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Low-temperature transport, thermodynamic, and optical properties of FeSi
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We present a comprehensive series of electrical transport~conductivity, magnetoresistance, and Hall effect!,
thermodynamic~specific heat, magnetic susceptibility, and magnetization!, and optical~reflectivity! measure-
ments in varying temperature ranges between 0.05 and 330 K on high-quality FeSi single crystals grown by
vapor transport. The entire set of data can consistently be described with the usual relations for a~compensated
n type! semiconductor if an unconventional band structure is assumed. Compared to the results of mean-field
band-structure calculations, the height of the peaks in the total density of states around the energy gap is
considerably enhanced, implying enhanced effective masses. Most likely correlation effects are the source of
these features. At very low temperatures we encounter metallic behavior. A low concentration of correlated
itinerant charge carriers coexists with interacting magnetic moments.@S0163-1829~97!05043-1#
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I. INTRODUCTION

The cubic B20-type intermetallic compound FeSi, als
frequently referred to ase-FeSi, has been known since d
cades for its unusual thermodynamic properties at h
temperatures.1,2 Above 100 K, the magnetic susceptibilit
rises rapidly with increasing temperature, passes throug
maximum at approximately 500 K, and obeys a Curie-We
type behavior at higher temperatures. Neutron diffractio3

29Si NMR,4 and 57Fe Mössbauer4 studies excluded, how
ever, the onset of an antiferromagnetic order below 500 K
similarly anomalous behavior was observed for the spec
heat.2 Its electronic component was reported to have a br
peak at around 200 K, which is roughly the temperat
where the magnetic susceptibility increases most ste
with temperature.

The theoretical interpretation of these observations
mains controversial. A number of different approaches h
been suggested to explain these high-temperature prope
of FeSi. A first approach uses a theory of itinerant-elect
magnetism where FeSi is described as a nearly ferromag
semiconductor, the thermal and magnetic properties of wh
are strongly influenced by spin fluctuations with strong
temperature-dependent amplitudes.5–7 A second attempt calls
upon a Kondo-lattice description.8–10 In this picture, the
high-temperature magnetism is thought to arise from loc
ized magnetic moments of Fe, which are not Kondo comp
sated above a certain critical temperature. This interpreta
is of particular interest because of possible relations betw
correlatedd- and f -electron systems. A third approach co
siders the concept of intermediate valence,11 where the
ground state is claimed to bed6Fe21 hybridized with Si,
leading to spin zero~the orbital momentum is quenched!,
and the lowest excited state isd7Fe11 hybridized with Si,
with spin 3

2 . The high-temperature magnetic behavior is th
explained by a thermally induced intermediate valence of
in FeSi. Yet another approach12 describes FeSi with a two
band Hubbard model in the limit of large dimensions assu
560163-1829/97/56~20!/12916~15!/$10.00
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ing two symmetric tight-binding bands~the iron d bands!
with a Hubbard termU acting within each band indepen
dently and with a moment independent hybridization. Wh
for U50 the ground state consists of doubly occupied sta
in the lower hybridized band, forU→` double occupancy is
avoided. Related to this approach is a local-dens
approximation (LDA)1U band-structure calculation fo
FeSi.13 The anomalous behavior of the magnetic suscepti
ity and the specific heat of FeSi is claimed to be due to
proximity of a singlet semiconductor to ferromagnetic-me
transition in FeSi. It has, however, been argued14 that results
similar to LDA1U results are obtained if temperature d
pendences are included in the LDA band-structure calc
tions.

A central issue of all these models is the origin and
value of the energy gap in FeSi, a topic which has be
addressed in a number of LDA band-structu
calculations.15–19 All these reports give essentially the sam
results. The Fermi energy of FeSi is situated in a gap of
electronic excitation spectrum. The minimum-energy gap
indirect and between 0.05 and 0.11 eV, the minimum dir
gap is approximately 0.14 eV. The calculated gap value
quite sensitive to small variations in the atomic positions
Fe and Si. As a result of several valence-band maxima
conduction-band minima occurring within a few meV of th
gap edges, the total electronic density of states~DOS! rises
rapidly on both sides of the gap. The gap is surrounded
two extremely narrow peaks of only approximately 50-me
width, mostly formed by Fe 3d states. These two peaks a
pear as particularly pronounced in Refs. 17 and 18. The p
above the gap is part of a wider structure of several 100-m
width. Fu, Krijn, and Doniach16 remarked that the dominat
ing 3d character of the states around the gap is not what
would expect in a Kondo-insulator, where the gap resu
from a hybridization of localized 3d electrons with itinerant
s or p electrons. On the other hand, Mattheiss and Haman15

claimed that from their band-structure calculations th
could not distinguish between a Kondo insulator and an
12 916 © 1997 The American Physical Society



ue
V
nt
ti

ra
ve
ns
to
a
e

e
e
y

r
b
te
o
s
th
rti
m
d-

a
b

th
b

e
n
,
is
rib
’

e
w

r
u

in
et
in
au

ro
O
s
u

de
m
lin
nt

in
ex
tiv
al
h

in-

sis-
nd
en
All
ystal
,
re-
hich
or
to

ect

our

ous
ing
ign
m

m-
tant
Si

ent

-
a

on

o-

zed
n
-
of

t the

if-
ists
of

ea-

be
nd,
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hanced spin-fluctuation model. Experimental gap val
given in the literature2,9,20–24range between 50 and 80 me
when extracted from electrical conductivity measureme
and between 60 and 100 meV when derived from magne
susceptibility and optical-reflectivity measurements, ove
in relatively good agreement with the results of the abo
mentioned calculations. It is known that LDA calculatio
usually underestimate the energy-gap value, but this no
ous ‘‘band-gap problem’’ does not seem to appear in the c
of FeSi. Jarlborg18 argued that this might be related to th
gap occurring in the middle of the Fe 3d band in FeSi, and
not between two different bands. This special feature of F
would also lead to an increase rather than the usual decr
of the gap width with pressure,18 as was indeed recentl
observed experimentally by Baueret al.25

The relevance of all these mean-field band-structure
sults for the real electronic structure of FeSi continues to
a topic of debate, however. Mattheiss and Hamann poin
out15 that, according to exact diagonalization studies
small many-body model systems,26 the exact ground state i
the analytic continuation of the noninteracting state, and
therefore the mean-field bands should be a relevant sta
point for FeSi. Many-body effects can lead to an extre
renormalization of the LDA bandwidths, but only to a mo
erate renormalization of the LDA gap.

The relatively large amount of theoretical work aiming
explaining the high-temperature properties of FeSi is to
contrasted with much less theoretical work considering
low-temperature properties. These are often thought to
impurity dominated and therefore of little interest. We b
lieve, however, that low-temperature properties can, eve
impurity influenced orbecausethey are impurity influenced
play an important role in clarifying the physical character
tics of FeSi. One example of a theoretical attempt to desc
such areal physical system is the ‘‘dirty Kondo insulator’
description of Schlottmann.27–29 In it, the effect of Kondo
holes, i.e., of missingf or d electrons at a given site, on th
DOS of a Kondo insulator is discussed and several lo
temperature properties are predicted. Also Jarlborg,18 in the
framework of anab initio spin-polarized band theory fo
e-FeSi, provided helpful indications on the expected infl
ence of impurities on low-temperature properties. He po
out that a local magnetic field, induced around a magn
impurity in FeSi, can lead to spin polarization and a clos
of the gap. This subsequently enhances the field bec
electrons from the minority valence band are transferred
the majority conduction band, a process which is most p
nounced at low temperatures where the sharp rise in the D
on both sides of the gap is not thermally smeared out. A
consequence, a sizable magnetic halo will be created aro
the impurity site.

In order to establish a reliable data base we have ma
comprehensive series of electrical transport, thermodyna
and optical measurements on high-quality single-crystal
FeSi samples below room temperature. All our experime
results are compatible with a description of FeSi being
semiconductor with an unconventional band structure,
volving two narrow DOS peaks around the gap with an
tremely high total DOS and considerably enhanced effec
masses. At temperatures below 1 K, FeSi enters a met
state in which interacting magnetic moments coexist wit
s
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low concentration of itinerant charge carriers, a scenario
terestingper se.

II. SAMPLES AND EXPERIMENT

We have measured the electrical resistivity, magnetore
tance, Hall effect, specific heat, magnetic susceptibility, a
optical reflectivity in varying temperature ranges betwe
0.05 and 330 K on single-crystalline samples of FeSi.
transport measurements were made using the same cr
~which we will refer to as No. 1!. For the specific-heat
magnetic-susceptibility, and optical-reflectivity measu
ments we used another crystal from the same batch to w
we will refer as No. 2. Both samples were grown by vap
transport. The extremely high ratio of low temperature
room temperature resistivity of approximately 53105 for
No. 1 may be interpreted as an indication for a low def
concentration and a very high sample quality.

A. Structural characterization

We used several x-ray techniques to characterize
samples. In an energy dispersive x-ray microanalysis~EDX!
of No. 2 we detected, besides Fe and Si, only spuri
amounts of Cu, which are, most likely, due to backscatter
from the microscope walls. We could not detect any fore
phase, i.e., inclusions which are chemically different fro
FeSi and which are larger than approximately 1mm in diam-
eter are unlikely to be present in the sample.

We analyzed a third crystal~No. 3! from the same batch
as crystals Nos. 1 and 2 by powder diffraction at room te
perature. Using an internal Si standard, the lattice cons
was refined toa54.4880(5) Å at room temperature. Fe
crystallizes with the cubic space groupP213 and Fe and Si
atoms are located at the special site (4a)u,u,u. Fixing the
Fe and Si occupancy factor to 1.0, a Rietveld refinem
yields, for the four equivalent Fe positions,x/a5y/a5z/a
50.137(2), and, for the four equivalent Si positions,x/a
5y/a5z/a50.842(3). If we fix only the Fe occupancy fac
tor to 1.0 and refine the Si occupancy factor, we find
slightly better agreement with the experimental diffracti
pattern. We then obtain a Si occupancy factor of 0.95~3!, the
Fe positions atx/a5y/a5z/a50.139(2), and the Siposi-
tions at x/a5y/a5z/a50.845(2). The corresponding
sample stoichiometry is thus Fe11dSi12d with 0.01<d
<0.04. The smallestd value is just the maximum allowed
silicon deficiency within the previously established FeSi h
mogeneity range.30 For the higherd values we would have to
assume that locally some Fe rich phase exists. We analy
this crystal~No. 3! by x-ray diffraction using the precessio
method prior to grinding it for the powder diffraction mea
surement. It consisted of at least four crystallites. Some
the excess Fe might, for example, have been situated a
grain boundaries.

Also crystal Nos. 1 and 2 were investigated by x-ray d
fraction using the precession method. Each of them cons
of at least two intergrown crystallites. The central region
crystal No. 1, which was investigated in the transport m
surements, is, however, essentially single crystalline.

The implications of these structural investigations can
summarized as follows. Since FeSi is a cubic compou
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12 918 56S. PASCHENet al.
intergrown crystals are expected to have very similar ph
cal bulk properties as single crystals. Only in samples c
sisting of many intergrown crystallites, grain boundar
might considerably influence intrinsic properties such as
spin susceptibility or the specific heat. Small deviations fr
the ideal 1:1 stoichiometry of Fe and Si are very difficult
not impossible to determine experimentally. The improv
fit resulting from the Rietveld refinement when adjusting t
occupancy factor of one of the constituents could also be
to the additional fit parameter. Therefore, one has to be
tremely cautious when comparing results obtained from
ferent samples, especially when synthesized by differ
methods.

B. Experimental techniques

Sample No. 1 was contacted with six gold wires usi
silver epoxy. The resistivity was measured between 0.07
300 K using a standard four-wire low-frequency ac tec
nique. The magnetoresistance and the Hall effect were m
sured between 0.05 and 55 K by applying a dc curren
external magnetic fieldsH of different magnitude up to
m0H57 T. The magnetoresistance was measured in the
called transverse configuration, that is, the magnetic ind
tion B was perpendicular to the electrical currentI . The cur-
rent values were always checked to be in the ohmic regi
The magnetoresistance MR was extracted from the volt
VI measured along the current direction, the Hall voltageVH
from the transverse~i.e., perpendicular toI and B! voltage
Vt , considering that MR is an even function ofB andVH is
an odd function ofB.

The specific heat of sample No. 2 was measured betw
0.06 and 35 K using a relaxation-type technique, and the
magnetic susceptibility of the same sample was meas
between 0.05 and 1 K by aconventional mutual-inductanc
technique at a frequency of 420 Hz. Between 2 and 330
we measured the dc susceptibility using a moving-sam
superconducting quantum interference device magnetom
The absolute value of the ac susceptibility was determi
by matching the data to that of the dc susceptibility. In a
dition, we measured the dc magnetization of sample No.
external magnetic fields up tom0H55 T at various tempera
tures between 1.9 and 11 K.

The reflectivity spectrumR(v) of sample No. 2 was mea
sured as a function of temperature between 10 and 30
over a very broad frequency spectral range, extending f
the far infrared~FIR! up to the ultraviolet~UV!, i.e., from 15
to 105 cm21. We made use of four different spectromete
The FIR spectral range was covered with a Bruker IFS1
Fourier interferometer with an Hg arc light source and
He-cooled silicon bolometer detector. A fast scann
Bruker interferometer IFS48PC, a home-made spectrom
based on a Zeiss monochromator, and a commercial McP
son spectrometer were employed in the mid-infrared~mid-
IR!, visible, and UV spectral range, respectively. Belo
5000 cm21, a gold mirror was used as reference. Moreov
the specimen was polished in order to obtain a suitable
shiny optical surface. The optical conductivitys1(v) was
obtained from Kramers-Kronig transformations applied
the measured optical reflectivity. Appropriate extrapolatio
were used above our highest-frequency limit, while from
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FIR down to zero frequency the reflectivity was extrapola
with the Hagen-Rubens law between 300 and 100 K and
constant value for the spectra monitored below 40 K.24

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Transport

In Fig. 1 we show the temperature dependence of
resistivity r on a double-logarithmic plot. The resistivity a
room temperature is, with 165mV cm, well within the range
of 140–280 mV cm previously reported for FeSi singl
crystals.9,21,23,31Upon lowering the temperature,r increases
by more than five orders of magnitude to 54.9V cm at 0.07
K. In the inset of Fig. 1 we showd ln(r)/d ln(T)
5(dr/r)/(dT/T) as a function ofT. The temperature deriva
tive of r is negative over the whole covered temperatu
range. Above 200 K,r depends only weakly onT, but in-
creases by more than three orders of magnitude between
and 30 K. The subsequent trend to saturation is followed
a second steep rise ofr between approximately 15 and 5 K
At very low temperatures,r(T) tends to saturate. Below 0.
K, r5r02AT2 with r050.59V m andA50.27V mK22

is an adequate description of the data. The saturation ofr(T)
to a finite valuer0 at very low temperatures is reflected
the trendd ln(r)/d ln(T)→0 asT→0.

In Fig. 2 we present the magnetoresistance data in
form MR5@R(7T)2R(0)#/R(0) between 0.05 and 55 K
MR(T) is negative over practically the whole temperatu
range, reaching a maximum absolute value of approxima
12% around 7 K. Only between 30 and 45 K, is a sm
positive MR observed. Examples of isothermal MR(B)
curves will be shown and analyzed in Sec. IV B.

The Hall effect was measured at several fixed tempe
tures between 1.5 and 55 K in external magnetic fieldsH up
to B5m0H57 T, and at different temperatures between 0
and 1 K at up to 2 T.Only in two relatively narrow tempera
ture ranges, namely, between 30 and 55 K and between 4
10 K, is the Hall resistivityrH5VHd/I approximately a lin-
ear function ofB, i.e., rH5RHB, where d is the sample
thickness andRH the Hall coefficient. TherH(B) curves in

FIG. 1. Temperature variation of the electrical resistivityr of
FeSi sample No. 1. The inset showsd ln(r)/d ln(T)
5(dr/r)/(dT/T).
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these two regimes are shown in Fig. 3. The correspond
RH(T) values are shown later in Fig. 15~b!. Between 30 and
55 K, RH is positive, and between 4 and 10 K,RH is nega-
tive. In the transition regime between 10 and 30 K,rH be-
haves chaotically, and no reliable determination ofRH was
possible. Below 4 K,rH(B) reveals pronounced nonlinear
ties, as shown in Fig. 4, and below 1 K, the transverse v
ageVt(B) displays a hysteretic field dependence, as is sho
in Fig. 5.

For the analysis of the nonlinearrH(B) curves, we con-
sider the Hall effect due to two kinds of charge carriers, a
the anomalous Hall effect due to the magnetic propertie
the material. The field dependence of the Hall coefficient i
two-band model can be written in the form32

RH5
R01R`m2B2

11m2B2 , ~1!

FIG. 2. Temperature dependence of the magnetoresistance
5@R(B)2R(0)#/R(0) of FeSi sample No. 1 measured in an ext
nal magnetic fieldH corresponding toB5m0H57 T.

FIG. 3. Hall resistivityrH vs external magnetic inductionB
5m0H isotherms of FeSi sample No. 1. The dots are the d
points, and the lines are the best linear fits according torH

5RHB. Curves with negative slope from bottom to top:T54.0,
5.5, 6.3, 7.1, 8.0, and 10.0 K. Curves with positive slope from top
bottom:T529.9, 34.9, 39.7, 44.7, 49.7, and 54.7 K.
g

t-
n

d
of
a

where

R05
R1s1

21R2s2
2

s0
2 , ~2!

R`5
R1R2

R11R2
, ~3!

m5
s1s2

s0
~R11R2!, ~4!

s05s11s2 . ~5!

Heres i andRi are the conductivity and the Hall coefficien
of the i th band~i 51, and 2!, and R0 and R` are the Hall
coefficients at zero and infiniteB, respectively. Boths i and
Ri are assumed to be independent ofB in this model, i.e.,
single-band effects are neglected.

R
-

ta

o

FIG. 4. Some representative Hall resistivityrH vs external mag-
netic inductionB5m0H isotherms measured on FeSi sample No.

FIG. 5. Transverse voltageVt normalized to@Vt(12T)1Vt

(22T)#/2 vs external magnetic inductionB5m0H at different
fixed temperatures below 1 K measured on FeSi sample No. 1. Th
arrows indicate the direction in which the magnetic fieldH was
varied.
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Some representativeRH(B) curves together with the fits
of Eq. ~1! are shown in Fig. 6. Using Eqs.~2!–~5! and in-
serting the obtained fit parametersR0 , R` , andm, as well as
the measured zero-field conductivitys0 from Fig. 1, we cal-
culated the zero-field conductivitiess i , the Hall mobilities
m i , and the Hall coefficientsRi of both sets of charge carri
ers. We find thats2!s1's0 , m1!m2'1 m2 V21 s21, and
uR1u!R2'100 m3 C21, corresponding to approximatel
1017 m23 ~positive! charge carriers. The total conductivit
s0 is dictated by band 1 because its higher charge-ca
concentration overcompensates for its lower mobili
Within this two-band analysis the appearance of a hyster
in the Hall effect below 1 K remains unexplained. It indi
cates, instead, that magnetic moments are involved, cau
a contribution related to the anomalous Hall contribution

The anomalous Hall effect arises from the spin-orbit co
pling between localized moments and itinerant electr
which produces an extra electric field with the same orien
tion as that induced by the Lorentz force in the normal H
effect. The Hall resistivity of such a material can be writt
as32,33

rH~B!5R0B1Rsm0M ~B!, ~6!

whereR0 andRs are the normal and spontaneous Hall co
ficients, respectively,m0 is the vacuum permeability, andM
the sample’s volume magnetization.

In Fig. 7 we show several isothermal field dependen
between 1.9 and 11 K of the magnetizationM (B) of the
sample that was used for the Hall effect measurements.
M (B) curves were measured by first increasing and t
decreasingB. The curves are completely reversible. Fittin
the rH(B) data to Eq. 6 by using the experimental values
M (B) gives, at best, only approximate agreement, as ma
seen in Fig. 8. The ratio (Rsm0M )/(R0B) in low B fields, a
measure of the importance of the anomalous Hall effect,
creases only slightly from approximately 1 at 8 K to approxi-
mately 2 at 2 K. Values of (Rsm0M )/(R0B) of the order of
1 are between values typical for ferromagnetic semicond
tors (!1) and values typical for ferromagnetic meta

FIG. 6. Some representative isotherms of the Hall coeffici
RH5rH /B as a function of the external magnetic inductionB
5m0H of FeSi sample No. 1. The curves are best fits of the p
sented data to Eq.~1!.
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(.100).34 The normal Hall coefficientR0 is negative, over
the entire temperature range from 1 to 8 K. The correspo
ing charge-carrier density varies between 1021 and 1022 m23

below 4 K, and increases to approximately 531022 m23 at 8
K, which is slightly smaller than what is found from linea
fits to rH(B) ~cf. Fig. 3!. The Hall mobility is between 1023

and 1022 m2 V21 s21.
In the absence of magnetization data below 1.9 K

estimated the charge-carrier density in this temperature
gime from the slopes of therH(B) curves atB.1.25 T.
This is a valid procedure provided that, at these tempe
tures,M (B) tends to saturate to a constant value at mode
fields. For all temperatures~cf. Fig. 5!, we find negative
slopes consistent with an electron density of approxima
231022 m23.

B. Specific heat

The temperature dependence of the specific heat is
sented in Fig. 9 on a double-logarithmic diagram. Exc

t

-

FIG. 7. MagnetizationM of FeSi sample No. 1 as a function o
the external magnetic inductionB at different fixed temperatures
The curves are a guide to the eye.

FIG. 8. Selected isotherms of the Hall resistivityrH vs external
magnetic inductionB5m0H of FeSi sample No. 1. The curves a
best fits according to Eq.~6!. For each temperature, an interpolatio
between the experimentalM (B) curves of Fig. 7 was used.
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below 0.2 K, it can reasonably well be described by the s
of the common low-temperature electronic and lattice con
butions and two Schottky anomalies resulting from exc
tions within two different two-level systems with interlev
energy separations ofkBT1 andkBT2 , respectively, i.e.,

Cp5gT1bT31dT51a1

~T1 /T!2 exp T1 /T

~11exp T1 /T!2

1a2

~T2 /T!2 exp T2 /T

~11exp T2 /T!2 . ~7!

The fit according to this relation is shown as a solid curve
Fig. 9. The fit parameters areg51.131023 J mol21 K22,
b59.131026 J mol21 K24, d51.131028 J mol21 K26, a1
59.231023 J mol21 K21, T156.8 K, a251.1
31022 J mol21 K21, and T250.95 K. From the low-
temperature lattice contributionbT3, we calculate a Debye
temperatureQD5377 K distinctly higher than the Deby
temperatureQD5314 K calculated from the the elastic co
stantsc11 andc44 measured at room temperature.35 The en-
tropy releases corresponding to the Schottky anomalies
DS156.3 mJ mol21 K21 and DS257.9 mJ mol21 K21, i.e.,
approximately 0.11% and 0.14% two-level centers per F
unit, respectively. Possible reasons for the excess spe
heat below 0.2 K are discussed below.

C. Magnetic susceptibility

In Fig. 10 the temperature dependence of the magn
susceptibilityx is shown on a double-logarithmic plot. A
previously established,x decreases from 330 to 90 K, an
rises again at lower temperatures. Our high-temperatureT
.90 K) susceptibility data compare well with publishe
x(T) data on both poly-crystalline and single-crystalli
FeSi.2,4,9,19–21,36A good description ofx(T) over the whole
temperature range is obtained by the sum of a thermally
tivated contribution and two Curie-Weiss-type contribution
i.e.,

FIG. 9. Temperature variation of the specific heatCp of FeSi
sample No. 2. The solid curve is a best fit to the experimental d
according to Eq.~7!. The dotted curve corresponds to the contrib
tion of the gT1bT31dT5 term, the dashed curve to Schottk
anomaly 1, and the dash-dotted curve to Schottky anomaly 2.
i-
-

n

re

i
fic

tic

(

c-
,

x5
c

T
exp~2T0 /T!1

C1

T2Q1
1

C2

T2Q2
. ~8!

The fit is shown in Fig. 10 as a solid curve. The fit para
eters are c51.8 K, T05670 K, C158.0 mK, Q15
2870 mK, C250.26 mK, and Q25134 mK. The first
Curie-Weiss term with a negative value ofQ is consistent
with predominantly antiferromagnetically coupled momen
of 0.26mB /FeSi unit, and the second Curie-Weiss term w
a positive value ofQ is consistent with predominantly ferro
magnetically coupled moments of 0.05mB /FeSi unit. Most
likely the moments arise from uncompensated iron. Assu
ing that due to the low symmetry (C3) of the Fe sites in
FeSi, the angular momentum of the Fe ions is quenched,
L50 andJ5S, and that the Fe moments may be conside
as noninteracting with their environment, i.e.,gJ52, the
configurationsd7Fe1, d6Fe21, andd5Fe31 lead to the ionic
magnetic moments of 3.9mB , 4.9mB , and 5.9mB , respec-
tively. For d7Fe1, for example,C1 thus corresponds to a
moment density of 2.0431026 m23 and C2 to 6.75
31024 m23.

D. Optical reflectivity

Figure 11 presents the reflectivityR and the optical con-
ductivity s1 for some significant temperatures. As describ
below, the overall temperature dependence and the m
prominent absorptions are in agreement with our previ
investigation of a single crystal grown in antimony flux,24

and of a polycrystalline specimen of pure FeSi.37 Our results
are similar to those obtained by other groups.9,38–40The most
striking feature is the strong temperature dependence
R(v) in the FIR spectral range, where the reflectivi
changes from a metallic behavior at temperatures above
K by tending toward 100% forv→0, to that of an insulator
below 40 K. This can also easily be recognized on plots
the optical conductivitys1(v). As the temperature de
creases, the low-frequency limit ofs1(v) drops continu-
ously and, below 40 K, it is vanishing small, typical of ins
lators. Figure 11~b! reveals that the Drude component

ta
-

FIG. 10. Temperature variation of the magnetic susceptibilityx
of FeSi sample No. 2. The fit according to Eq.~8! is shown as the
solid curve. The dotted, dashed, and dash-dotted curves corres
to the first, second, and third term of Eq.~8!, respectively.
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12 922 56S. PASCHENet al.
s1(v) ascribed to itinerant charge carriers is progressiv
quenched down to 100 K, and disappears below 40 K. S
eral distinct and narrow modes appear in the FIR freque
range upon decreasing the temperature to 10 K. We also
that the electrodynamic response of Fe12xCoxSi with x
<0.03 is qualitatively and quantitatively similar to that
pure FeSi, except in the FIR range, where the increas
metallicity for x>0.01 is evidenced by an increasing amp
tude of the low-temperature Drude component.37

IV. DISCUSSION

A. High-temperature properties

1. Magnetic susceptibility

First we shall focus on the magnetic susceptibility b
tween 100 and 330 K. Jaccarinoet al.2 noted that their high-
temperature magnetic susceptibility data can be describe
two different ways: either by considering a system of fr
ions with spin zero in their ground state and spinS in their
excited state, or by invoking metallic spin paramagnetism
two extremely narrow bands separated by a small ene
gap.

The ‘‘free-ion-like’’ model provides the equation

x5
Ng2mB

2m0

3kBT

S~S11!~2S11!

2S111exp T0 /T
. ~9!

The first term in Eq.~8!, i.e., c/T exp(2T0 /T), which ac-
counts for the high-temperature contribution tox(T) can, in

FIG. 11. Optical reflectivityR(v) ~a! and optical conductivity
s1(v) ~b! of FeSi sample No. 2 at 300, 100 and 10 K.
y
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fact, be considered as an approximation of Eq.~9! for T!T0 .
If we replace the first term of Eq.~8! by Eq. ~9!, and also
allow, in the fitting procedure, the parameters of the Cur
Weiss terms to readjust, we find a satisfactory agreem
between calculation and experiment only withS51. With
the g factor fixed to 2 and withN54/a354.4231022 cm23

for the density of Fe ions,T05740 K ~64 meV! and the
parameters of the two Curie-Weiss terms remain essent
unchanged from those obtained by fitting with Eq.~8!. For
S5 1

2 and 3
2, no fit of equal quality can be obtained with theg

factor fixed to 2. Jaccarinoet al.2 reported the best agree
ment forS5 1

2, whereg53.92 andT05750 K, and a some-
what poorer agreement forS51 with g52.17 and T0
5795 K. Since the physical origin of a strongly enhancedg
factor within this simple two-level model is not clear, w
tend to favor theS51 interpretation in this case.

The model DOS which Jaccarinoet al.2 used in the
‘‘metallic-paramagnetism’’ model is depicted in Fig. 1
Two rectangular peaks of widthW and height D(E)
5pN/W, separated by an energy gap of widthEg , are in-
troduced to approximate the DOS of FeSi in the vicinity
the Fermi level.N is the density of unit cells containing fou
FeSi units, andp is the total number of states per unit ce
The Fermi energyEF is situated in the middle of the gap
The Pauli susceptibility of this system is readily calculat
from

xPauli~T!522m0mB
2E

conduction band
D~E!

] f ~E,EF ,T!

]E
dE,

~10!

where f (E,EF ,T) is the Fermi function. The factor 2 ac
counts for the fact that holes in the valence band contrib
to x in the same way as electrons in the conduction band.
xPauli to vanish asT→0, the number of electrons per Fe ato
has to be an even number. Jaccarinoet al.2 reported good
agreement of this expression with theirx(T) data only in the
limit W!Eg . They fixed the number of electrons to two p
Fe atom, i.e., in our notationp58. More recently other
authors21,41 employed the same model DOS and repor
good agreement with a non-negligible bandwidthW, in
agreement with our results if we fixp516. In fact, the Pauli
paramagnetism resulting from two rectangular DOS featu
is compatible with thex(T) data of FeSi, including the dat

FIG. 12. Model density of states first proposed by Jaccar
et al. ~Ref. 2! to fit the high-temperaturex(T) data of FeSi within a
‘‘metallic-paramagnetism’’ model.



ou
m

f

eV

or
f t
. T
h

n
a

ul
n
ls

n-

the

ed
e

if,
lic

he
, as
rre-

bso-

ara-
i-

total
of

id-
ot

h
rate.

re

p-
ra-
the
2,

or

us

il
da
d

re
f
am
ed
e

56 12 923LOW-TEMPERATURE TRANSPORT, THERMODYNAMIC, . . .
above room temperature,2,21,36 only if p516, i.e., only if
there are four itinerant electrons per Fe site. The fit to
data is shown as a solid curve in Fig. 13 and the fit para
eters are given in Table I~fit No. 1!. The constant density o
states of the two bands isD(E)5435 states/unit cell/eV.
Band-structure calculations13,15–19predict a peak in the DOS
just above the gap of approximately 13 states/unit cell/
i.e., more than a factor 30 less.

The model DOS depicted in Fig. 12 captures two imp
tant features, namely, that the two peaks on both sides o
energy gap are narrow, and that they have sharp edges
narrow width of the peaks is only important at very hig
temperatures, where the lower band~upper band! starts to be
considerably depleted~filled!, and where the probability of a
thermal excitation to energies above the upper band is
negligible. The sharp edges are particularly important
lower temperatures. Here the infinite slope of the rectang
DOS should be replaced by the more physical assumptio
parabolic bands with renormalized curvature. Hence we a
fitted thex(T) data with two parabolic bands, with the de
sity of states in the conduction band,

Dc~E!52
1

~2p!2 S 2mc

\2 D 3/2

~E2Ec!
1/2, ~11!

FIG. 13. Temperature dependence of the magnetic susceptib
x of FeSi sample No. 2. The open circles are the experimental
points. The solid and dashed curves represent the fit Nos. 1 an
respectively, of Table I.

TABLE I. Results of the fits of thex(T) data of FeSi sample
No. 2 to Eq.~8! with its first term replaced by the high-temperatu
Pauli susceptibility of Eq.~10!. Fit No. 1 uses the model DOS o
Fig. 12, i.e., two rectangular DOS peaks described by the par
etersTg , TW , andp. Fit No. 2 uses two parabolic bands describ
by the parametersTg andmc* . The temperature range in which th
x(T) data were fitted is denoted as theT range. The value marked
with an asterisk was kept fixed during the fitting procedure.p/W is
the DOS of the rectangular peaks.

Fit No. T range Tg ~K! TW ~K! p p/W ~states/eV/cell! mc*

1 ,330 K 1130 425 16* 435
2 ,250 K 870 195
r
-

,

-
he
he

ot
t

ar
of
o

and an analogous relation for the density of states in
valence bandDv(E). A high value ofmc ~andmv! leads to a
sharply rising DOS near the gap. For simplicity we assum
mc5mv , so that the Fermi energy lies in the middle of th
gap. We further introduce the effective-mass ratiosmc*
5mc /m0 and mv* 5mv /m0 , wherem0 is the free-electron
mass.

The dashed curve in Fig. 13 is the fit which is obtained
instead of the rectangular DOS of Fig. 12, two parabo
bands characterized bymc* 5mv* are used. Thex(T) data
were fitted only below 250 K. At higher temperatures t
parabolic bands fail to describe the experimental data
expected from the above-mentioned arguments. The co
sponding fit parameters are also given in Table I~fit No. 2!.
The assumption of different DOS shapes changes the a
lute value of the gap,Tg51130 K ~97 meV! for rectangular
DOS peaks toTg5870 K ~75 meV! for parabolic bands. For
the effective-mass ratio, the second fit yieldsmc* 5195. It is
not surprising that, except at very high temperatures, p
bolic bands with extremely high effective masses give sim
lar results as the rectangular DOS peaks.

The effective massmc entering Eq.~11! is a so-called
density-of-states effective mass which characterizes the
density of states but not necessarily that of a single valley
the conduction band. In the case wheren conduction-band
minima with effective massmn occur at symmetrical points
of the Brillouin zone42

mc5n2/3mn . ~12!

Similarly, if two separate bands of massmn1 and mn2 are
degenerate in energy at their minima,42

mc5~mn1
3/21mn2

3/2!2/3. ~13!

Band-structure calculations indicate that this type of cons
eration is of particular importance in the case of FeSi. N
only do we face high valley degeneraciesn, but we also
notice several conduction-band~valence-band! minima
~maxima! to occur within a few meV of the gap edge, suc
that, at high temperatures, they are essentially degene
Assuming for each of these minima~maxima! the same ef-
fective massmn(mp) we estimate from the band-structu
results of Ref. 15 the density-of-states effective massesmc
513mn andmv521mp .

2. Electrical conductivity and Hall effect

Next we analyze the electrical conductivity between a
proximately 30 and 300 K, which we identify as the tempe
ture range of intrinsic conduction. We have calculated
conductivity using the rectangular DOS model of Fig. 1
which was previously done by Mandruset al.41 and Sales
et al.21 For simplicity, we first assume the same mobility f
the valence and the conduction bands, i.e.,mn5mp5m, and
we have

s52emn with n5E
conduction band

D~E! f ~E! dE.

~14!

It is clear that fits to the conductivity are more ambiguo
than fits tox(T), because of the dependence ofs on the

ity
ta
2,
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TABLE II. Results of the fits of thes(T) data of FeSi sample No. 1 to Eq.~14!. Fit No. 1 uses two
rectangular DOS peaks described by the parametersTg , TW , and p, Fit No. 2 uses two parabolic band
described by the parametersTg andmn* . The mobilitym5aTa introduces the parametersa anda, but in the
case of two parabolic bandsm* 3/2 anda are not linearly independent, and were therefore fitted together.
temperature range in which thes(T) data were fitted is denoted asT range. The values marked with a
asterisk were kept fixed during the fitting procedure.

Fit No. T range Tg ~K! TW ~K! p a (m2 Ka V21 s21) a amn*
3/2 (m2 Ka V21 s21)

1 .100 K 785 425* 16* 0.45 1.5*
2 50 K,T,140 K 650 1.5* 1940
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mobility. A reasonable first choice for the temperature d
pendence ofm is a power-law dependencem5aT2a which
introduces two additional parameters. We obtain a very g
fit with Tg5815 K, a51.59, a50.77 m2 K3/2 V21 s21, and
TW5425 K, which was fixed to the value obtained in o
x(T) fit ~fit No. 1 of Table I!. An equally good fit, shown as
a solid curve in Fig. 14, is obtained if in addition we fi
a51.5 ~fit No. 1 of Table II!, which is the exponent o
acoustic-phonon scattering also introduced in the calc
tions of Refs. 21, 37, and 41. On the other hand, no satis
tory agreement can be obtained if we fix the gap width to
value Tg51130 K obtained in ourx(T) fit ~fit No. 1 of
Table I!. This suggests that, within the same model, the g
relevant for the conductivity is smaller than the gap relev
for the susceptibility.

We also fitted thes(T) data with two parabolic bands an
their density of states in the conduction band represente
Eq. ~11!. The result is shown as a dashed curve in Fig.
and the parameters are given in Table II~fit No. 2!. As for
x(T), assuming parabolic bands again fails to describe
experimental data at the highest temperatures. FixingTg to
the value obtained for thex(T) fit with parabolic bands~fit
No. 2 of Table I! gives unsatisfactory agreement with th
data, indicating that the energy gaps effective forx ands are
again not the same, thus supporting the conclusion from
comparison of thex(T) ands(T) fits using two rectangula
DOS peaks mentioned above. Possible explanations are
either the smallest gap is an indirect gap relevant fors but

FIG. 14. Temperature dependence of the conductivitys of FeSi
sample No. 1. The open circles are the experimental data po
The solid and dashed curves represent the fit Nos. 1 and 2, re
tively, of Table II.
-
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not for x, as is predicted by band-structure calculations,15–17

or that we have spin and charge gaps of different width.
we will show below, our optical data favor the first explan
tion.

For a description of the conductivity consistent also w
our Hall-effect measurements, we have to drop the restric
of equal mobilitiesmn and mp adopted in Eq.~14!, this in
order to account for the nonvanishing Hall coefficient in t
intrinsic regime. In Fig. 15 we present the conductivitys(T)
and the itinerant charge carrier concentrationn(T)

ts.
ec-

FIG. 15. Double-logarithmic plots of~a! the electrical conduc-
tivity s and of ~b! the charge carrier concentrationn51/(uRHue)
taken from Fig. 3, both measured on FeSi sample No. 1.RH is
positive atT.20 K and negative atT,10 K. The solid and dashed
curves represent the fits explained in the text. The inset shows
result of fits of Eq.~20! to the s(T) data in the extrinsic regime
The donor and acceptor concentrationsNd andNa , shown as open
and full circles, respectively, and the donor energyEd are given as
a function of the effective-mass ratio of the conduction bandmn*
5mn /m0 , which was kept fixed during each fit.
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51/(uRHue) ~taken from Fig. 3! on double-logarithmic plots
The overall behavior ofs(T) and n(T) is quite similar,
which indicates that the temperature dependence ofs is es-
sentially due to the temperature dependence of the cha
carrier concentration, the temperature dependence of the
bility playing a minor role. The conductivity and the invers
Hall coefficient of an intrinsic semiconductor are43

s in5e~mn1mp!nin ~15!

and

1

RH in

5e
1

r H

mn1mp

mp2mn
nin ~16!

with

nin52mn*
3/2S m0kBT

2p\2 D 3/2

F1/2S 2
Eg

2kBTD . ~17!

F1/2(x) is the Fermi-Dirac integral of order12, which ap-
proaches forx!0 the classical value exp(x). Assuming
mn,p5an,pT2a and for the Hall factorr H51, we obtain

s in

1

RH in

5~ap2an!T2a. ~18!

A good fit of Eq. ~18! to the data between 30 and 55
with a51.5 is possible, and yieldsap2an50.38
m2 K3/2 V21 s21. For s(T) we use the fit that was shown a
a dashed curve in Fig. 14, and that we replotted as a s
curve in Fig. 15~a!. The fit parameters areEg556 meV and,
since now m5(mn1mp)/2, mn*

3/2(an1ap)/2
51940 m2 K3/2 V21 s21 ~fit No. 2 of Table II!. Using these
results and Eq.~16!, we calculaten(T)51/(uRHue), which is
shown as a solid curve in Fig. 15~b!.

3. Reflectivity and optical conductivity

The most relevant feature of the electrodynamic respo
of FeSi is the MIR absorption at 770 cm21 ~95 meV!, which
is associated with a semiconductor-type gap.9 Band-structure
calculations15–17 predict a value for the direct gap of 14
meV, only in an order-of-magnitude agreement with expe
ment. The gap value derived from our optical data compa
relatively well with the gap value extracted from fits ofx(T)
to the ‘‘metallic-paramagnetism’’ model described above~97
meV for rectangular DOS peaks, 75 meV for parabo
bands!, but is considerably larger than the gap energy
tracted from fits ofs(T) to the same model~68 and 56 meV
for rectangular DOS peaks and for parabolic bands, res
tively!. This is an indication that the smallest gap relevant
transport measurements is an indirect gap, and that the d
gap has the same width for both charge and spin excitati
in agreement with the findings of Saleset al.21 and Mihalik
e-
o-

lid

se

i-
s

-

c-
r
ect
s,

et al.22 For polycrystalline FeSi, the difference of the energ
gap values extracted from optics and froms(T) is much less
pronounced.37

An important issue concerns the redistribution of t
missing spectral weight below the gap. In our data, that sp
tral weight is essentially recovered at a frequencyvc
'4vg , where vg5770 cm21 is the gap excitation fre-
quency, i.e., there is no need for an integration ofs1(v) to
very high frequencies in order to satisfy the spectral-wei
sum rule. In our previous optical investigation24 of an FeSi
single crystal grown in antimony flux, the same conclusi
was offered. However, the redistribution of the spect
weight still remains a controversial experimental issue.
fact, our conclusion is at variance with claims based on p
viously reported optical results on FeSi.9 Recent Raman-
scattering studies of FeSi~Ref. 44! reveal an abrupt suppres
sion of low-frequency electronic Raman scattering belowT
,250 K. Even though this might be more consistent w
correlation-gap models than with a conventional band-g
description, the electronic spectral weight which is lost
low frequencies because of the charge gap, is primarily
covered within the energy rangev,3vg .24,44

In the high-frequency spectral range above the gap,
recognize a broad absorption at about 1 eV, and two
intensive ones at approximately 6 and 10 eV. There is a g
agreement with the spectra of Ref. 38, where the meas
ments were extended up to 30 eV. The absorption at 6 an
eV is ascribed to electronic interband transitions, in rat
good agreement with band-structure calculations.15,16 The
feature at about 1 eV is incompatible with the band-struct
calculations, and was suggested to be induced by strong
correlations.38

B. Intermediate-temperature properties

Here we focus on the properties at temperatures betw
approximately 4 and 30 K, which turn out to be dominat
by defects. We start with an analysis of the conductivity a
the Hall-effect data. As shown in Fig. 15, thes(T) and
n(T)51/(uRHue) data below approximately 30 K cannot b
accounted for with a band structure of an intrinsic semic
ductor~e.g., two parabolic bands! and one has to assume th
presence of donors and/or acceptors. Thes and RH data in
this so-called extrinsic regime can be well described usin
simple model for a partially compensatedn-type semicon-
ductor. Donor levels with a concentrationNd are situated at
an energyEd below the conduction-band edgeEc , and ac-
ceptor levels with a concentrationNa lie well below the
Fermi levelEF , but at otherwise arbitrary energy. Addition
donor states which lie well belowEF are allowed, but will
have no bearing on the solution of the problem since they
retain their electrons. This situation was analyzed in detai
Ref. 42, for the case of parabolic conduction and vale
bands. In the caseEF2Ec<1.3 kBT, an analytical solution
of the problem is possible, and yields, for the carrier conc
tration in the conduction band,
nex5
2NcNdiff

Nc1CNdiff1
Na exp Ed

kBT
1AFNc2CNdiff1

Na exp Ed

kBT G2

1
4~Nc1CNa!Ndiff exp Ed

kBT
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with

Ndiff5Nd2Na , Nc52S mnkBT

2p\2 D 3/2

, C50.27. ~19!

In the extrinsic regime,

sex5emnnex ~20!

and

1

RHex

5e
1

r H
nex. ~21!

Using r H51, as above, this leads tosex/(1/RH)ex5mn . The
measured values ofs/(1/RH) are roughly constant in the
extrinsic temperature regime, and a corresponding fit yie
mn58.631024 m2 V21 s21. The fit of Eq.~20! to thes(T)
data between 4 and 16 K, shown as a dashed curve in
15~a!, does not allow us to determine all fit parametersNd ,
Na , Ed , andmn in a unique way. Therefore, we fixedmn in
the fitting procedure, and determinedNd , Na , and Ed as
functions ofmn . The results are shown in the inset of Fi
15. With decreasingmn* 5mn /m0 , Ed increases slightly, and
we go over from a strongly to a less compensatedn-type
semiconductor. The carrier concentrationn51/(uRHue), cal-
culated from thes(T) fit and the value ofmn given above, is
shown as a dashed curve in Fig. 15~b!.

As has been elaborated in Sec. IV A 1,mn is the effective
mass relevant for the conductivity, because in a semicond
tor with valley degeneracyn the conductivity effective mas
is equal to the effective mass associated with a single va
According to our discussion of the density-of-stat
effective-mass ratiomc* 5195 in Sec. IV A 1, we would ex-
pect a conductivity effective-mass ratiomn* of the order of
10, as will be confirmed by some cross-checks to be outli
below.

If we associate the donor states at the energyEd below the
conduction-band edge with impurity states in a semicond
tor, their energy may be calculated within the simple hyd
gen model

Ed5
mn*

eeff
2 313.6 eV. ~22!

The relevant dielectric constanteeff is the static dielectric
constant e05e1(v→0), which we determined from ou
optical data to be 380. FromEd(mn* ) in the inset of Fig.
15, and Eq.~22!, we obtainmn* 57.3 andEd50.69 meV.
With this effective-mass ratio we further findNd
5131024 m23, and Na5731023 m23. Likewise we may
now calculate the mobilities in the intrinsic rangemn&
mp5100~T@K#)23/2 m2 V21 s21. The concentrationNd51
31024 m23 corresponds to approximately one donor per
3104 FeSi units, or 25 ppm. Such a low concentration
defects could easily result from local fluctuations in the re
tive concentrations of Fe and Si in FeSi or from a slight
deficiency.

Further evidence of electronic states at a small energyEd
of the order of 1 meV or less below the conduction-ba
edge is provided by the experimental data of the spec
heat, the magnetic susceptibility, and the optical reflectiv
s

ig.
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The Schottky anomaly ofCp(T) with a maximum at ap-
proximately 3 K shown in Fig. 9, which is compatible with
excitations within two-level states of the concentration 4
31025 m23 separated bykBT150.59 meV, may be identi-
fied as excitations between the donor states and the con
tion band. The interlevel separationkBT1 agrees reasonabl
well with the donor binding energyEd50.69 meV, and the
two-level state density with the donor densityNd51
31024 m23 found for mn* 57.3, particularly in view of the
relatively crude approximations made in the analysis of b
Cp and ofs andn. Even so, we would like to mention tha
a better agreement can be obtained by assuming a hi
effective-mass ratio, e.g.,mn* 5100, corresponding toEd

50.59 meV andNd54.331025 m23. In all, it seems justi-
fied to associate this Schottky anomaly with electronic ex
tations from energetically well-defined donor states into
conduction band.

The temperature dependence of the magnetic suscep
ity at intermediate temperatures may also be described
invoking the doped-semiconductor scenario. The mom
densities compatible with the Curie-Weiss-type contribut
in this temperature range are higher than the donor and
ceptor densities discussed above, which can be explaine
follows. If we assume that, depending on coordination,
defects with different ionization states exist, we may exp
that only those defects with energies close to the conduct
band~valence-band! edge act as donors~acceptors!, but that
all ionized Fe defects in different ionization configuratio
contribute to the Curie-Weiss-type behavior. If Fe acts a
donor, another estimate of the effective mass can be mad
replacing the 13.6 eV in Eq.~22! by the ionization energy of
free Fe,EI57.87 eV which, together with the inset of Fig
15 results inmn* 512, Ed50.64 meV,Nd52.031024 m23,
andNa51.631024 m23.

In a previous optical investigation24 of an FeSi single
crystal grown in antimony flux evidence of a broad ma
mum of s1(v) in the spectral range around 10 cm21

~'1 meV! was found, a feature that could be associated w
the optical excitation of electrons from donor levels atEd
into the conduction band.

We thus have a good deal of evidence of a conductiv
effective-mass ratio of the order of 10 rather than of t
order of 1, as predicted by band-structure calculations. F
the band structure given by Mattheiss and Hamann,15 we
extracted, by using crude parabolic fits in narrow regio
around the valence-band maximum along theGR line and
the conduction-band minimum along theGM line, the ratios
mn* '1.7 andmp* '0.7.

The electron mobilitymn in the extrinsic regime of the
order of 10 cm2 V21 s21, is extremely low, two orders o
magnitude lower than in doped Ge at the same donor c
centration. In the following we show that further evidence
the charge carriers having low mobilities in this temperat
range is indicated by our magnetoresistance data.

As was shown in Fig. 2, the magnetoresistance MR at
is negative between 0.05 and 30 K, an indication of the
portance of quantum interference effects, which are the c
cial process leading to weak localization in weakly diso
dered electronic systems. Ours(T) data give no additiona
indications for weak localization. The strong temperature
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pendence ofs due to the variation of the charge carrier co
centration probably overshadows the small expected cor
tions in s(T). The expression for the magnetoresistance
the case of weak localization45–47involves an inelastic relax
ation timet i and a relaxation time for the spin-orbit scatte
ing tso as parameters. A second important contribution to
magnetoresistance in weakly disordered systems is the i
action between electrons. An attractive interaction leads
negative contribution to MR, a repulsive interaction to
positive one. The magnetoresistance in case
interactions45,48 consists of an orbital part containing the i
teraction constantg(B,T,EF) and of a spin part containing
the screening parameter for the Coulomb interactionF. In
addition, the diffusion constantD enters as a fit paramete
We used analytic expressions of the relevant formulae49,50 to
fit our data. Since all the magnetic field correctionsDr/r to
the resistivity are proportional to the zero-field resistivityr
itself, it is adequate to fitDs52Dr/r2. Some representa
tive Ds(B) curves at temperatures between 4 and 40 K
shown in Fig. 16, together with the obtained fits. The con
butions of weak localization and of the orbital part of t
electron-electron interaction have to be taken into accoun
obtain good agreement. In Table III we give the obtained
parameters at several temperatures. The order of magn
of these values seems to be reasonable. Since we do not
to do with a simple single-band metal but with a doped se
conductor, the situation is very complex, and a more deta
analysis of these results is beyond the scope of this pap

C. Low-temperature properties

Finally we discuss our experimental results for FeSi
very low temperatures. The interpretation of the conductiv

FIG. 16. MagnetoconductivityDs5s(B)2s(B50) of FeSi
sample No. 1 as a function of the external magnetic inductionB
5m0H at different temperatures. The curves are fits according
the model described in the text.

TABLE III. Parameters of the fits ofDs(B) at different tem-
peratures.

T ~K! D (cm2/s) t i ~ps! tso ~ps! TF ~K!

40 15 0.1 0.5 4 3104

10 6.5 0.3 3.3 1.33104

5 2.5 0.5 0.73104
c-
n

e
er-
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f

e
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to
t
de
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.

t
y

in terms of a compensatedn-type semiconductor presente
above accounts for the data atT>4 K. Below 4 K, the data
deviate toward a higher conductivity than is expected fr
an extension of the fit of Eq.~20! to lower temperatures, as i
shown in Fig. 15~a!. We ascribe the excess conductivity
originate in an additional conduction channel, resulting in

s5sex1sadd. ~23!

Considering our description of the electrical transport o
lined above,sadd is identified as being due to conductio
amongthe donor levels, contrary tosex, which describes the
conduction by electrons thermally activated from the don
levels to the conduction band. Conduction among donor l
els is generally referred to as impurity or defect conducti
Depending on the donor or impurity concentration, differe
conduction mechanisms have been identified.51 While at low
concentrations electron transport is thought to occur by h
ping, higher concentrations allow for metallic conductio
Both features are usually identified by characteristic te
perature dependences ofs(T). In both cases the semicon
ductor has to be partially compensated, i.e., 0,Na /Nd,1,
since otherwise the donor levels would be all filled or
empty atT→0. Ourradd51/sadd data cannot be described b
a hopping-type temperature dependence51

r5r0exp~T0 /T!p, ~24!

but rather by

r5r02AT2 ~25!

below 0.3 K. In order to estimate whether the formation o
metallic band from ourNd donor levels is a reasonable sc
nario, we may use Mott’s criterion for the metal-insulat
transition in an impurity band,

n1/3aB>0.25, ~26!

with the effective Bohr radius

aB5
eeff

mn*
30.53 Å. ~27!

For n5Nd51024 m23, which corresponds tomn* 57.3, we
obtainaB>25 Å or eeff /mn*>47. Usingeeff5380, as above,
results inmn* <8. The Mott criterion is thus indeed fulfilled
and we can assume that theNd donor levels form a metallic
impurity band. In this scenario we have to attribute an e
tremely narrow bandwidth to this impurity band. Since t
energyEd'0.6 meV may unambiguously be identified fro
s(T) @see Fig. 15~a!#, the impurity band is expected to b
narrower or at most equal to this energy. We would like
mention in this connection that extremely narrow impur
bands can result from renormalization effects in correla
insulators.

The donor concentrationNd51024 m23, which corre-
sponds to 25 ppm, is orders of magnitude lower than
Kondo hole concentration of 9.9% given by Schlottmann a
Hellberg29 as an upper bound for a dirty Kondo insulator
become a metal. Whether the appearance of metallic be
ior might alternatively be explained by a very small overl
of the valence and the conduction band—a local closing

o
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the gap of FeSi in the vicinity of magnetic impurities w
proposed by Jarlborg18—cannot be answered here.

As T→0, Nd2Na electrons are expected to be present
the impurity band. The charge-carrier concentration belo
K extracted from our Hall-effect data is approximately
31022 m23. For mn* 57.3, we have Nd2Na'3
31023 m23, and smaller values for higher effective-mass
tios. For mn* >10, Na /Nd51 within the error bars of the
s(T) fit. The electron density derived from the Hall-effe
measurements below 1 K is thus compatible with our inter
pretation of the transport data at higher temperatures.

In Fig. 17 we showradd as a function of temperature fo
T<3 K. Upon lowering the temperature,raddfirst decreases
then passes through a minimum at approximately 1 K,
finally increases again. Below 0.3 K,r5r02AT2 is an ad-
equate description of the data, as shown in the inset of
17. In view of r050.59V m the parameter A
50.27V mK22 is extremely large.

The low temperature part of the specific heat is replot
in Fig. 18. The Schottky-type anomaly corresponds to
entropy release from approximately 0.1% two-level cent
per FeSi unit with an energy separation of 0.95 K. This l

FIG. 17. Resistivityradd51/sadd vs temperatureT, evaluated as
explained in the text.

FIG. 18. Specific heatCp of FeSi sample No. 2 as a function o
temperatureT below 1 K.
1

-

d

g.

d
n
s

characteristic temperature may be indicative of the very n
row resonance of correlated electron states. AtT<0.1 K,
Cp(T) may be approximated by

Cp5gT, ~28!

with g55.1 mJ mol21 K22. The power-law dependence o
radd(T) and the linear-in-T contribution to the specific hea
are indications for a metallic ground state. The density
states extracted fromg55.1 mJ mol21 K22 is 8.7 states/eV/
cell. Together with the density of itinerant electrons es
mated from the Hall-effect measurements,n'2
31022 m23, an effective-mass ratio of approximately 900
derived, suggesting that the metallic ground state is hig
correlated. In fact, the low-temperature behavior ofradd(T)
andCp(T) described above is reminiscent of what is encou
tered in single-impurity Kondo systems. The dominant co
tribution to the magnetic susceptibility between 100 and 1
has a Curie-Weiss-type form, with a negative value ofQ, a
behavior that is typically observed in Kondo systems abo
the Kondo temperature. AsT→0 the susceptibility saturate
in systems where a full moment compensation by conduc
electrons is possible. Ourx(T) data, however, diverge a
T→0, which indicates that the ground state is not fully sp
compensated. Also, the hysteresis in the Hall effect belo
K indicates that the ground state of FeSi is not a simple o
Part of the magnetic moments must be interacting to exp
this phenomenon. On the other hand, there are also mag
moments which remain paramagnetic down to at least
mK, as inferred from thex(T) data. Such a mixed groun
state is also observed in semimagnetic semiconductors,
e.g., Ref. 52. It seems that due to disorder and a low conc
tration of itinerant charge carriers, the competition betwe
the various interaction mechanisms cannot clearly be
solved.

V. SUMMARY AND CONCLUSION

We have established a comprehensive data base for F
performing measurements of the conductivity at tempe
tures between 0.07 and 300 K, the specific heat between
and 35 K, the magnetic susceptibility between 0.05 and
K, the optical reflectivity between 10 and 300 K in the spe
tral range from 15 to 105 cm21, the magnetoresistance at 7
between 0.07 and 300 K, the magnetoresistance and
effect in varying fields up to 7 T between 2 and 55 K an
between 0.07 and 55 K, respectively, and the magnetiza
in varying fields up to 5 T between 1.9 and 11 K. For a
measurements, two single-crystalline samples were u
which were grown by vapor transport during the same
and which were characterized by EDX and x-ray diffracti
to be of high structural and chemical quality.

We tried to establish a physical picture for FeSi which
consistent with all these data, arriving at the following sc
nario. FeSi is a semiconductor with an unconventional ba
structure. The relevant energy gap is surrounded by p
nounced peaks in the total DOS with a width of several
meV and a height of several 100 states/eV/cell. Each of
peaks contains four states per Fe site. The density-of-st
effective-mass ratio characterizing the total DOS is of
order of 100. There appears to be an indirect gap relevan
electrical-transport measurements of 55–70 meV, an
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slightly larger direct gap of 75 to 100 meV for both char
and spin excitations. The precise value of the gap width
pends on the precise shape of the assumed DOS. The
ductivity effective mass ratio, characterizing the curvature
k space of the conduction band~valence band! at the energy
minimum ~maximum!, is of the order of 10.

A comparison with local-density-approximation ban
structure calculations shows that the qualitative agreeme
good, but that significant discrepancies occur in the abso
values. The peaks in the total DOS next to the gap deri
from experiment are higher by a factor of order 10 but
similar width, and the energy dispersion around the mini
~maxima! of the conduction band~valence band! are a factor
of order 10 flatter than predicted by the calculation
Whether these discrepancies are due to correla
effects—in particular on-site correlations are not properly
counted for by mean-field calculations—remains in our op
ion a striking open question. The model of Fu and Doniac12

for a strongly correlated insulator yields at least the corr
tendencies, i.e., a flattening of the dispersion of the quasi
ticle energy and a renormalization of the gap width and
the quasiparticle peaks upon increasing the Hubbard cor
tion energyU.

We also spent considerable effort on the analysis and
terpretation of the low-temperature properties, which pre
ously have frequently been classified as extrinsic and t
unimportant. Defects can, however, be useful even in a
ysing intrinsic properties of a semiconductor. The hig
nd
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temperature intrinsic-semiconductor description finds its
tension to lower temperatures in the assumption
approximately 1024-m23 donor levels situated less than
meV below the conduction-band edge, and of a sligh
lower acceptor concentration. These ‘‘impurities’’ are mo
likely coordinational defects in the perfect FeSi structure t
might be related to a slight Si deficiency. Acceptors a
ionized donors carry magnetic moments. While the mobi
of the charge carriers is compatible with acoustic phon
scattering in the range of intrinsic conduction, it is very lo
in the range of extrinsic conduction, where the charge ca
ers appear to be interacting and weakly localized. At
lowest temperatures, FeSi exhibits features of a strongly
related metal with a density of itinerant charge carriers of
order of only 1022 m23, which coexist with interacting mag
netic moments. A possible origin of this metallic behavior
an impurity band formed out of the donor states, with a sp
tacularly narrow band width.
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