a local coordinate system with the z axis along
the short axial Fe-Sb bond (2.58 A) and the x and y axes
along the longer Fe-Sb bonds (2.60 A). These axes do not
correspond to symmetry operators, but reflect the slightly
distorted octahedral environment with a small tetragonal
(42m/D,,) splitting. Using these “chemical axes” the orbital
populations form a clear pattern, Table I and Fig. 5. The
orbitals directed towards the ligands, d2 and de_y, which
are usually destabilized in an ionic crystal field, are stabi-
lized. The stabilization of d,2 and d,2_,2 agree with a covalent
bonding scheme as would be expected from the formation of
a hybridization gap, necessary for the formation of a Kondo
insulator. Furthermore it is seen that the least populated or-
bital, d,,, lies in the plane with the weakest Fe-Sb bonds,

again reflecting a mainly covalent bonding scheme.

RESISTIVITY AND THERMOPOWER

Figure 6 shows p(T) for all samples in the temperature
range from 2 K to 400 K. All samples have negative tem-
perature coefficients in the entire temperature range. For the
x=0 sample p decreases almost three orders of magnitude
from 2 K to 400 K, and the magnitude and temperature de-
pendence is similar to that observed for other polycrystalline
samples in the literature.!”!® When compared to p(T) of

TABLE I. Orbital occupations calculated in two different axes
systems.

dp de_yp d,y d,, dy.
Symmetry axes 0.99 1.40 1.27 1.36 1.50
“Chemical” axes 1.41 1.44 1.09 1.25 1.31
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FIG. 5. (Color online) Projected density of states with respect to
a coordinate system with the z axis parallel to the short Fe-Sb bond
and the x axis parallel to the long Fe-Sb bond (the “chemical axes”
in Table I). The straight dotted line represents the Fermi level.

single crystalline FeSb, samples?*?* there are notable differ-

ences. In Ref. 24 p(T) along the b axis is found to be metal-
like with increasing p for temperatures above approximately
25 K. p(T) along the a and ¢ axis was observed to have
semiconducting temperature dependencies in the whole tem-
perature range”* and similar to what is observed in Ref. 23. A
direct comparison of our data with the ones of Ref. 24 is
difficult since p(T) data along the a and ¢ axis in the tem-
perature range from 10 K to 70 K are only plotted as In p vs
7" in small insets. At room temperature p of our sample is
about ten times larger than that of the samples in Refs. 23
and 24. If it is assumed that p of a polycrystalline sample can
be found from the average of the three axes, the temperature
dependence is very similar down to at least 70 K. At lowest
temperatures p is of the same order of magnitude but with
different temperature dependencies. Together this indicates
that the larger p in our FeSb, sample at room temperature is
due to grain boundary scattering and that impurity states
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FIG. 6. Resistivity (p) as function of temperature (7) for the
FeSb,_,Sn, samples. Inset shows p3x/p3gok as a function of x. The
solid line is a guide to the eye. The second inset is an Arrhenius plot
of p(T) for the x=0 sample. The solid line is a linear fit to data
above 50 K with an activation energy of 265 K.
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FIG. 7. Thermopower (S) as function of temperature (7) for the
FeSb,_,Sn, samples. Upper inset is a replot of the same data with a
much reduced y scale. Lower inset shows S as a function of x at
50 K and 200 K (note the broken y axis).

have a larger influence at lowest temperatures than in Ref.
24. The inset of Fig. 6 shows ps;x/ps3gox as function of Sn
content. The decrease of psx/p3pk With increasing Sn con-
tent indicates an increasing metallic behavior, as expected if
the charge carrier concentration increases. Arrhenius plots of
the p(T) data above 50 K shows that the activation energy is
approximately 265 K for the pure sample, see inset of Fig. 6.
This is close to an average of the three axes from Ref. 24.
The activation energy has a tendency to decrease with in-
creasing Sn content.

Figure 7 shows S(T) for all samples in the temperature
range from 2 K to 400 K. For the x=0 sample S decreases
rapidly with increasing temperature and reaches a minimum
of approximately —500 uV/K at 25 K. As the temperature
increases further S increases and becomes positive around
150 K. S continues to increase monotonically to a value of
almost 50 uV/K at 400 K. The room-temperature value of
the thermopower is S=34 uV/K, which is in good agree-
ment with other polycrystalline samples in the literature
where S~31 wV/K has been reported. '3

For the samples with x>0 the temperature dependence
and magnitude of S is different. The upper inset shows the
same data as Fig. 7, but on a reduced ordinate scale. It is seen
that § increases to a value of 15-25 uV/K around 25 K to
50 K, depending on the Sn content. This is followed by a
decrease, where S becomes negative for the samples with the
lowest Sn content (x=0.01,0.03). Above 150 K § increases
with temperature, similarly to the undoped sample, although
the magnitude of S is slightly reduced. The lower inset of
Fig. 7 shows the dependence of S on the Sn content mea-
sured at 50 K and 400 K, which are the temperatures at
which S shows the largest variation among samples with
x>0 (50 K) and the maximum measurement temperature
(400 K). S has a monotonic dependence on x. Initially S
increases with x up to x=0.09 followed by a small decrease.
Above 200 K § is positive for all samples and increases
monotonically with temperature, but the increase becomes
smaller with temperature. As the Sn content increases S be-
comes lower. Qualitatively such behavior can be explained
by the Mott formula S=mk3T/(3e)[dIn o/ 0 ]o=e,» Where e
is the electron charge.*? In a one parabolic band approxima-
tion the Mott formula states that S increases linearly with
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FIG. 8. Sommerfeld coefficient () of FeSb,_,Sn, as a function
of x. Dotted curve is a guide to the eye. Inset shows the specific heat
divided by temperature (Cp/ T) as a function of 77 at lowest tem-
peratures. Linear fits (not shown) to the curves are used to extract y
with the relation C,/T=y+pT".

temperature and decreases with increasing charge carrier
concentration. In Ref. 23 measurements show that the Hall
coefficient of FeSb, decreases with increasing temperature.
In a one band model this can be interpreted as if the concen-
tration of charge carriers increases with temperature and this
explain why S increases less than linearly with temperature.
Substitution of Sb with Sn corresponds to the creation of a
hole. The hole concentration increases with increasing Sn
and this can explain the decrease of S with increasing x
above 200 K.

In the Kondo insulator FeSi a giant peak in S(7) with very
similar temperature dependence is also observed, but at 50 K
and with a positive value of 500 uV/K.>* The theoretical
investigations of the thermopower of FeSi are scarce in the
literature.>*3> Besides both the magnitude and temperature
dependence of the theoretical S(7) are similar to what is
observed for FeSb,, theoretical investigations also predict
that S(7) is sensitive to small changes in the charge carrier
concentration/doping, as also observed experimentally.>336
For the FeSb,_,Sn, samples the large peak in S(7) at 25 K is
suppressed, even for the x=0.01 sample. For normal valence
semiconductors such a strong sensitivity of S on the doping
is not expected, however, for strongly correlated electron
systems this is not unusual. S(7) for samples with x>0 is
similar to what is observed for heavy fermion compounds
where S(T) can change between positive and negative values
at lowest temperatures.?’

The thermoelectric properties of FeSb,_ Sn, are modest.
For the x=0 sample at 25 K p and S are 315 m{) cm and
-500 uV/K, respectively. This leads to a power factor
$%/p=0.8 X 10* W m~' K2, a factor of 10-100 times lower
than observed for the best thermoelectric materials. Combin-
ing the power factor with the thermal conductivity?® leads to
a ZT value of ~0.001 at 25 K. For samples with x>0 the
thermoelectric figures of merit values are even lower.

SPECIFIC HEAT

Low temperature CP(T) was measured on all samples and
the results at low temperature can be seen in the inset of Fig.
8, where C,(T)/T is plotted as function of 72. The relation
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C,/T=y+ BT? has been fitted to all data sets in the tempera-
ture range from 1.8 K to 6 K. The Sommerfeld coefficient y
represents the electronic contribution and the BT term the
phononic contribution with B=127NR/(56.). N and R are
the concentration of atoms and the gas constant, respectively.
From g, Debye temperatures of 6p=~330-350 K are found
for all samples, in relatively good agreement with 380 K
obtained from Mossbauer spectroscopy.” In Ref. 27 6 is
reported to be 256 K, however, C,,/T(Tz) has a tendency to
increase faster than 72 and fits that include data at higher
temperatures will lead to a lower 6. The main panel of Fig.
8 shows a clear increase of y with increasing x.

The x=0 sample has a nonzero residual y value of 3.98
X 1073 JK2mol™!. With the free electron expression 7y
= ﬂlszg(sF)/ 3, g(ep) for the x=0 sample can be calculated to
be 3.4 states/(eV u.c.). As mentioned earlier a residual elec-
tronic contribution is in fact also predicted from the band
structure calculations. This can be seen from the inset of Fig.
4 where g(ep) is predicted to be slightly larger than
1.0 states/(eV u.c.), which is somewhat smaller than esti-
mated from experiment. Further experiments on more pure
single crystalline samples must be conducted to make any
definite conclusion about the electronic states at the Fermi
level. For FeSi vy has been reported to range from 0.63
X 1073 JK?2mol™! to 2.2X 1073 J K2 mol!.38-40 For the
other FeSb,_,Sn, samples 7y corresponds to g(ep) ranging
from 3.5 states/(eV u.c.) to 6.2 states/(eV u.c.) in a free elec-
tron model.

For the samples with x>0 an estimate of the charge
carrier mass (m”) can be calculated from the Sommerfeld
coefficient and free electron model expression g(&g)
=m'kp/(h*>m*), where the Fermi wave number kg
=(37’n)"3. Assuming that the charge carrier density (n)
equals x holes per FeSb,_.Sn,, m" is in the range from 10 m,
to 15 m, for all samples. The specific heat data combined
with the thermopower and resistivity data indicate that
FeSb,_,Sn, evolves from a strongly correlated semiconduc-
tor into a metallic moderately heavy fermion system as x
becomes larger than 0.15. With respect to p(7) and the low
temperature C,(T) of FeSb,_,Sn, it is very similar to
FeSi,_,Al,, which is an example of system that evolves from
a strongly correlated semiconductor to a heavy fermion sys-
tem as the Al content increases.*!

Figure 9 shows C,(7) from 1.8 K to 350 K for the x=0
and 0.15 sample and the inset shows the same data plotted in
the high temperature region. At 300 K C, for the x=0
sample is 3.5 J K~ ' mol™! (4%) larger than for the FeSb,
samples in Ref. 27. At lowest temperatures a comparison is
not possible because reliable data below 50 K cannot be ex-
tracted from Fig. 6 in Ref. 27. Since no secondary phases,
other than a tiny amount of Fe;O,, are present this discrep-
ancy is difficult to explain. The dashed curve in the inset of
Fig. 9 is the theoretical expectation from the two band model
of Ref. 27 combined with a Debye model. It is seen that the
measured C,(7) is tracked quite well from 150 K up to
350 K. For the x=0.15 sample C,(7) is slightly larger than
that of the x=0 sample as expected if the charge carrier
concentration is larger in the former. However, above 100 K
C,(T) of the x=0.15 sample starts to become lower than that
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FIG. 9. Specific heat (C,) per mole FeSb,_,Sn, as function of
temperature (7) for x=0 and x=0.15. The dotted line is the classical
Dulong Petit value 3NR=74.8 J K~! mol~!. Inset shows the same
data in the high temperature region. The solid curve is a Debye
model calculation with three atoms per unit cell and a Debye tem-
perature of 340 K. The dashed curve is a sum between the Debye
model and the contribution from two narrow bands where the total
density per band is 2.96 states per unit cell (1.48 per formula unit),
the band gap is 862 K, and the band width is 295 K, see Ref. 27.

of the x=0 sample. We attribute this to differences in the
electronic contribution and we explain it by the x=0.15 be-
ing almost metallic, because the Fermi level has been shifted
away from the band gap to lower values compared to the
x=0 sample. In this case the specific heat due excitation
across the band gap diminishes whereas a normal linear with
T electronic term starts to emerge. This interpretation is sup-
ported by a theoretical study of the band structure of
FeSi;_,Al, which shows that the Al substitution to a good
approximation can be described by a rigid band where the
Fermi level is shifted to lower values as the Al content
increases.>* Because of the similarities between FeSb,_ Sn,
and FeSi,_,Al_**? we believe this also to be the case for
FeSb,_,Sn,.

CONCLUSIONS

We have presented transport and thermodynamic proper-
ties of eight Sn-substituted FeSb,_,Sn, samples in combina-
tion with a FeSb, band structure calculation. The undoped
FeSb, has a giant peak in S(7) of =500 uV/K at 25 K. A
similar peak is observed for FeSi,>3? and this type of behav-
ior is in agreement with theoretical predictions for Kondo
insulators.>>43

C,(T) for the x=0 sample clearly shows excess contribu-
tions to Cp above 150 K, as also observed for FeSi. Use of a
simple two narrow band model and a Debye model describes
C,(T) reasonably well. The high temperature C,(7) of the
x=0.15 sample can be described quite well with a Debye
model and a linear in T contribution as expected for a me-
tallic system. The Sommerfeld coefficient increases with Sn
content and the effective mass of the charge carriers can be
estimated to be in the range 10-15 m,. Together with the
magnitude and temperature dependence of p(7) and S(7) this
indicates that FeSb,_,.Sn, evolves from a strongly correlated
semiconductor for x=0, into a moderately heavy fermion
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system for samples with x>0.15, being similar to what is
observed for FeSi,_,Al, with increasing Al substitution.
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