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Chapter 1

Introduction

1.1 Background

Electrons in a solid carry electrical charge and heat, and thus electric and heat cur-
rents are driven by an electric field and temperature gradient. The electric and heat
currents have a cross-correlation, which is known as the thermoelectric effects.
One example is the Seebeck effect. This is a phenomenon that the temperature
gradient in a metal or semiconductor generates the electric field, and the propor-
tionality coefficient is called“Seebeck coefficient.”From the phenomenological
analysis of the nonequilibrium phenomenon, the Seebeck coefficient is closely re-
lated to the entropy of the conduction electrons in the solid. Thus, the Seebeck
coefficient is an interesting parameter to investigate physical properties of materi-
als because this can provide important information, such as the entropy due to the
charge and spin degrees of freedom in conduction electrons.

Recently, the thermoelectric effects have attracted much attention as the appli-
cation for the environmental conservation. In 1987, the United Nations proposed
a concept of “Sustainable Development”, which is a central guideline to solve the
environmental problem, and defined this word as “Sustainable development is de-
velopment that meets the needs of the present without compromising the ability
of future generations to meet their own needs.” One example about these needs
is “energy resources.” Currently, oil and coal are mainly used as primary energy
resources, but these energy resources might be exhausted and give a load in the
environment. Using the thermoelectrics, energy conversion technology using the
thermoelectric phenomena, we can directly convert heat energy into electric en-
ergy with the Seebeck and Peliter effects. Thus, we can reduce the consumption
of primary energy resources, since unused heat can produce the electricity. More-
over, this technology is available as a refrigerator without gases and mechanical
moving parts, contributing to the saving of the environment and resources.
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The thermoelectricity was discovered by Seebeck in the nineteenth century.[1]
From 1950s to 1960s, good thermoelectric materials have been synthesized in
doped semiconductors such as bismuth telluride and lead telluride,[2] and models
to explain these good thermoelectric properties have been established.[3, 4, 5, 6, 7]
However, the quantity of material resources is poor as commercial uses, and in
spite of the discovery of these materials, the study of thermoelectric materials was
rather slowly developed.

In 1990s, a significant increase of investigation for thermoerectric materials
occurred. As one factor, new material design guidelines such as “Low dimen-
sional structure” and “Phonon glass and electron crystal”are proposed.[8, 9] Based
on these concepts, nanostructure materials (superlattice film and quantum wire,
etc.) and unique structure materials (skutterudite and clathrate compounds, etc.)
are investigated.[10, 11] As another factor, there are numerous investigations of
the strong-electron correlated systems for the last two decades, in whichd- or
f - orbital electrons act an important role in transport properties. Ind-electron
systems, unique physical properties such as the high-temperature superconduc-
tivity in Cu oxides, have been observed.[12] Among them, NaCo2O4 (NaxCoO2)
shows a high performance as a thermoelectric material,[13] which is thought to
be realized due to the spin and orbital degrees of freedom of3d orbitals. Since
this discovery, the extensive studies are conducted in the transition metal oxides.
Heavy fermions, which are mainly realized inf -orbital systems, are also expected
to be thermoelectric materials at low temperatures.[14, 15] These materials show
a low resistivity and a large Seebeck coefficient at the same time, which are the
necessary conditions for thermoelectric materials, because the effective mass of
electrons becomes heavy due to the coupling between conduction bands andf -
orbital bands near the Fermi level. As described above, many theoretical and
experimental studies have progressed for the search of thermoelectric materials,
indicating that the investigation for thermoelectric materials is spread over not
only material engineering but also condensed matter physics.

Recently, a huge Seebeck coefficient of−45 mV/K at 10 K was reported in
a single crystal of FeSb2.[16] This huge value cannot be explained by conven-
tional theories, which reminds us of a novel physics. In addition, this material
is remarked because of a potential application as the Peltier device in the low
temperature due to this huge value. However, a polycrystalline sample of FeSb2

shows a much smaller value of the Seebeck coefficient (∼ −500 µV/K), and a
large sample dependence of this value is observed. [17, 18] In spite of extensive
studies, the origin of this huge Seebeck coefficient and the large sample depen-
dence have not been revealed. In order to address these issues, we first investigate
the ppm-level impurity effect on single crystals to elucidate a reason of the large
sample dependence of the physical properties. Through the systematic study of
impurity effects, we unravel the large sample dependence, and observe the large
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Seebeck coefficient in a purest sample. Thus, we next study the magnetotransport
properties on the purest sample at low temperature, which can elucidate the elec-
tronic states in this compound: There is a small energy gap of 30 meV. Since the
large Seebeck coefficient is observed below 40 K, some groups suggest a possibil-
ity that the small energy gap is formed by an unusual mechanism such as a strong
electron correlation anticipated in the Kondo insulators. For this suggestion, we
conduct transport measurements under pressure and evaluate the pressure depen-
dence of the energy gap size because the gap size of Kondo insulators is sensitive
to a compression of the lattice size. We propose a model of the gap formation
mechanism and an origin of the huge Seebeck coefficient from the above studies.

This thesis is organized as follows: In Section 1.2, and 1.3, we introduce a
brief theory of the Seebeck effect and physical properties of FeSb2, respectively.
Then, we show above three experimental results in Chapter 2 (Ppm-level impu-
rity effect of transport properties on single crystals), Chapter 3 (Magnetotransport
properties), and Chapter 4 (Pressure effect of transport properties to analyze the
gap formation mechanism). Finally, we summarize all the results in Chapter 5.

1.2 Seebeck effect and thermoelectric efficiency

1.2.1 Boltzmann equation

Here, we briefly introduce a theory of the Seebeck effect and the thermoelectrics.
In the temperature gradient, metals and semiconductors generate an electric volt-
age, which is called the Seebeck effect. This effect is intrinsically a nonequilib-
rium phenomenon, and arises from a coupling between the thermal and electric
phenomena. To analyze the nonequilbrium phenomena, we use the Boltzman
equation.[19] The Boltzmann equation is a formula to calculate a distribution
function f (k, r ; t) in external fields, such as the electric field and the tempera-
ture gradient. In the weak field limit,f (k, r ; t) can be written byf = f0 + f1,
wheref0 andf1 are the distribution function at the equilibrium state and the de-
viation from this, respectively. The time evolution off (k, r ; t) can be described
as

∂f

∂t
= (

∂f

∂t
)drift + (

∂f

∂t
)diff + (

∂f

∂t
)scatt. (1.1)

Here,(∂f
∂t
)drift is due to drift of carriers in external fields.(∂f

∂t
)diff is a diffusion

term which means a change of a carrier position with velocityv. (∂f
∂t
)scatt comes

from scattering with scatterers and another electrons. The drift and diffusion terms
are finally described as

(
∂f

∂t
)drift + (

∂f

∂t
)diff = −F

h̄
(
∂f

∂k
)− v(

∂f

∂r
). (1.2)
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The scattering term is difficult to solve precisely, and then we usually use the
relaxation time approximation as(∂f

∂t
)scatt = − 1

τ
(f − f0) = − 1

τ
f1, whereτ is the

scattering time. Considering an electron system, we can apply the Fermi-Dirac
distribution function forf0 = [exp(ϵk − µ)/kBT + 1]−1, whereϵk andµ are
eigenenergy with momentumk and chemical potential, respectively. We further
assume that the external field is the electric field andr dependence off only
through the space variation of temperatureT (r). In the above assumption, we
obtain the deviation function in the steady state (∂f

∂t
= 0) as

f1 = (−∂f0
∂ϵ

)vkτ [eE +
ϵ− µ

T
(−∇T )]. (1.3)

Here, we use the following expression of the group velocity given by

vk =
1

h̄

∂ϵk
∂k

. (1.4)

Using Eq. (1.3), we can calculate the electrical density as

j =
1

4π3

∫
evkf1d

3k. (1.5)

The prefactor of 1/4π3 = 2/(2π)3 represents the density of states for the mo-
mentum space times the spin degrees of freedom. The thermal current is also
calculated in the same way. We can define the heat per electron asϵk −µ, and the
thermal current as

q =
1

4π3

∫
(ϵk − µ)vkf1d

3k. (1.6)

Substituting Eq. (1.3) in Eqs. (1.5) and (1.6), we obtain

j = e2K̂0E +
e

T
K̂1(−∇T ) (1.7)

q = eK̂1E +
1

T
K̂2(−∇T ), (1.8)

where

K̂n =
1

4π

∫
(−∂f0

∂ϵ
)vkvkτ(ϵk)

nd3k. (1.9)

In this equation,K̂n is a second-rank tensor. From the Eqs. (1.7) and (1.8),
transport coefficients are given by the following equations, in which all parameters
are reduced to scalar quantities for a cubic crystal:

σ = e2K0, (1.10)

S =
1

eT

K1

K0

, (1.11)
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κ
′
=

K2

T
, (1.12)

whereσ, S andκ
′
are the electrical conductivity, Seebeck coefficient, and thermal

conductivity in the absence of the electric field. We can simplify Eqs. (1.7) and
(1.8) with these parameters as

j = σE + Sσ(−∇T ), (1.13)

q = SσTE + κ
′
(−∇T ). (1.14)

1.2.2 Seebeck coefficient

The Seebeck effect is a phenomenon, in which the electric field (E = −∇V ) is
generated by the temperature gradient (−∇T ), determined as

∇V = S(−∇T ). (1.15)

From the Boltzmann equation, the Seebeck coefficient is given as

S =
1

eT

K1

K0

=
1

eT

∫
(−∂f0

∂ϵ
)v2kτ(ϵk − µ)d3k∫
(−∂f0

∂ϵ
)v2kτd

3k
. (1.16)

Here, we change the integral ofk to the integral ofϵ, and assume that an isotropic
band structure. The Seebeck coefficient can be described by

S =
1

eT

∫
(−∂f0

∂ϵ
)L(ϵ)(ϵ− µ)dϵ∫

(−∂f0
∂ϵ
)L(ϵ)dϵ

, (1.17)

where,L(ϵ) ≃ D(ϵ)v2x(ϵ)τ(ϵ): D(ϵ) is the density of states andvx is the carrier
velocity along thex direction.

First, we apply Eq. (1.17) to a non-degenerate semiconductor.[15] In the case
of the n(p)-type semiconductor, we only integrate Eq. (1.17) above (below) the
band edgeEc (Ev). Moreover, when the energy gapEc − µ (µ − Ev) is much
larger thankBT , f0 can be approximated as the Maxwell-Boltzmann distribution
function. Thus, the Seebeck coefficient of the semiconductor can be described by

S(T ) ≈ kB
e
[
(Ec − µ)

kBT
+ r] (n− type), (1.18)

and

S(T ) ≈ kB
e
[
(µ− Ev)

kBT
+ r] (p− type), (1.19)
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wherer is the scattering parameter, which comes from the integral ofτ . From
these equations, we see that the energy gap andr are the material parameters to
determine the value of the Seebeck coefficient.

Next, we think about a degenerate (metallic) system. Here, we apply the Som-
merfeld expansion ofL(ϵ) = L(µ)+L

′
(µ)(ϵ−µ)+· · · in Eq. (1.17). The Seebeck

coefficient is expressed by

S(T ) ≃ −π2k2
B

3e

L
′
(µ)

L(µ)
T, (1.20)

where we neglect the terms after 3rd term of the Sommerfeld expansion. This
expression indicates that the value of the Seebeck coefficient is proportional to
the energy derivative of the density of states.

At low temperature, the carrier conductivityσ (Eq. (1.10)) can be written by
e2L(µ). The Seebeck coefficient is expressed withσ by

S(T ) ≃ −π2k2
B

3e
T [

∂ lnσ(ϵ)

∂ϵ
]ϵ=µ. (1.21)

This is known as the Mott formula.[20]σ can be described with the carrier con-
centrationn(ϵ) and the mobilityµ(ϵ) asσ = n(ϵ)eµ(ϵ), and then the Seebeck
coefficient is described by

S(T ) ≃ −π2k2
B

3e
T [

D(ϵ)

n
+

∂ lnµ(ϵ)

∂ϵ
]ϵ=µ ∝ Cel

en
+ r, (1.22)

whereCel is the specific heat of electrons (π2

3
k2
BTD(ϵ)). This expression shows

that the Seebeck coefficient is proportional to the specific heat per carrier. In other
words, the Seebeck coefficient is proportional to the entropy per carrier.

In usual metals, the Seebeck coefficient is very small because of the large
Fermi energy. When we apply Eq. (1.22) in the 3-dimensional noninteracting

Fermi gas,S is expressed asS = ±π2k2BT

3eϵF
(r + 3

2
). Thus,S can be written as

an universal value of|kB/e| = 86 µV/K times kBT/ϵF , and a largeϵF reduces
the Seebeck coefficient. In a typical metal of Cu, a small Seebeck coefficient of
1.7 µV/K is observed at room temperature. However, a peculiar large Seebeck
coefficient has been reported in the heavy fermion compounds.[15] Figure 1.1(a)
shows the temperature dependence of the Seebeck coefficient for Ce-compounds,
typical heavy-fermion compounds. A large Seebeck coefficient is observed in
CePd3 in spite of a small resistivity (∼ 170 µΩcm at room temperature). The large
value ofS is due to the large electron specific heat coefficientγ (Cel = γT ). In
the heavy fermion compounds, the localizedf -electrons and conduction electrons
are coupled with the Kondo effect, and the localized electrons move coherently
with conduction electrons. Thus, the magnetic entropy off -electrons is attached
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(a) (b)

Figure 1.1: (a) The Seebeck coefficient of Ce-compounds.[15] (b) The up-
per and lower panels show the resistivity and Seebeck coefficient of NaCo2O4,
respectively.[13]

to conduction electrons, and the largeγ is realized. In other words, the conduction
carriers with the large spin entropy off -electrons result in the enhancement of the
Seebeck coefficient.

In the case of the 3d transition metal oxides, NaxCoO2 shows a large Seebeck
coefficient and a metallic resistivity (Fig. 1.1(b)).[13] This origin can be explained
by two models. One is an itinerant band model proposed by Kurokiet al.[21]
They suggest that the large Seebeck coefficient and the small resistivity are due
to an unique band structure, which is called as “pudding-mold structure”. In this
model, important is a large difference between the carrier velocities above and
below the Fermi energy. The other model is based on a localized picture proposed
by Koshibaeet al.[22] They explain the large Seebeck coefficient with spin and
orbital degrees of freedom of the Co ions. In the NaxCoO2, the Co3+ and Co4+

ions are in the low spin state, and the configuration of Co3+ is (t2g)6 with the
entropy of zero, and the configuration of Co4+ is (t2g)5 with the degeneracy of
6, which comes from the spin part of 2 and the orbital part of 3. In this case,
the large entropy is carried due to the large entropy difference between Co3+ and
Co4+. The Seebeck coefficient is proportional to the entropy per carrier. Thus, the
large value is observed because of the large entropy of spin and orbital degrees of
freedom for Co ions.
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I
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Heat radiation

N-type P-type
TH

TL

Figure 1.2: A schematic picture of the Peltier cooling device.

1.2.3 Thermoelectric efficiency

For an application, we need to know the efficiency of thermoelectric devices. We
use the thermoelectric module as a Peltier cooling, in which thermoelectric ma-
terials of n-type and p-type are connected in series as shown in Fig. 1.2. In this
system, the upper side of this device absorbs heat and the lower side radiates heat
due to the Peltier effect when the electric current is applied. Now, we give a brief
introduction of the efficiency of a Peltier refrigerator.[15] We denote the net re-
sistance, net Seebeck coefficient, and net thermal conductivity of the device (Fig.
1.2) asR, S, andK, respectively. For simplicity, we assume that these parameters
are independent of temperature. The efficiency of the refrigerator is defined as
ϕ = JQc/P : JQc is the rate of absorbed heat at the cold side, andP is the input
power.JQc is described as

JQc = STcI −
1

2
RI2 −K∆T, (1.23)

where the first term comes from the Peltier effect, and the second term is the Joule
heat in the sample (we assume that the joule heat equally flows to both the high
and low temperature sides.), and the third term is the back flow of the thermal
current by the temperature different∆T = (TH − TL). The input power is given
by

P = V I = (IR + S∆T )I. (1.24)
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金属 半導体Cu ~ 1.7 µV/K (300 K)
電子相関の効果？

Log n (carrier concentration) (/cm3) Electrica
l conduc
tivity (/Ω
cm)

Seebeck
 coefficie
nt (µV/K
)

SeebeckS
Power FactorS 2 σ Conductivityσ

Figure 1.3: The Seebeck coefficientS (red solid curve), conductivityσ (blue solid
curve), and power factorS2σ (green dotted curve) as a function of the carrier
concentration.

Thus, the efficiency can be expressed by

η = JQc/P =
STcI − 1

2
RI2 −K∆T

(IR + S∆T )I
. (1.25)

The maximum value of this efficiency is obtained by taking dη/dI = 0. After
some calculations, the maximum value of this efficiency, which is called asCOP
(the coefficient of performance), is given by

COP = ηmax =
Tc

√
1 + ZT̄ − TH

∆T (
√
1 + ZT̄ + 1)

, (1.26)

whereZ is the figure of merit defined byZ = S2

RK
= S2

ρκ
= σS2

κ
, and T̄ =

(TH+TL)/2. According to Eq. (1.26), the dimensionless figure of meritZT is the
most important parameter for thermoelectrics, and the efficiency monotonically
increases with increasingZT value. For commercial uses, it is an aim to be more
than 1 inZT .

Above analysis indicates that the thermoelectric materials are characterized
by ZT , and to get a high performance, we need to search materials, which have
a large Seebeck coefficient, high electrical conductivity, and low thermal conduc-
tivity at the same time. Such requirements are difficult to be satisfied, because
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these three parameters are a function of the carrier concentration. In Fig. 1.3, we
only depict the carrier concentration dependence of the Seebeck coefficient, elec-
trical conductivity, and power factor (S2σ), which is the numerator of the figure of
merit (Z = σS2/κ). As shown in Fig. 1.3, the maximum value of the power factor
is at around 1020 cm−3. Thus, we design the heavily doped semiconductors for
thermoelectric materials, which have the carrier concentration from 1019 to 1020

cm−3. However, as shown in the previous subsection, the heavy fermion com-
pounds and Co oxides have the large Seebeck coefficient in spite of the metallic
state, and then the search for the thermoelectric material has recently been spread
in various materials.

1.3 Narrow-gap semiconductor FeSb2

1.3.1 Huge Seebeck coefficient of FeSb2

A huge Seebeck coefficient,S ∼ −45 mV/K at 10 K, was observed in a narrow
gap semiconductor of FeSb2 as shown in Fig. 1.4.[16] This huge value cannot
be explained by the conventional model. In non-degenerate semiconductors, the
Seebeck coefficient is simply related to an energy gap∆: S = kB

e
( ∆
kBT

− r),
where ther is scattering parameter.[23] To observed the huge value of−45 mV/K
at 10 K, the energy gap∆ becomes about5000 K, meaning an unrealistic situa-
tion, in which the carrier concentration becomes almost zero (Fig. 1.3). On the
other hand, in the case of the degenerate (metallic) model, the Seebeck coefficient

is described byS =
π2k2BT

3eϵF
(r + 3

2
), where we assume the 3-dimensional non-

interacting Fermi gas.[24] This model can be valid whenϵF > kBT is satisfied.
For this reason, the upper limit ofS with this model is estimated about 850µV/K.
Thus, we cannot understand the origin of this huge Seebeck coefficient with the
conventional theory.

To explain the huge Seebeck coefficient for FeSb2, Sunet al. proposed that the
huge Seebeck coefficient is observed due to an unique band structure of strongly
electron correlated semiconductors, such as Kondo insulators.[18, 25, 26] The
Kondo insulators have a small hybridization gap with a narrow distribution of
the electronic density of states close to the Fermi level for the mixing of broad
conduction bands with narrowd- or f -bands (Fig. 1.5(a)).[30] This band structure
yields a steep variation of the density of states near the Fermi level, and then the
large Seebeck coefficient is theoretically expected, since the Seebeck coefficient
is proportional to the energy derivatives of the density of states as described in
Eq. (1.20) (Fig. 1.5(b)). A typical Kondo insulator of Ce3Pt3Sb4 shows a large
Seebeck coefficient (∼ 350 µV/K) at low temperature (Fig. 1.6).[14] A narrow
gap semiconductor FeSi, which is considered as a3d-orbital Kondo insulator,
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Figure 1.4: The Seebeck coefficient of FeSb2 single crystal as a function of tem-
perature measured in magnetic fields of 0 T (data points with dotted curves) and
9 T (solid curves), applied along thea-axis (black square),b-axis (red circle) and
c-axis (blue and green triangles).[16]
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∆
E

k

d or f bands or p band

(a) (b)E

Density of state
∆EF

Figure 1.5: (a) A schematic picture of a band distribution for the Kondo insulator.
(b) The density of states for the Kondo insulator.

Figure 1.6: The temperature dependence of the Seebeck coefficient for
Ce3Pt3Sb4.[14]
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also has a large Seebeck coefficient (|S| ∼ 500 µV/K) around 100 K.[31, 32]
However, the absolute value of the Seebeck coefficient observed in FeSb2 is much
larger than that of Kondo insulators, suggesting another novel effects.

Due to the huge Seebeck coefficient, the large thermoelectric efficiency is ex-
pected in this compound. Actually, the largest power factorPF ∼ 2300 µWK−2cm−1

is observed, which is 65 times larger than that of Bi2Te3-based thermoelectric
materials.[16] This large power factor suggests that this compound has a potential
as the Peliter refrigerator at low temperature. However, the thermoelectric effi-
ciency (ZT = σS2T/κ; dimensionless figure of merit) remains small because of
a large thermal conductivity of∼ 350 W/mK at 15 K.

Figure 1.7 shows the temperature dependence of the FeSb2−xSnx for polycrys-
talline samples.[17] The sample forx = 0 has the maximum value of|S| ∼ 500
µV/K at 30 K, which is two order of magnitude smaller than that of single crystals.
Generally, single crystal and polycrystalline samples tend to have the same value
of S, because the value of the Seebeck coefficient is not sensitive to an extrinsic
scattering due to the crystal boundary. Moreover, a large sample dependence of
S is reported,[18] implying that the huge Seebeck coefficient is strongly affected
by the non-stoichiometry and impurity.[26] To clarify the origin of the large See-
beck coefficient, we need systematic studies with samples which show the large
Seebeck coefficient.

1.3.2 Crystal structure of FeSb2
The narrow-gap semiconductor FeSb2 crystallizes in a marcasite structure with the
space groupPnnm as shown in Fig. 1.8.[27] The lattice constants area = 5.83
Å and b = 6.54 Å and c = 3.20 Å at room temperature. FeSb6 octahedra share
the edges along thec-axis, and the corners along the a- and b-axes. The FeSb6

octahedron has two different Fe-Sb bond lengths: The longer one (solid line in
Fig. 1.8) is about 2.60̊A and the shorter one (dotted line in Fig. 1.8) is about 2.57
Å at room temperature.

The marcasite structure has two distinguished forms, which are characterized
by a cation-anion-cation angleα parallel to the orthorombicc-axis, shown in Fig.
1.9.[28] The regular marcasite has an angleα < 90◦, and anomalous marchasite
has a angleα > 90◦. These two structures have different carrier numbersn in 3d
state, the former isn ≤ 4 and the latter isn ≥ 4. FeSb2 belongs to the regular
marcasite structure withα ≃ 76◦ at room temperature, having the Fe4+ (3d4)
electron configuration.[28]
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Figure 1.7: The temperature dependence of the Seebeck coefficient for polycrys-
tals of FeSb2−xSnx.[17]

Sb
Fe

c
ba

Figure 1.8: The crystal structure of FeSb2. Blue and red atoms are Fe and Sb,
respectively. The unit cell is orthorhombic and the structure belongs to the space
group of No. 58 (Pnnm).
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Metal atom
Chalcogen or Pnigogen atom

Figure 1.9: The orthirhombic marcasite structure. The upper and lower figures
show theab plane and thec-axis chain, respectively.
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Figure 1.10: The magnetic susceptibility of FeSb2. Solid curves are fitting results
using the model density of states shown in the inset.[27, 29]

1.3.3 Magnetic property

Figure 1.10 shows the temperature dependence of the magnetic susceptibilityχ
for the single crystal FeSb2.[27, 29]χ has a temperature independent diamagnetic
behavior below 50 K, the value of which is−4×10−5 emu/mol (close to the core
diamagnetic value of−4.7× 10−5), and shows a diamagnetic to paramagnetic
crossover around 100 K. In the Kondo insulator, the localizedd or f electron
bands are hybridized with conduction bands, which make the energy gap at the
Fermi energy with a very large peak in the density of states at the gap edge. At
low temperature, all carriers are in the bands below the Fermi energy, realizing
a non-magnetic state, while at high-temperature, the carriers are excited to the
band above the Fermi energy, inducing the magnetic moment. This temperature
induced crossover has been analyzed with a model of two narrow bands (peaks)
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at the density of states, in which the bands are separated byEg, and have a band
width ofW , as shown in inset Fig. 1.10. This model has been successfully applied
to show the validity of a picture with the Kondo insulator on the thermodynamics
of FeSi.[33]

The Pauli susceptibility of an itinerant electron system with the density of
statesD(E) is described as

χ(T ) = −2µ2
B

∫
c−band

D(E)
∂f(E, µ, T )

∂E
dE, (1.27)

whereµB is the Bohr magneton andf(E, µ, T ) = (exp[(e− µ)/kB] + 1)−1. The
factor 2 in the above equation is due to the contribution from the holes in the
valence band and electrons in the conduction band. AssumingD(E) = Np/W
andµ = W +∆, the magnetic susceptibility is obtained by

χ(T ) = −2µ2
B

Np exp(β∆)(1− exp(βW ))

W (1 + exp(β∆))(1 + exp(β(∆ +W )))
+ χ0, (1.28)

wherep is the number of states/cell, andN is the number of unit cells. From
the fitting result, we obtain reasonable values for parameters: 0 K< W/kB <400
K and 850 K< Eg/kB < 1100 K, which are comparable to parameter values
obtained for FeSi.[33]

1.3.4 Resistivity and Hall coefficient

Figure 1.11 displays the temperature dependence of the resistivity for the single
crystal FeSb2 along thea, b, andc axes in magnetic fields of 0 T and 9 T, where
the magnetic field is parallel to the current direction.[16] The resistivity increases
with decreasing temperature like semiconductors from 300 to 30 K in all direc-
tions and a “shoulder” exists from 30 to 10 K. Below 5 K, the resistivity of all
directions shows a weak temperature dependence. The upper inset of Fig. 1.11
presents an Arrhenius plot ofρ(T ), from which three distinct energy scales can
be derived. The weak temperature dependence at lowest temperature is probably
due to extrinsic impurity states. In the temperature from 5 to 15 K, the energy
gap of∆ ∼ 6 meV is evaluated, whereas in the temperature range 50 to 300 K
the Arrhenius plot leads to the energy gap of∆ ∼ 30 meV using an activation
functionρ ∝ exp(∆/2kBT ).

The temperature dependence of the Hall coefficientRH is shown in Fig. 1.12.[34]
RH(T ) is negative in the whole temperature range, indicating that the transport
properties are dominated by electrons. A dramatic increase ofRH with decreas-
ing temperature is observed from 100 to 30 K, which can be explained by the
carrier excitation due to the band gap. Below 30 K, the slope becomes weak,
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∆~ 6 meV
∆~ 30 meV

Figure 1.11: The electrical resistivity as a function of temperature measured in
magnetic fields of 0 T (data points with dotted curves) and 9 T (solid curves), ap-
plied along thea-axis (black square),b-axis (red circle) andc-axis (blue and green
triangles). The inset is an Arrhenius plot of the resistivity. The energy gaps are
evaluated by the linear fitting with an activation functionρ ∝ exp(∆/2kBT ).[16]

which may correspond to the shoulder and the small energy gap observed inρ.
The decrease of|RH(T )| below 7 K may be associated with the saturation ofρ
(T ), implying the existence of the in-gap state. These transport and the magnetic
properties suggest that this compound is a semiconductor with two small energy
gaps, which may be formed by the Kondo interaction.

1.3.5 Band structure calculation

From the crystal structure, Goodenough proposed a quantitative band structure
of the marcasite compounds.[28] First, thed-orbitals of transition metal ions sur-
rounded by chalcogen or pnigogen ions with the octahedral configuration are split
into t2g andeg orbitals due to the crystal fields. Then, thet2g orbitals in marcasite
structure is split into the higherdxy orbital, which is directed toward near-neighbor
cations along thec-axis, and the lower two-folddyz anddzx orbitals (Fig. 1.13(a)).
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FeSb2

Figure 1.12: The Hall coefficient of the FeSb2 single crystal.[34]

In this model,x andy axes are along to thec-axis direction as shown in Fig. 1.9,
and the energy levels are determined by thec-direction X-Fe-X angleα (X is the
chalcogen or pnigogen ions). From this model, a band structure of FeAs2, which
has the regular marcasite structure (α ∼ 72.5◦), is proposed, as shown in Fig.
1.13(b). Considering this structure, it is realized that thedxy orbital is not orthog-
onal to theσ-bonding anion orbitals, while thedyz anddzx are nearly orthogonal.
In this case, the localdyz anddzx band lie below the Fermi energy, and the hy-
bridization bands between Fedxy (andeg) and As4p states exist above the Fermi
energy. These locald bands and the hybridized bands make a small energy gap in
this compound.

Above analysis predicts that a small energy gap is formed in FeSb2 due to the
hybridization between Fed and Sbp orbitals. Recently, some groups reported
band calculations for FeSb2.[17, 35] Bentienet al. performed the band calcula-
tion with the full potential linearized augmented plane wave plus the local orbital
(LAPW+lo) method as implemented in the WIEN2k code.[17] The calculated re-
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Figure 1.13: (a) Orbital states of the marchasite structure. (b) The schematic band
structure of FeAs2.[28]

sult is shown in Fig. 1.14. The contribution of each orbitals to the density of
states is displayed in Fig. 1.14(b). In this calculation, thez-axis is taken along
a short Fe-Sb bond (∼ 2.57 Å) directed to thec-axis, and thex andy axes are
along longer Fe-Sb bonds (∼ 2.60 Å). Although the orbitals ofdz2 anddx2−y2 are
usually destabilized in an ionic crystal field, these orbitals are stabilized due to the
hybridization effect between Fed and Sbp orbitals, as shown in Fig. 1.14(b). The
band structure shows the existence of the narrow energy gap and the large density
of states at the slightly below and above the Fermi energy, which is thought as
the origin of the large Seebeck coefficient of FeSb2. However, this calculation
result suggests a metallic ground state, which has a nonzero value of the density
of statesD(ϵF ) at the Fermi energy as shown in the inset of Fig. 1.14(a). To
reproduce the insulating state, Tomczaket al. modifies the band structure us-
ing the GW approximation, which can include the dynamical effects of electronic
correlations.[35] Figure 1.15(a) shows the band calculation result of the Local
density approximation (LDA) and GW approximation. The metallic state calcu-
lated with LDA is changed to the insulating state in the GW approximation. The
insulating state of FeSb2 is possibly explained by above analysis, while the impor-
tant problem about the Seebeck coefficient remained open. The huge value of the
Seebeck coefficient is not reproduced from the above band structure. Tomczaket
al. calculated the Seebeck coefficient using the above band model based on the
Kubo formula, showing the crucial deviation from experimental data below 30 K,
as shown in Fig. 1.15(b). In addition, the two gap state observed in transport
properties has not been explained by the band calculation studies, and the gap
formation mechanism has not been unrevealed.
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(a) (b)

Figure 1.14: (a) The density of states for FeSb2. The inset figure shows the density
of states near the Fermi energy. (b) Detail contributions of each Fed-orbitals to
the density of states.

(a) (b)

Figure 1.15: (a) The band structures of FeSb2 with the GW approximation and
LDA. (b) The Seebeck coefficient calculated by Tomaczaket al. with the band
calculation result, depicted by solid curves. The dotted lines are experimental
results of Bentienet al.

21



Chapter 2

Ppm-level impurity effect of
transport properties on single
crystal

2.1 Introduction

In this chapter, we show a ppm-level impurity effect of physical properties for
the narrow gap semiconductor FeSb2. Extensive studies have been conducted
to clarify the origin of the huge Seebeck coefficient (∼ −45 mV/K) since its
discovery.[16, 25, 26, 18] However, some groups reported a large sample depen-
dence of the Seebeck coefficient.[16, 17, 26] For example, a much smaller value of
S ∼ −500 µV/K was observed for polycrystalline samples, and this may indicate
that physical properties of FeSb2 are highly sensitive to impurities and/or nonsto-
ichiometries. Thus, to make clear the origin of the large sample dependence of
physical properties, we grow the single crystals from metal powders of different
purity to systematically control the sample purity, and measure the magnetic and
the transport properties.

2.2 Experiment

2.2.1 Sample preparation method

The single crystals of FeSb2 were grown by a self-flux method.[16] High-purity
metal powders of Fe 0.948 g and Sb 24.041 g (Fe : Sb= 8 : 92) were mixed in
an alumina crucible, and sealed in an evacuated silica tube (Fig. 2.1(a)). The tube
was heated up to 1050◦C at a rate of 200◦C/h, kept at this temperature for 2h,
cooled to 775◦C at a rate of 20◦C/h, and slowly cooled to 640◦C at a rate of 9
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Sb-flux
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(a) (b)

Figure 2.1: (a)A schematic picture of the sample growth method with an evacuated
silica tube. The Sb and Fe powders are in the alumina crucible and sealed in an
evacuated silica tube. (b) The elimination method of Sb-flux.

◦C/h. Then, the crystals were taken out of the silica tube, and put at one side of
an evacuated silica tube, the middle part of which was narrow. The Sb flux was
dripped to the other side of the tube by annealing at 650◦C for 10 h (Fig. 2.1(b)).

We prepared four kinds of single crystals with different purities. The crystal
called 5N/6N was grown from 99.999% (5N) pure Fe powder and 99.9999 %
(6N) pure Sb powder. The second one called 3N/3N was grown from 99.9 % (3N)
pure Fe and Sb. The other two samples called 5N/3N and 3N/6N have similar
meanings. From this preparation method, we can control the impurity level from
0.0001 to 0.1 %.

X-ray diffraction patterns were measured for single crystals pulverized from
part of the crystal, where a small amount of Sb was detected. This excess Sb was
eliminated with nitric acid. Figure 2.2 shows a photographic image of a typical
single crystal which is about3× 3× 3 mm3.

2.2.2 Experimental methods of the magnetic susceptibility and
transport properties

The magnetic susceptibility was measured using the Quantum Design Magnetic
Property Measurement System (MPMS) with a magnetic field of 10 kOe from 5
to 300 K. We measured samples which are smaller than2× 2× 2 mm3.

The electrical resistivity was measured with a four-terminal method from 300
to 5 K by a nanovolt meter (Agilent 34420A) and a current generator (ADVAN-
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Figure 2.2: The photographic image of a typical single crystal of FeSb2. One
division is 1 mm in the diagram.

TEST R6142). The temperature is determined with a Cernox Resistor (Lake
Shore) by a multimeter (Agilent 34401A). The Hall coefficient was measured un-
der a magnetic fieldH of 10 kOe using the Quantum Design Physical Property
Measurement System (PPMS). Here, we measured the Hall voltageVH , rotating
the sample from0◦ to 180◦ for the external field to eliminate the background volt-
ageVBG by this equation;

VH =
(V 0◦

H + VBG)− (V 180◦
H + VBG)

2
=

V 0◦
H − V 180◦

H

2
. (2.1)

The Seebeck coefficient was measured using a steady-state technique from 5
to 300 K, as shown in Fig. 2.3. We applied the temperature different about 1 K
between both ends with a strain gage. The temperature gradient was measured
using the differential thermocouple of the constantan wire. We prepared a pol-
ished thin sample with a cross section of0.1× 0.02 mm2 to measure the Seebeck
coefficient because it is difficult to make the temperature gradient in the sample
due to a large thermal conductivity (the maximum value is∼ 350 W/mK at 15 K)
at low temperature.[16]
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Sample Heater
Figure 2.3: The measurement system of the Seebeck coefficient with a steady-
state technique. The sample was polished into a thin bar which thickness is less
than 0.1 mm.

2.3 Result and Discussion

2.3.1 Magnetic susceptibility

The temperature dependence of the magnetic susceptibilityχ is shown in Fig.
2.4. From 50 K, this value increases with increasing temperature, which has been
understood as a paramagnetism of thermally activated carriers with narrow bands,
as explained in Section 1.3.3.[27] The susceptibility of the 3N/3N and 5N/3N
samples shows an upturn with decreasing temperature below 50 K, indicating the
presence of a small amount of the magnetic moment. Assuming that the impurity
density is 0.1 %, we evaluate the effective spin number of the 3N/3N sample to
beS ∼ 1.7 using the Curie law, which is consistent with the magnetic moment of
Fe. Although we cannot specify the origin of the magnetic moment at present, it
is clear that the Sb impurity determines the magnetic properties of FeSb2 crystals.

2.3.2 Electrical resistivity

Figure 2.5 presents the temperature dependence of the resistivityρ for the four
samples below 100 K. All theρ − T curves merge above 40 K, which obey the
thermally-activated transport with an activation energy of∼30 meV evaluated

25



0
1
2
3
4
5
6
7

0 50 100 150 200 250 300

χ (10-4
emu/m
ol)

T (K)

FeSb2

3N/3N
5N/6N3N/6N5N/3N

Figure 2.4: The temperature dependence of the magnetic susceptibility for all
samples. The magnetic susceptibility increases with increasing temperature above
50 K, which can be understood as a paramagnetism of thermally activated carriers.

from the Arrhenius plot, as shown in the inset of Fig. 2.5. Below 40 K, on the
other hand,ρ starts to deviate from the activation transport. In particular,ρ of
the 5N/6N sample exhibits a plateau from 10 to 20 K, as already reported in Ref.
16. The 3N/6N sample shows almost the sameρ as the 5N/6N sample, but the
plateau is somewhat smeared. Below 10 K,ρ of the 5N/6N and 3N/6N data again
increases with decreasing temperature, possibly suggesting the presence of the
smaller energy gap, which is already reported by Ref. 6.

2.3.3 Hall coefficient

Figure 2.6 shows the Hall coefficientRH as a function of temperature below 100
K. RH of the 3N/3N and 5N/3N samples is negative, and|RH | increases with
decreasing temperature. On the other hand,RH of the 5N/6N sample changes its
sign from positive above 45 K to negative below 45 K. We emphasize that|RH |
of the 5N/6N sample rapidly increases with decreasing temperature by about four
orders of magnitude (from5.2 × 10−1 cm3/C at 40 K to2.5 × 10−1 cm3/C). RH

of the 3N/6N sample behaves similar to the 5N/6N sample, but the sign remains
negative above 100 K.
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Figure 2.5: The electrical resistivity below 100 K. Inset shows the Arrhenius plot,
from which we evaluate the activation energy by a thermal activation function
ρ ∝ exp(∆/2kBT ) above 100 K.
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Figure 2.6: The temperature dependece of the Hall coefficient of single crys-
tals between 0 and 100 K. The sign of the Hall coefficient of the 5N/6N sample
changes at about 45 K, while that of the other samples does not change.
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2.3.4 Carrier concentration and mobility

Let us discuss the carrier densityn and the Hall mobilityµH , in the framework of
a single band model. Clearly, FeSb2 is a multi-band conductor, because the Hall
coefficient of the 5N/6N sample exhibits the sign change. However, we may use
an expression for a single carrier system with a parabolic band below 40 K, where
the magnitude ofRH is larger than 10−1 cm3/C. Note that the magnitude ofRH in
a multi-band conductor is smaller than the magnitude ofRH calculated from each
single-band components. Thus,n = 1/eRH gives the upper limit of the carrier
density, andµH = RH/ρ gives the lower limit of the Hall mobility.

Figure 2.7(a) and 2.7(b) show the carrier densityn and the Hall mobilityµH ,
respectively. The 5N/6N and 3N/6N samples have much smaller values of carrier
concentrations than those of the 3N/3N and 5N/3N samples below 35 K. This
suggests that an energy gap is opened at the chemical potential in the 5N/6N and
3N/6N samples, while the gap is somewhat off the chemical potential in the 3N/3N
and 5N/3N samples. In other words, impurities in the Sb powder effectively act
as dopants to supply electrons. The carrier density of 5N/3N and 3N/3N samples
is of the order of 0.01 % per unit cell, which is consistent with the purity of
3N. Here, we emphasize thatn of the 5N/6N and 3N/6N at 20 K is supplied
from ppm-level imperfections. Such an extremely low carrier density at 20 K is
the main reason why FeSb2 is highly sensitive to purity. According to chemical
analysis of the 3N Sb powder, Pb(0.03%), Zn (0.01 %) and As (0.005 %) are
major impurity elements. Sunet al. reported that the As substitution effectively
acts as carrier-doping, although this is isovalent substitution.[18] Accordingly, we
can understand why the 5N/3N and 3N/3N samples have larger carrier density. On
the other hand, we cannot understand why impurities in the Fe powder (Ni 0.008
%, Co 0.004 % and Mn 0.001 %) hardly affected the physical properties. One
possibility is that the flux growth may exclude such impurities spontaneously.

As shown in Fig. 2.7(b), the carrier mobility of 3N/3N weakly depends on
temperature like some conventional semiconductors. In contrast, the mobility
of 5N/6N samples substantially increases with decreasing temperature. The car-
rier mobility enhancement at low temperature in high-quality FeSb2 crystals is
also reported by other groups.[18, 27] This enhancement may be a piece of the
evidence for the strong electron-electron correlation; The scattering rate 1/τ is
expected to be strongly reduced withn, when the carrier-carrier scattering is
dominant.[36, 37] On the other hand, another possibility is considered that FeSb2

is as pure as high-quality Ge, whereµH ∝ T−3/2 due to the reduction of ther-
mal scattering, which is visible down to 10 K.[38] To clarify the origin of the
strong temperature dependence of the mobility, we need more detailed experi-
ments, since the mobility was evaluated here based on the single carrier model,
while this material is intrinsically a multi-band system.
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Figure 2.7: (a)The carrier concentration evaluated with the single band model
(n =1/RHe). The left and right axes show the unit of cm−3 and ppm/unit cell,
respectively. (b)The carrier mobility of 5N/6N and 3N/3N samples.
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Figure 2.8: (a)The Seebeck coefficient of single crystals of FeSb2 below 100 K.
5N/6N and 3N/6N samples have large peaks of|S| at around 20 K, while 3N/3N
and 5N/3N samples show smaller peaks at around 35 K.

2.3.5 Seebeck coefficient

Figure 2.8 shows the Seebeck coefficientS in the temperature range from 5 to
150 K. Temperature dependence ofS is clearly different between the 5N/6N and
3N/3N samples.|S| of the 3N/3N samples increases rapidly with increasing tem-
perature from 5 to 35 K and reaches a maximum of 400µV/K, and decreases
from 35 to 150 K. This is essentially the same as that observed in polycrystalline
samples.[17] In contrast,|S| in the 5N/6N samples is much larger at lower temper-
ature (1500µV/K at 20 K), and rapidly decreases to undergo a sign change near
40 K. We did not observe the colossal values ofS reported in Ref. 16, the reason
of which will be discussed later. The temperature dependence is complicated, and
a second sign change happens near 70 K.|S| of the 3N/6N and 5N/3N samples
are almost the same as the 5N/6N and 3N/3N samples, respectively, indicating
that the impurity in the Sb powder determines the gross feature ofS.

Now, let us discuss the difference ofS between the 5N/6N and 3N/3N samples
in relation ton. Here, we apply two expressions forS, which are introduced in
Chapter 1.[26] The one is based on a 3-dimensional single band model for the
degenerate electron system given by[24]

S =
π2k2

BT

3eϵF
(r +

3

2
), (2.2)
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where

ϵF =
h2

2m∗ (
3n

8π
)2/3. (2.3)

The other is based on a nondegenerate model given by[15]

S = ±kB
e
[
∆

kBT
+ (r +

5

2
)], (2.4)

where

n = 2(
2πm∗kBT

h2
)3/2 exp

∆

kBT
. (2.5)

The factorr is the carrier scattering parameter, and takes -1/2 for an electron-
phonon scattering and 3/2 for an impurity scattering, which are usually used in
the analysis for thermoelectric materials. In Fig. 2.9,S given by Eqs. (2.2) and
(2.4) are shown by solid and dotted curves for the 5N/6N and 3N/3N samples
respectively. Here,r is assumed to be 3/2, andm∗ is equal to the bare electron
mass. The ratio ofkBT to ϵF determines which model should be used. Equation
(2.2) is valid forϵF > kBT and equation (2.4) is valid forϵF < kBT . For the
3N/3N sample,ϵF > kBT is satisfied at all the temperature, whereas for 5N/6N
sampleϵF is smaller thankBT below 35 K. In fact, the data of the 3N/3N sample
are roughly reproduced by the calculated curve of the degenerate model, and the
data of the 5N/6N sample are roughly consistent with the calculation based on the
nondegenerate model below 35 K as shown in Fig. 2.9. This strongly suggests
that the magnitude ofS is explained by the carrier density. However, we have
used the carrier concentration evaluated from the single band model, and then we
need more precise method to obtain the carrier concentration by considering a
multi-band feature for the 5N/6N sample.

Next we compare the 5N/6N sample with the huge-Seebeck-coefficient sample
in Ref. 16. Equation (2.4) gives infinitesimally small carrier concentration for
S = −45 mV/K at 10 K, which implies that some other unusual effects such as
a phonon drag may occur. Phonon drag is a nonequilibrium phenomenon in a
clean system,[39, 40, 41] and thus a purer sample may have a largerS. The detail
discussion about the origin of the huge Seebeck coefficient is proposed in Chapter
4.

2.3.6 Power factor

Finally, we discuss the power factor of this material, which is a parameter to
determine the efficiency for thermoelectric materials. The power factorPF is de-
scribed asPF = σS2, which is numerator of the figure of meritZ(= σS2

κ
). Due

to the huge Seebeck coefficient at low temperature, Sunet al. reported a large
power factor ofPF ∼ 2300 µWK−2cm−1 at 12 K, which value is 65 times larger
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Figure 2.9: The Seebeck coefficient of the 5N/6N (the upper figure) and 3N/3N
(the lower figure) samples. The curves of the blue solid line and red dotted line
represent the results of the calculation for the degenerate (Eq. 2.2) and nondegen-
erate electrons (Eq. 2.4), respectively.
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than that of a typical thermoelectric material Bi2Te3.[16] Thus, this compound is
expected as a Peltier device at low temperature. Another interesting feature of
PF is observed in this compound. Figure 2.10 shows the carrier concentration
dependence ofPF for 5N/6N, 3N/3N, and the single crystal of Sunet al.[25]
The peak positions are apparently different between 5N/6N and 3N/3N: The peak
position of 5N/6N is atn ∼ 1016 cm−3 and that of 3N/3N is atn ∼ 1019 cm−3.
In the conventional theory, the maximum of the power factor is realized at the
carrier concentration of∼ 1020 cm−3(Fig. 1.3), which is almost the same as the
maximum positiom of PF for 3N/3N. In contrast, the maximum position of 5N/6N
is significantly small, and a similar feature is seen in the crystal of Sunet al. To
understand this unique properties, we need to remark the temperature dependence
of the mobility in this compound. As shown in Fig. 2.7, the mobility of 3N/3N
is almost constant in the whole temperature range, while the mobility of 5N/6N
sample rapidly increases with decreasing temperature below 40 K. Thus, we think
that the maximum positions at the low carrier concentration of 5N/6N and the
sample of Sunet al. are realized due to the substantial increase of the mobility
with decreasing temperature. However, the efficiency of FeSb2 as the thermo-
electric device is much small even in the sample of Sunet al, which shows the
significant large power factor, because of the high thermal conductivity (κ ∼ 350
W/mK at 15 K).[16] For the improvement of this efficiency, we need to reduce the
thermal conductivity, but in this compound, a small amount of impurities reduces
the Seebeck coefficient and the carrier mobility, and then it is difficult to get the
high efficiency in this compound.

2.4 Summary

We have prepared single crystals of FeSb2 grown from metal powders of different
purity. The susceptibility, resistivity, Hall coefficient and Seebeck coefficient have
been drastically changed by a small amount of impurities in the Sb powder of the
order of 0.1 % at low temperature. This is explained on the assumption that the
impurities in the Sb powder used in the sample preparation effectively supply the
conduction electrons. The dramatic change ofS between the 5N/6N and 3N/3N
samples at low temperature can be understood by the different value ofn, and
the largeS of the 5N/6N sample at low temperature can be explained with the
extremely small value ofn. For the detailed analysis about the relation between
the physical properties and the electronic structure, we conduct the study about
magnetotransport properties shown in the next chapter.
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Figure 2.10: The carrier concentration dependence of the power factor on FeSb2.
The 3N/3N sample plotted by the black solid circle shows the peak at around
1019 cm−3, while the 5N/6N sample plotted by the red solid triangle has a peak at
around 1016 cm−3. Sunet al. reported a large power factor, which has a maximum
value at almost the same position as that of 5N/6N.
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Chapter 3

Magnetotransport properties

3.1 Introduction

In this chapter, we present magnetotransport properties of FeSb2 single crystals
(5N/6N) to investigate its electronic states at low temperatures. In the previous
chapter, we found that the Seebeck coefficients are simply related to the carrier
concentration: The large Seebeck coefficient is observed due to the extremely
small carrier concentration. Moreover, this compound shows the peculiar temper-
ature dependence of the mobility, which results in an unique carrier concentra-
tion dependence of the power factor. Although this compound is intrinsically the
multi-band system, the carrier concentration and mobility were evaluated by the
simple one-band model. Thus, to evaluate the carrier concentration and mobility
more quantitatively, we study the magnetic field dependence of the magnetoresis-
tance and Hall resistivity. Analyzing these properties, we discuss the electronic
states of this compound.

3.2 Experiment

The electrical resistivity as a function of temperature was measured with the four
terminal method in a magnetic field of 70 kOe from 100 down to 3 K, in which the
magnetic field was applied perpendicular to current. Here, we eliminated the com-
ponent of the Hall voltageVH by measuring the voltage at +70 kOe and−70 kOe
with the following equation;V (70 kOe)= [V (+70 kOe)+V (−70 kOe)]/2. The
magnetic field dependence of the electrical and Hall resistivities was measured up
to 70 kOe in the temperature range from 30 down to 3 K. These transport prop-
erties were measured in the Quantum Design Physical Properties Measurement
System. For the magnetoresistance measurements, we employed the transverse
configuration, i.e., with the current perpendicular to the magnetic field. We ob-
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Figure 3.1: The temperature dependence of the magnetoresistance∆ρ/ρ atH =70
kOe below 100 K.

served no significant direction dependence with respect to the crystalline axes.
For measurements of the Hall resistivity, the magnetic field was swept from +70
to -70 kOe, and the Hall voltage was determined asVH = 1

2
[V (+H) − V (−H)],

whereV is the voltage across the Hall terminals. All the measurements mentioned
above were conducted to the 5N/6N sample.

3.3 Result and discussion

3.3.1 Temperature dependence of the magnetoresistance

The temperature dependence of the transverse magnetoresistance∆ρ/ρ ≡ [ρxx(70
kOe) − ρxx(0)]/ρ(0), whereρxx is the dc resistivity, is shown in Fig. 3.1. There
are two peaks at 10 and 28 K, and the maximum value of the magnetoresistance
reaches above 1.5 at 10 K, while the magneticresistance disappears below 4 K.
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Figure 3.2: The transverse magnetoresistance∆ρ/ρ from 30 to 3 K.

3.3.2 Magnetic field dependence of the magnetoresistance and
the Hall resistivity

Figures 3.2(a) and 3.2(b) display the transverse magnetoresistance∆ρ/ρ, mea-
sured at various temperatures from 3 to 30 K. This compound shows an unusual
field dependence of∆ρ/ρ at all temperatures. From 30 down to 8 K,∆ρ/ρ in
low fields is proportional toH2 similar to the conventional behavior, but in high
fields, it increases almost linearly with increasing magnetic field above 15 K, and
tends to saturate at 10 and 8 K. The large∆ρ/ρ above 1.5 is observed in 70 kOe
at 10 and 8 K, while below 5 K,∆ρ/ρ is drastically suppressed. Moreover, at 3K,
a negative magnetoresistance is observed below 30 kOe.

An unusual behavior of the Hall resistivityρxy is also observed at several tem-
peratures, as shown in Figs. 3.3(a) and 3.3(b). The Hall resistivity is highly
nonlinear inH at the moderately high magnetic fields, and from 4 to 8 K, the Hall
resistivity has a peak at a certain magnetic field, whose position decreases with
decreasing temperature.

3.3.3 Magnetic field dependence of the magnetoconductivity
tensor

Magnetictransport properties are affected by the characteristic features of the phys-
ical quantities, such as the carrier concentration and mobility. We discuss the
magnetic field dependence of the conductivity tensors to properly evaluate the
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Figure 3.3: The Hall resistivityρxy, as a function of the magnetic field measured
at various temperatures from 30 to 3 K.

carrier concentrationn and the mobilityµ. We depictσxx = ρxx/(ρ
2
xx + ρ2xy) and

σxy = −ρxy/(ρ
2
xx + ρ2xy) in the temperature range between 8 and 30 K in Figs.

3.4(a) and 3.4(b), respectively. The magnetic field dependence ofσxx systemat-
ically changes with decreasing temperature: The absolute values are suppressed
with decreasing temperature, maintaining these shapes. The values ofσxy at 30
and 25 K saturate in high fields, and below 20 K, peaks are observed at a certain
field and these positions systematically decrease with decreasing temperature. In
Fig. 3.5, we showσxx andσxy below 5 K. These magnetic field dependences dras-
tically change from 4 to 3 K. In the Boltzmann transport theory, the magnetic field
dependence of the conductivity tensors is expressed by usingn andµ (Appendix
A. 1). Here, we analyzeσxx andσxy with a two-carrier model, because the tem-
perature dependences ofS andRH have a sign change at around 40 K, indicating
the existence of at least two carriers. In this model, we assume that one carrier
is of high mobility and the other is of low mobility (µH ≪ 1), in which theH
dependence of the conductivity tensors is described as

σxx(H) = nxxeµxx
1

1 + (µxxH)2
+ Cxx, (3.1)

σxy(H) = nxyeµ
2
xyH

[
1

1 + (µxyH)2
+ Cxy

]
, (3.2)

wherenxx (nxy), µxx (µxy), andCxx (Cxy) are the carrier concentrations, the car-
rier mobilities, and the low-mobility components forσxx (σxy), respectively. The
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Figure 3.4: The magnetic field dependence of the conductivity tensor (a)σxx and
(b) σxy from 8 to 30 K. Solid curves are the fitting calculation using Eqs. (3.1)
and (3.2).

best fitting results ofσxx andσxy with Eqs. (3.1) and (3.2) are drawn by solid
curves in Figs. 3.4 and 3.5. However, the above two-carrier model cannot repro-
duce the data ofσxx at 3 and 4 K and those ofσxy at 3 K, and we will discuss this
reason later.

3.3.4 Temperature dependence of the carrier concentration and
mobility

From the fitting of the conductivity tensors, we evaluate the carrier concentration
and carrier mobility. The carrier mobilitiesµxx andµxy are obtained indepen-
dently fromσxx andσxy. As shown in Fig. 3.6(a), the 1/T dependences of the
carrier mobilityµxx andµxy are in excellent agreement each other, justifying our
evaluation for these quantities within the two-carrier model.nxx andnxy are also
obtained independently, and show the same values each other, as shown in Fig.
3.6(b). In Fig. 3.6(c), the low mobility componentsCxx andCxy are presented.
The mobilitiesµlow estimated fromCxx andCxy are less than 25 % of the high-
mobility components at 10 K, andµlowH ≪ 1 holds at low fields and even at high
fields. Furthermore, we can consider that the fitting model using Eqs. (1) and (2)
is still valid because the contribution of the low-mobility components toσxx and
σxy is much smaller than that of high-mobility carriers.

Now we discuss the carrier mobility in this material. As shown in Fig. 3.6(a),
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the mobility of the dominant carrier dramatically increases from about 2000 cm2/Vs
at 30 K toµ ≃ 28000 cm2/Vs at 4 K, which is a significantly large value, compa-
rable to that of high-purity Si or Ge semiconductors.[42, 43] Such a large value of
the mobility at low temperatures has been also observed in several Kondo insula-
tors and charge-density-wave systems, because of an enhancement of the scatter-
ing time due to the gap opening.[37, 44] Previous studies of the transport proper-
ties have shown a large mobility in FeSb2, which is obtained from the Hall coef-
ficientRH and the resistivityρ (µH = |RH |/ρ).[18] This result is different from
the present one:µH exhibits a broad peak around 8 K and its maximum value is
five times smaller than ours, which is clearly due to the evaluation method. Huet
al. reported a giant carrier mobility ofµ ≃ 8× 104 cm2/Vs near 10 K, which was
estimated from the two carrier model, while they only use the magnetic field de-
pendence of the Hall coefficient.[46] The nonlinearity of their raw data forρxy(H)
at 10 K is, however, unclear compared with ours at the same temperature and this
data can be plotted into our data between 30 and 25 K, which implies thatµ is of
the order of 103 cm2/Vs. The fitting model in Ref. 28 can be used to the very-high-
mobility compounds in whichρxy(H) exhibits a strong nonlinearH dependence
in a nonquantizing low-field range.[45] Thus, they might overestimate the carrier
mobility in this system.

We next discuss the carrier concentration shown in Fig. 3.6(b). With decreas-
ing temperature from 30 down to 4 K, it rapidly decreases from 1016 cm−3 (1
ppm/unit cell) to 1012 cm−3 (10−4 ppm/unit cell), which can be understood as
thermally activation carriers. As shown by the dotted line, we evaluate the energy
gap∆ = 6 meV by the thermal activation functionn ∝ exp(−∆/2kBT ). The
systematic study of the impurity effects on the transport properties shown in the
previous chapter indicates that the electric conduction at low temperature is gov-
erned by the carrier concentration controlled by impurity in the Sb powder, which
may suggest that the main carriers are excited from the impurity level located
slightly below the bottom of the conduction band. In this picture,∆ corresponds
to the energy gap between the impurity level and the bottom of the conduction
band, implying that the gap∆ is unlikely to be a gap in the Kondo insulators.

3.3.5 Magnetotransport properties below 4 K

To examine the validity of the above picture, we focus on the magnetotoransport
properties below 4 K, whereσxx failed in fitting with Eq. (3.1). As seen in Fig.
3.2(b), the magnitude of∆ρ/ρ is extremely small compared to those above 5 K,
and the negative magnetoresistance is observed around low magnetic fields at 3
K. The negative magnetoresistance has been widely observed in doped semicon-
ductors in the low-temperature range because of a weak localization. [47, 48] In
the case of As-doped Ge, carriers in the impurity band become dominant to the
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electric conduction at very low temperatures, where the thermal excitation carri-
ers into the conduction band are negligibly small. Due to the random potential
in the impurity band, the carriers are weakly localized, resulting in a negative
magnetoresistance.[48] A striking similarity of the low-temperature magnetore-
sistive behavior between FeSb2 and conventional semiconductors suggests a con-
siderable impurity level in the electronic structure of FeSb2: The impurity level
exists slightly below (∼ 6 meV) the bottom of the conduction band, and carriers
in the impurity level are predominant on the electrical transport at 3 K.

3.4 Summary

We have measured the magnetic field dependence of the electrical and Hall re-
sistivities of pure FeSb2 single crystals and analyzed the conductivity tensors by
using a two-carrier model to evaluate the carrier concentration and mobility. The
mobility is significantly enhanced from 2000 cm2/Vs at 30 K to 28000 cm2/Vs at 4
K with decreasing temperature. The carrier concentration decreases from 1 down
to 10−4 ppm/unit cell with decreasing temperature from 30 down to 4 K, from
which we evaluate an energy gap of∼ 6 meV by the thermally activation func-
tion. Below 4 K, the magnetotransport behaviors drastically change and a negative
magnetoresistance is observed at 3 K. Considering that the negative magnetoresis-
tance due to a weak localization is often found in doped semiconductors, we think
that there are considerable impurity levels in the electronic structure of FeSb2.
The magnetotransport studies reported in this chapter strongly suggests that the
low-temperature transport properties of FeSb2 are well understood as an extrinsic
semiconductor with the ppm-level impurity.
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Chapter 4

Pressure effect of transport
properties to analyze the gap
formation mechanism

4.1 Introduction

In this chapter, we show pressure effects of transport properties, and pressure de-
pendence of the energy gap in FeSb2. Previous studies have revealed that the
large Seebeck coefficient and other transport properties are well understood as
an extrinsic semiconductor with ppm-level impurities. However, some groups at-
tribute the Seebeck coefficient to strong correlation effects, because some physical
properties of FeSb2 such as the magnetic susceptibility are similar to those of the
Kondo insulators.[16, 17] Sunet al. proposed that the huge Seebeck coefficient is
observed due to the unique band structure seen in Kondo insulators, in which the
hybridization between the localized Fe3d-orbitals and broad Sb5p bands make
a small energy gap and a steep variation of the density of states near the Fermi
level.[18] Thus, we investigate whether the gap is formed by the Kondo interac-
tion.

An important feature of the hybridization gap in the Kondo insulator is that
the gap size is sensitive to the strength of the hybridization between the broad and
narrow bands, which can be changed by compression/expansion of the lattice with
physical pressure or chemical substitutions. In the 4f -electron Kondo insulator
Ce3Bi4Pt3, the application of physical pressure results in an increase in the gap
size according to the expectation of the hybridization gap model.[51] In SmB6

and YbB12, the gap magnitude is also easily modified through the hybridization
change by pressure, but in this case, pressure adversely affects to suppress the
gap, which is possibly attributed to the ion-size difference between various 4f
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configurations.[53, 54] Here, to clarify the origin of the gap formation mechanism
in FeSb2, we study the hydrostatic pressure effect on the energy gap through the
electrical resistivity and magnetotransport measurements. Pressure changes the
hybridization with remaining the imperfections of the crystal intact, from which
we can discuss the band structure in this compound.

4.2 Experiment

The resistivity and the magnetotransport properties were measured in the pres-
sure from 0 to 1.8 GPa for 5N/6N sample. The resistivity was measured from
300 down to 3 K, and the magnetic field dependence of the electrical and Hall
resistivities was measured up to 70 kOe in the temperature range from 30 down
to 5 K. These transport properties were measured with a conventional four-probe
dc method using the Physical Property Measurement System (Quantum Design,
Inc.) with a piston cylinder clamp cell made of BeCu (ElectroLAB Company)
(Fig. 4.1). Samples were put on the sample stage by varnish as shown in Fig.
4.2. Daphne oil 7373 was used as a pressure-transmitting medium and the ap-
plied pressure was evaluated from the superconducting transition temperature of
Pb placed near the sample (Fig. 4.3). The transition temperature of superconduc-
tivity decreases with increasing pressure at a rate of 0.348 K/GPa.[55]

4.3 Results and Discussion

4.3.1 Pressure effect of the electrical resistivity

Figure 4.4 shows the temperature dependence of the electrical resistivityρ below
300 K at 0, 0.9 and 1.8 GPa. The insulating behavior is observed at 0 GPa, which
can be separated two regions by a plateau near 20 K, indicating the existence of
the two energy gaps in FeSb2. [16, 25, 26, 18] Applying pressure, the magnitude
of ρ increases both regions, and the plateau temperature increases from 20 to 30
K. We evaluate the large gap∆1 at each pressure using the data above 100 K,
fitted with the thermal activation function ofρ = ρ0exp(∆1/2kBT ), as shown
by the dotted line in Fig. 4.4(b). Apparently, the slope increases with pressure,
showing that the energy gap is enhanced from 30 to 40 meV. This enhancement is
consistent with that for the polyclystalline sample reported by Maniet al.[59] In
contrast, we cannot precisely evaluate the pressure dependence of the small gap
∆2, since the carrier mobility is strongly enhanced with decreasing temperature
below 30 K, leading to the overestimation of the charge gap obtained from the
resistivity.
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Figure 4.1: A picture and schematic diagram of a piston cylinder clamp cell made
of BeCu (ElectroLAB Company).

H

sample AuElectrical resistivity

Sample stage Cu

Hall resistivity

Figure 4.2: A picture and schematic figures of the sample stage of pressure mea-
surements. The diameter of sample space is about 4 mm.
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4.3.2 Pressure dependence of the magnetotransport properties

In Figs. 4.5(a)-(f), we show the magnetic field dependence of the Hall resistivity
ρxy and the transverse magnetoresistance∆ρ/ρ0 ≡ [ρxx(H) − ρxx(0)]/ρxx(0),
measured at various temperatures from 5 to 30 K at 0, 0.9 and 1.8 GPa. We used
a different sample of 5N/6N and we find that the field dependence ofρxy and
∆ρ/ρ0 is essentially the same at ambient pressure as was shown in Chapter 3.ρxy
and∆ρ/ρ0 at high pressure are qualitatively similar to those at ambient pressure,
while quantitative values are changed with pressure, indicating the change of the
physical quantities.

To see the pressure dependence of the carrier concentrationn(T ) andµ(T ), we
analyze the conductivity tensorσxy = −ρxy/(ρ

2
xx + ρ2xy) using the same method

as shown in Chapter 3. The unique field dependence ofσxy, is obtained at various
pressures, as shown in Figs. 4.6(a)-(f). We fit these data with Eq. (3.2), and the
best agreements ofσxy are shown by the solid curves in Fig. 4.6. The mobility
estimated fromCxy is about 15 % of the high-mobility component at all tempera-
tures, and therefore,µlowH ≪ 1 holds, and our model is valid for all conditions.

4.3.3 Analysis of the pressure dependence of the carrier con-
centration and the mobility

Here, we display the temperature dependence of the carrier concentration and mo-
bility in Figs. 4.7(a) and 4.7(b) obtained from the above fitting. The mobilities
increase with decreasing temperature as observed previously and are not affected
well by pressure. The carrier concentrations show a semiconducting-like tem-
perature dependence. To evaluate the small energy gap∆2, we use an activation
function ofn = n0 exp(−∆2/2kBT ), described as the dotted lines in Fig. 4.7(b).
The extrapolated lines using the data below 10 K deviate from the data above 20
K, because∆2/2kB is of the order of 10 K. Above 10 K, the thermal fluctuation
becomes comparable to the gap energy, and hencen does not follow the activa-
tion function. From the fitting, we evaluate the pressure dependence of the energy
gap∆2, which increases from 12 to 15 meV at 1.8 GPa. We depict the pressure
dependence of both∆1 and∆2 in Fig. 4.8, showing that the enhancement of the
energy gap∆1 is larger than that of∆2.

4.3.4 Origin of the gap enhancement of∆1

Here, we attempt to understand an origin of the pressure dependence of∆1. The
gap enhancement is expected from a band calculation by Wuet al: The gap of 0.2
eV at ambient pressure increases to 0.25 eV at 5 GPa.[56] Conventional semicon-
ductors show the gap enhancements of order of 10 meV/GPa, since the periodic
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Figure 4.5: (a)-(c) The Hall resistivityρxy, and (d)-(f) the transverse magnetore-
sistance∆ρ/ρ as a function of the magnetic field measured at various pressures.
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potential of electron in these material can vary by the lattice compression/expansion.[57,
58] These relative changes of the energy gaps are almost the same as that of our
sample, suggesting that the enhancement of∆1 can be explained by a simple
band model. On the other hand, this enhancement can be accounted for a hy-
bridization between the narrowd-bands and the broad conduction bands due to
the Kondo mechanism. In the Kondo system, the gap size is modified by chang-
ing the strength of the hybridizationV . Applying pressure,V tends to increase
by approaching the narrowd/f band to the conduction band, leading to increase
the energy gap (Appendix A. 2).[59, 60, 61] The relative change of the gap size
enhancement of∆1 is almost the same as that of FeSi, which is considered as ad-
electron Kondo insulator.[33] The relation between the strongly correlated effect
and the gap formation mechanism of FeSb2 was suggested by an optical measure-
ment, which observed an unusual behavior that an opening of the gap is associated
with a large transfer of the spectral weight over an energy range of∼ 1 eV com-
pared with the value of the energy gap.[62] From the above results, the pressure
effect cannot directly clarify that∆1 is formed by the simple band model or an
electron correlation effect such as the Kondo mechanism.
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4.3.5 Origin of the gap enhancement of∆2: Association with
the Kondo mechanism.

An origin of the small gap∆2 is important because some groups think that the
huge Seebeck coefficient is observed due to the small energy gap of∆2 opened by
strong correlation effects.[16, 25, 26, 18] The energy gap increases from 12 meV
at 0 GPa to 15 meV at 1.8 GPa, and the enhancement is less than half compared
with that for∆1. In Kondo systems, the gap will be quite sensitive to the high
pressure compared with the gap of the single particle band structure. Actually, a
typical f -electron Kondo insulator Ce3Bi4Pt3, which has a Kondo gap of 50 K at
ambient pressure, [51] shows more sensitive pressure dependence of the energy
gap. This Kondo gap increases nearly linearly with pressure, and becomes twice at
10 kbar. The small pressure effect of∆2 seems to indicate that∆2 does not come
from the Kondo effect. This result is consistent with the previous studies, where
we suggested that∆2 is a gap between the impurity band and the conduction
band. The magnitude of the carrier concentrationn = n0 exp(−∆2/2kBT ) also
indicates that the gap∆2 is unlikely to come from the Kondo gap. As shown
in Fig. 4.7(b),n0 falls on 1018 − 1019 cm−3, which corresponds to 0.01 carrier
per unit cell. The value ofn0 roughly indicates a saturated carrier concentration
at high temperature, and accordingly the smalln0 implies that very few carriers
are available. In Kondo insulators,n0 corresponds to the density of states of the
conduction band, being102 − 103 times larger.[52]

Considering the above analysis, we depict a schematic band picture of FeSb2

in Fig. 4.9, showing that∆1 is a gap between the conduction band and the valence
band, and the impurity band exists in the band gap, and∆2 is a gap from the
impurity band to the conduction band. In this case,∆2 increases with increasing
∆1. This model can qualitatively explain the smaller pressure dependence of∆2,
inferring that∆2 is not directly related to the Kondo gap.

4.3.6 Origin of the huge Seebeck coefficient

Finally, we discuss the origin of the huge Seebeck coefficientS. The Seebeck
coefficient is calculated using a nondegenerate model expressed as [23]

S = ±kB
e
(
∆

kBT
+ r +

5

2
), (4.1)

wherer is a scattering parameter. Now we calculate the value ofS using∆ = 12
meV evaluated from the 1/T dependence of the carrier concentration, and obtain
|S| ∼ 700 µV/K at 20 K. Here, we assumer = 3/2, which is used in con-
ventional semiconductors. The calculated value is close to, but nearly two times
smaller than the experimental results ofS = −1500 µV/K. An electron-electron
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Figure 4.9: The schematic band picture of FeSb2. The impurity band exists be-
tween the conduction and valence bands.∆1 is enhanced because the conduction
and valence band energy shift due to the change of the hybridization strength be-
tween the narrowd bands and broadp bands.∆2 also increases with the energy
shift of the conduction band.

correlation is unlikely to be the origin of this deviation because it has an insignif-
icant effect on the Seebeck coefficient in an insulating regime as reported in Ref.
35, in which the Seebeck coefficient is calculated with the Kubo formula using
the band calculation.

The phonon-drag effect plays an essential role for an enhancement of the See-
beck coefficient at the low-temperature in many pure semiconductors.[39, 40, 41]
The phonon-drag term in the Seebeck coefficient can be approximately expressed
asSp = βvplp/µT , wherevp andlp are the velocity and the mean free path of a
phonon, respectively, and0 < β < 1 is a parameter which characterizes the rel-
ative strength of the electron-phonon interaction.[41, 49] Some groups observed
the temperature dependence of the thermal conductivity, which has a large value
below 30 K, as shown in Fig. 4.10(a). From this result, a long mean free path of
lp ≃ 10 µm at 20 K was estimated.[16, 25, 26] In addition, Bentienet al. cal-
culated the sound velocity to be 3000 m/s with a Debye model withθD = 340
K.[16] Using these parameters,Sp at 20 K is estimated to be nearly 3 mV/K at
the maximum, which suggests that the phonon-drag effect can yield a measurable
contribution to the Seebeck coefficient in our compounds. On the other hand, the
phonon-drag effect in heavily doped semiconductors becomes negligibly small
because the mean free path of the phonon is strongly affected by the high im-
purity and electron concentration.[41] For example, the Seebeck coefficient of Si
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lp(µm)
(a) (b)

Figure 4.10: (a) The temperature dependence of a thermal conductivityκ and a
phonon mean free pathlp. lp was evaluated from the formulaκL = 1/2CLvslp,
whereκL is the lattice contribution to the thermal conductivity estimated from the
Wiedemann-Franz law,CL is a lattice contribution to specific heat, andvs is the
sound velocity of 3116 ms−1.[16, 26] (b) The thermal conductivity of FeSb2−xTex,
which is strongly suppressed by Te doping.[50]

shows a strong impurity effect: A single crystal doped with P atoms of2.8× 1016

cm−3 shows a huge Seebeck coefficient of 10 meV at 30 K due to the phonon-drag
effect, while a single crystal doped with As atoms of1.7× 1019 cm−3 has a much
smller value of 400µV/K at 300 K and this value decreases with decreasing tem-
perature, explained by the conventional degenerate model (Eq. (2.2)). Actually,
the thermal conductivity of Te-doped FeSb2−xTex with x = 0 is suppressed about
one order of magnitude withx = 0.001 (Fig. 4.10), the impurity concentration
of which is compatible with the 3N/3N sample, and then the Seebeck coefficient
of this sample becomes small and can be only explained by the diffusion part
discussed in Chapter 2.[50]

4.4 Summary

We have measured the temperature and magnetic field dependences of the electri-
cal and Hall resistivity of high-quality FeSb2 single crystals at various pressures,
and analyzed the pressure dependence of the large and small energy gaps. The
large energy gap∆1 increases from 30 to 40 meV in going from 0 to 1.8 GPa,
which implies that the hybridization between the narrowd bands and the broad
p bands is important for∆1 to some extent. On the other hand, a weak pressure
dependence of the small gap∆2 is observed. This weak pressure dependence sug-
gests that the origin of the gap is not associated with strongly correlated effects
such as the Kondo effect, because a typical 4f -Kondo insulator Ce3Bi4Pt3 shows
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a sensitive pressure effect that the relative enhancement of the gap is 5 times larger
than that of our sample. We propose a band picture that∆2 is a gap between an
impurity level and a conduction band, which naturally explains the temperature
and pressure dependences of the transport properties. As the origin of the huge
Seebeck coefficient, the phonon-drag effect may work, but the electron correlation
effect is secondary.
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Chapter 5

Conclusion

The narrow gap semiconductor FeSb2 has been extensively studied because of an
anomalously large Seebeck coefficient at low temperature (∼ −45 mV/K at 10 K).
This large value cannot be explained by the conventional theories and the effect
of the electron-electron correlation such as the Kondo mechanism is proposed to
understand this intriguing feature. In the present study, to clarify the origin of the
huge Seebeck coefficient, we have conducted three experiments.

First, we investigated the systematic impurity effect on the magnetic and trans-
port properties in the singly crystal of FeSb2. In this study, we grew the single
crystals with metal powders of different purities and showed that the purity of Sb
powders strongly affects the physical properties. In particular, the large absolute
value of the Seebeck coefficient (∼ 1500µV/K) was observed in single crystals
with the Sb 6N powder, while a small value of 500µV/K was observed in single
crystals with the Sb 3N powder. These different values can be understood as the
conduction carriers are supplied by Sb impurities, and then the large difference of
the carrier concentration is realized in this compound. In the purer single crystal,
the carrier concentration is less than 1016 cm−3 below 30 K, indicating that this
compound is a semiconductor with the extremely small carrier concentration.

Next, to investigate an electronic structure of FeSb2, we measured magne-
totransport properties below 30 K, in which the large Seebeck coefficient was
observed. The magnetoresistance and Hall resistivity show the peculiar magnetic
field dependence, suggesting the characteristic features of physical quantities such
as the carrier concentration and the mobility. We analyzed the magnetic field de-
pendence of conductivity tensors with the experimental data using the two-carrier
model, and evaluated more precise values of the carrier concentration and the mo-
bility. We find that this compound is a semiconductor with a high mobility∼
20000 cm2/Vs at 4 K and a small carrier concentration less than 1016 cm−3, which
are consistent with conclusion in the impurity effect. Moreover, a negative mag-
netoresistance at weak fields is observed at 3 K, indicating that the energy gap
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is formed between the conduction band and impurity band. However, from the
analogy to the physical properties of Kondo insulators, the gap origin is still in
controversial because some groups proposed that the small gap is formed by the
strong electron correlation.

Finally, to investigate the gap formation mechanism, we studied a pressure
dependence of the energy gap, because the gap size is very sensitive to pressure in
the Kondo insulators. In this study, we evaluated the gap size with the electrical
resistivity and the Hall resistivity from 0 to 1.8 GPa. FeSb2 has two energy gaps
of ∆1 ∼ 30 meV and∆2 ∼ 10 meV at 0 GPa. A substantial enhancement of
the energy gap was observed in∆1, suggesting that the energy gap is formed
due to the hybridization between Fed-orbitals and Sbp-orbitals. In contrast,∆2

shows a weak pressure dependence compared with typical Kondo insulators, such
as Ce3Bi4Pt3. To explain the above pressure effect of the energy gaps, we propose
a reasonable band picture that∆2 is the gap between the conduction and impurity
band instead of the Kondo gap. Thus, we think that the strong correlation effect
such as the Kondo mechanism is not relevant to be the origin of the huge Seebeck
coefficient, and propose the phonon-drag effect as this origin, which is usually
observed in very pure semiconductors.
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Appendix

A.1 Conductivity tensor

We describe the magnetic field dependence of the conduction tensors. Here, we
think the motion of electrons with a classical theory. An equation of motion for
an electron in the magnetic field can be written by

mdv/dt = −e(E + v × B)− 1

τ
mv, (5.1)

where,E andB are the electric field and the magnetic field, respectively. In this
equation, we introduce− 1

τ
mv as a phenomenological friction term. When the

magnetic field is directed toz-axis (B = (0, 0, B)), the above equation is described
as

v̇x = − e

m
(Ex + vyB)− 1

τ
vx, (5.2)

v̇y = − e

m
(Ey − vxB)− 1

τ
vy, (5.3)

v̇z = − e

m
Ez −

1

τ
vz. (5.4)

In the steady state ofdv/dt = 0, above equations are expressed by

0 = − e

m
Ex + ωcvy −

1

τ
vx, (5.5)

0 = − e

m
Ey + ωcvx −

1

τ
vy, (5.6)

0 = − e

m
Ez −

1

τ
vz, (5.7)

whereωc ≡ eB
m

, which is the cyclotron angular frequency. With these equations,
we getJ = −nev as

Jx =
ne2τ

m

(Ex − ωcτEy)

1 + (ωcτ)2
, (5.8)
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Jy =
ne2τ

m

(Ey + ωcτEx)

1 + (ωcτ)2
, (5.9)

Jx =
ne2τ

m
Ez. (5.10)

We can change these equations to a matrix expression as

 Jx
Jy
Jz

 =
ne2τ

m


1

1+(ωcτ)2
−ωcτ

1+(ωcτ)2
0

ωcτ
1+(ωcτ)2

1
1+(ωcτ)2

0

0 0 1


 Ex

Ey

EZ

 (5.11)

Thus, defining the conductivity tensorσ̃ asJ = σ̃E, each component of conduc-
tivity tensors can be described as

σxx = σyy =
1

1 + (ωcτ)2
σ0, (5.12)

−σxy = σyx =
ωcτ

1 + (ωcτ)2
σ0, (5.13)

σzz = σ0, (5.14)

whereσ0 =
ne2τ
m

.

A.2 Gap of Kondo insulator

To describe the Kondo system, we usually use a periodic Anderson model (PAM);

H =
∑
kσ

ϵkC
+

kσ
Ckσ+Ef

∑
iσ

nfiσ+U
∑
i

nfi↑nfi↓+
∑

ikσ(Vke
ikRif+

iσCkσ+H.c.),

(5.15)
whereϵk is energy of conduction electrons (s- or p- orbital electrons),Ef is en-
ergy off -orbital electrons,Vk is the overlap integral between the conduction and
f -orbital electrons.Ckσ (C

+

kσ
), andfiσ (f

+
iσ) are creation (annihilation) operators

of conduction electrons with a wave numberk and a spinσ, and thef -orbital
electrons on thei site with a spinσ, respectively, andnfi↑or↓ is the carrier number
operator off -orbital electrons. WhenU (Coulomb interaction betweenf elec-
trons) is zero, the eiginenergy can be calculated as

E
(±)
k =

ϵk + Ef

2
±
√
(
ϵk − Ef

2
)2 + V 2

k , (5.16)
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where we use the Fourier transform offk = N−1/2 ∑
i fie

−ik·Ri. AssumingVk =
V =constant, the indirect energy gapEind

g and the direct energy gapEdir
g of the

Kondo insulator can be written as

Eind
g = E

(+)

k (ϵk = −W )− E
(−)

k (ϵk = +W )

=

−W

2
+

√
W 2

4
+ V 2

−

W

2
−
√
W 2

4
+ V 2


= −W +

√
W 2 + 4V 2

−→ 2V 2

W
(V ≪ W ), (5.17)

and

Edir
g = E

(+)

k (ϵk = Ef )− E
(−)

k (ϵk = Ef ) = 2V, (5.18)

respectively. Here,2W is the band width of the conduction band. These brief
calculations indicate that the energy gap of the Kondo insulator increases with
increasingV .
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