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Tunneling spectroscopy on the correlation effects in FeSi

M. Fäth, J. Aarts, A. A. Menovsky,* G. J. Nieuwenhuys, and J. A. Mydosh
Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

~Received 22 August 1997!

We have performed electron tunneling spectroscopy on FeSi single crystals in the temperature range 4–300
K by using a scanning tunneling microscope. The differential conductance (dI/dV), when corrected for
Schottky barrier effects, exhibits two strongly temperature-dependent peaks on either side of the Fermi level
that emerge below'200 K and that are separated by a~pseudo!gap of '50 meV. Our observations can be
ascribed to the formation of quasiparticle density of states caused byd-electron correlation. The tunneling
spectra are in good agreement with photoemission spectroscopy as both techniques probe the correlated
d-electron density of states~DOS!. Our results are also consistent with optical reflectivity data and Raman
spectroscopy, which, in contrast, are sensitive to the conduction (c) electron DOS.@S0163-1829~98!08248-4#
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I. INTRODUCTION

For more than half a century the cubic transition-me
compound FeSi has provoked continuous interest due to
unusual and still unexplained magnetic and electro
properties.1 One of the most striking features is its magne
susceptibility, which rises nearly exponentially up to a te
perature of approximately 500 K, where it exhibits a bro
maximum, and for still higher temperatures, decreases o
ing a Curie-Weiss law.2 The intrinsic magnetic susceptibility
from which a paramagnetic Curie-tail has been subtract3

vanishes below 50 K, and the possibility of a transition
antiferromagnetic order at high temperatures has been r
out by neutron diffraction,4 the57Fe Mössbauer effect,3,5 27Si
NMR,3,6 andm1SR ~Ref. 7! measurements. Therefore, alte
native reasons for this nonmagnetic behavior must be so
in the formation of a spin gap or in the disappearance
local moments due to, e.g., spin fluctuations or a high/l
spin transition. The electrical resistivity at room temperat
is high ('200mV cm!, as for a dirty metal, and rises sever
orders of magnitude upon cooling, indicating a narrow g
semiconductor. Even though conventional band-struc
calculations8,9 yield an indirect semiconducting gap th
could be responsible for the thermally activated behavio
the resistivity at low temperatures, they are not able to
count for other experimental observations.

Several theoretical models have been suggested to ex
the unusual temperature dependence of the susceptib
These include the many-body theory of thermally induc
spin fluctuations10–12where magnetic moments become th
mally activated and eventually saturate at high temperatu
approaching local moment behavior with a Curie-Weiss s
ceptibility. Neutron scattering experiments13,14 have con-
firmed the concept of temperature-induced magnetism,
the low-temperature noninteracting quasiparticles. Howe
this theory as well as more phenomenological single-elec
approaches2,15 need to assumea priori the existence of two
narrow bands at the gap edges of a broad semiconducto
background density of states~DOS! in order to properly de-
scribe magnetic and transport properties. Such a model D
is justified in a Kondo insulator description16,17 where the
PRB 580163-1829/98/58~23!/15483~8!/$15.00
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hybridization of the conduction band with anf level leads to
a strong renormalization of the bands at the edges of
hybridization gap around the Fermi energy. Due to the st
ing similarities in the physical properties between FeSi a
so-called ‘‘Kondo insulators,’’18,19 it is tempting to place
FeSi in the latter class of materials, originally comprisi
only rare-earth compounds, with the Fe 3d electrons taking
over the role of the hybridized rare-earth 4f electrons.

Evidence for the importance of correlation effects in Fe
at low temperatures first came from optical reflectiv
measurements.20 Those indicated the existence of a char
gap in FeSi that, however, is mostly filled in at a low
temperature than is expected from thermal activation p
cesses in an ordinary semiconductor. Also, the electro
spectral weight removed by the gap is redistributed over
energy range much larger than the gap size.

In this work we present for the first time the results
electron tunneling experiments on FeSi. Tunneling spect
copy is able to probe charge excitations and their temp
ture dependence. Therefore, we compare our results with
cent photoemission experiments21, optical reflectivity,20,22

and Raman-scattering data.23 Our interpretation of the result
of these different spectroscopic techniques will be based o
model for spectroscopies of correlated electron systems
cently presented by Rozenberg, Kotliar, and Kajueter.17 In
this model, FeSi is treated in the framework of the perio
Anderson lattice, which leads to a distinction between
response of the conduction (c) electrons which form a wide
band, and the more localized and correlatedd electrons. The
d-electron partial DOS shows the opening of a gap, acco
panied by the formation of strong and narrow quasiparti
bands. A gap also evolves in the~thermodynamic! c-electron
partial DOS upon lowering the temperature, which is prob
especially by optical reflectivity and which also strongly a
fects the transport and thermodynamic properties. We ar
that single-particle tunneling is particularly sensitive to t
correlatedd-electron states, and that our foremost obser
tion is the formation of these narrow bands. This makes t
neling spectroscopy a powerful technique, complementar
optical spectroscopy.
15 483 ©1998 The American Physical Society
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II. EXPERIMENTS

A. Sample preparation and characterization

We have investigated single crystals grown from the s
ichiometric melt either by the floating zone method using
light image furnace in a purified argon atmosphere or b
modified tri-arc Czochralski method.24 The cubic crystal
symmetry2 of FeSi, a distorted rocksalt structure, was co
firmed by x-ray diffraction. Electron-probe microanalys
showed a stoichiometric and homogeneous single phase

The electrical resistivity@Fig. 1~a!# increases by typically
five orders of magnitude on cooling from room temperat
to 0.1 K. The absolute value of the resistivity saturates be
1 K and is sample dependent due to minor imperfections
the crystal.6 The temperature dependence, and especially
weak shoulder around 60 K, cannot be described by a si
mechanism. The best fit is obtained by using an expres
for variable range hopping$r(T)}exp@(T0 /T)1/4#% for the
low-temperature regime and semiconductorlike thermal a
vation @r(T)}exp(DR/2kBT)# at higher temperatures. Fittin
the data with a temperature-independent gap yields value
DR5830 K andT0'105 K. We should stress here that th
description in terms of variable range hopping and therm
activation is purely phenomenological, intended to para
etrizer(T) for comparison with other data. For instance, t
value forT0 is sample dependent and probably a measure
the residual disorder; its high value would lead to a ve

FIG. 1. ~a! Electrical resistivity vs temperature of an FeSi sing
crystal on which tunneling and optical reflectivity measureme
were performed. The solid line represents a fit to the data po
~circles! using a combined model of variable range hopping a
thermal activation~dashed lines! as described in the text. Inse
semilogarithmic plot of the resistivity vs inverse temperature.~b!
Magnetic dc susceptibility vs temperature in a field of 0.1 T. T
experimental data~circles! at low temperatures have been fitte
with a Curie-Weiss law~solid line!. The corrected data~stars! after
subtraction of the Curie-Weiss tail represent the intrinsic susce
bility of FeSi.
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small localization length, but the variable range hoppi
model cannot be applied rigorously because of the elec
correlation effects to be discussed below. Also at the h
temperatures there are several problems. The fit is not v
satisfactory around and above room temperature, becaus
resistivity actually starts toincreaseagain with increasing
temperature;25 the value ofDR is much too large to be ex
plained by nearest-neighbor hopping in a localized semic
ductor; nor can it be simply taken as a measure for the se
conducting gap: both the optical reflectivity data and t
tunneling measurements~see below! show that the use of a
temperature-independent gap does not capture the ess
physics of FeSi.

The magnetic susceptibility@Fig. 1~b!# shows the typ-
ical and gradual falloff below 400 K along with a rise at lo
temperatures, which obeys the Curie-Weiss lawx(T)
5x01C/(T2Q) and is attributed to paramagnet
impurities.3 It became clear from NMR~Ref. 6! andm1SR
~Ref. 7! measurements that the magnetic susceptibility at
temperatures has a different origin than that at high temp
tures. This is because plots ofm1SR Knight shift versus
susceptibility reveal a different slope for both temperatu
regions while the line shape of the29Si spin-echo spectrum
changes from asymmetric to symmetric on going from low
high temperatures. In our case the low-temperature susc
bility could be attributed to approximately 0.3 at. % m
ments of 3mB with a paramagnetic Curie temperature
aboutQ5214 K. The magnetization versus field at 2 K e
hibits a narrow hysteresis loop in external fields below 0.1
The maximum magnetization of this irreversible part cou
be accounted for by only 20 ppm of free Fe ferromagne
moments with 3mB . However, the magnetization does n
saturate at higher fields~not shown! but increases linearly up
to 5 T, corresponding to a susceptibility of 2.831028 m3/kg.
This indicates spin-fluctuating moments instead of param
netic ones. After subtraction of the Curie-Weiss tail the
maining magnetic susceptibility, which is believed to
intrinsic,3 vanishes at low temperatures. Thermally activa
susceptibility begins below room temperature and itsT cur-
vature smoothens to approach the expected peak aro
500 K.2 The high resistivity ratior(T→0)/r(300 K)'2
3105 together with the small amount of magnetic impuriti
indicates good sample quality.

B. Tunneling spectroscopic measurements

The tunneling measurements were carried out by me
of a scanning tunneling microscope~STM! that allowed the
adjustment of both the tunneling resistance~typically 1 nA
current at 0.4 V bias! and the position on the sample surfa
where theI -V spectra are recorded. We will discuss t
probable type of contact below. An electrochemically etch
tip from gold, silver, or platinum wire served as a counte
electrode to which the bias voltage was applied. Immedia
prior to mounting the sample, the single crystals we
cleaved in order to obtain a clean surface with arbitrary cr
tallographic orientation. In most cases,in situ cleaved
samples showed smoother surfaces than samples that
mechanically polished. By changing the positions of the
over the surface, even by several micrometers at low te
peratures, it was proven that theI -V spectra are independen
of the actual location, thereby demonstrating the homoge
ity of the tunneling barrier. This represents an improvem

s
ts
d

ti-



e

ou
d

a-
a
he
o
l-

t
g
o
d
le
a
a
as
ye
pe

t

s
e
b

,
te
r
m
e

in

tip
n
o
de
ph
m

vity
the
to

en
tip

y-
e

ults
les.
the
tro-
s in
is-
een
s
as

ume
ata
the
en-

ring
the
re-
The
nce
en-
ws
red
he
ros-
-

ce

om
on

s
we

the

The

ea-
bar-
el-
low

wo
the

ne

ig
,

PRB 58 15 485TUNNELING SPECTROSCOPY ON THE CORRELATION . . .
compared to preliminary STM attempts26 on FeSi, where the
tunneling curves did depend on the surface position. Th
the surface was cleaned by Ar1 ion etching but not brokenin
situ.

Figure 2 shows differential conductance spectra at vari
temperatures between 4 K and room temperature. The
rivative dI/dV was numerically calculated from the me
sured voltage-current curves. A positive bias voltage me
electrons tunneling preferably from FeSi into the tip. T
rapid exponential increase of the conductance with bias v
age is different from what is usually found in meta
insulator-metal~MIM ! junctions~with the insulator either an
insulating material or a vacuum gap!, where the behavior a
low bias is Ohmic. Rather, it is reminiscent of tunnelin
through a metal-semiconductor junction and the formation
a Schottky barrier.27 In such a junction, charge is transferre
from the semiconductor to the metallic tip, leaving a dep
tion region in which the electrostatic potential varies qu
dratically with distance from the interface. For a degener
~highly doped! semiconductor the Schottky barrier acts
tunneling barrier. Since the thickness of the depletion la
decreases with increasing applied voltage, the voltage de
dence of the barrier transmission is not negligible, leading
strong non-Ohmic behavior at relatively low bias.

The theory for theI -V characteristics of Schottky barrier
is well developed.27–29 In the case of FeSi, we find that th
spectra near room temperature can be fully described
treating the material as a heavilyn-doped semiconductor
with very reasonable numbers for the different parame
involved. Furthermore, we find that the contribution of the
mionic emission over the barrier can be neglected in co
parison to the contribution from the tunneling current, b
cause of the thin depletion region. This explains why theI -V
characteristics are nearly symmetric instead of exhibit
rectification. The junction type appears to be~vacuum! tun-
neling rather than point contact although the actual
sample separation is probably very small due to the prese
of the Schottky barrier. We infer this mainly from the tw
observations that the tunneling current is exponentially
pendent on the tip-sample separation and that topogra
scanning is possible without noticeable dragging of, or da
age to, the tip.

FIG. 2. Differential conductance curves of an FeSi-Au tun
junction at different temperatures between 4 K and 300 K.~Corre-
sponding temperatures of the curves from top to bottom at h
bias: 298 K, 287 K, 234 K, 204 K, 198 K, 191 K, 176 K, 172 K
164 K, 146 K, 134 K, 122 K, 105 K, 59 K, 4 K.!
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One possible concern in measuring such high resisti
samples is that the bias voltage is not only applied over
tunneling barrier, but also over part of the sample, leading
distortedI -V characteristics. This can occur especially wh
the current distribution in the area immediately below the
is inhomogeneous, e.g., due to the presence of~non-
conducting! grain boundaries, microcracks, or strongly la
ered structures~high-Tc materials are a good example of th
latter!. Signatures of such problems are irreproducible res
at different positions on the surface or on different samp
Our data proved highly reproducible, probably because
samples were single crystals with a homogeneous and iso
pic structure. Furthermore we did not observe any change
the differential conductance for different tip-to-sample d
tances, corresponding to tunneling resistances betw
300 MV and 1.2 GV normalized at 0.4 V bias. This makes u
confident that the resistance of the tunneling barrier w
much larger than the series resistance of the sample vol
below the tip. For a more detailed description of the d
analysis in the presence of a Schottky barrier we refer to
Appendix. Also discussed there is the temperature dep
dence of the differential conductance. In essence, lowe
the temperature lowers the conductance, but the slope in
semilogarithmic plot of conductance versus bias voltage
mains constant, as seen in Fig. 2 above about 400 mV.
Schottky barrier model, therefore, explains the conducta
at high bias, for all temperatures, in terms of the bias dep
dence of the barrier transmission factor. This in turn allo
us to eliminate the effect of the barrier on the measu
curves at all voltages by following an approach similar to t
one first suggested by Stroscio and co-workers for spect
copy on semiconductor surfaces.30,31An approximate expres
sion for the tunneling current from a small tip is given by32

I 5CE
0

eV

r~E!D~E!dE, ~1!

with C a constant,r(E) the local density of states, andD(E)
the transmission probability. The differential conductan
then is

dI

dV
5Cr~eV!D~eV!, ~2!

showing that density-of-states features can be found fr
dividing the differential conductance by the transmissi
probability.

In our case,D(E) is given by the Schottky barrier and i
fully known at room temperature. At lower temperatures,
can fit the Schottky barrier model to the high bias part~above
400 mV! of the measured curve and again obtainD(E) ~see
Appendix for details!. Dividing the measureddI/dV by
D(E) then yields the density of states connected with
tunneling electrons. More accurately, it yields thechangein
this density of states with respect to room temperature.
results are shown in Fig. 3.

Around 300 K, the renormalized spectra are almost f
tureless, and display good agreement with the Schottky
rier fit at all bias voltages. The salient feature of our tunn
ing spectra is their strong temperature dependence be
about 200 K. This is illustrated by the appearance of t
distinct and narrow conductance peaks on either side of
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Fermi level where a well-defined minimum forms, see Fig
The dip at zero bias becomes increasingly more pronoun
on lowering the temperature, but the conductance rem
finite. However, the tunneling data do not allow us to dist
guish, whether the dip is a gap or a pseudogap in the den
of states, since imperfections in the barrier~leakage current!
and noise-induced current might also contribute to a fin
slope of the conductance at zero bias. Moreover, our norm
ization method used to handle the exponential change of
~Schottky! barrier tunneling conductance tends to overe
mate the zero bias conductance at low temperatures. Thi
will discuss in the Appendix. The main point is that th
absolute value of the renormalized zero bias conducta
should not be considered as precise. If we view the raw d
in Fig. 2 we see that above'140 K the zero bias conduc
tance increases on lowering the temperature whereas b
'140 K it decreases. We will return to this issue later o
Meanwhile we refer to the dip as a gap. The main point to
discussed next is the origin of the formation of the cond
tance peaks and the gap in between. In order to accomp
this, we will first compare the tunneling spectra of Fig. 3
those obtained by other spectroscopic techniques.

C. Comparison to other spectroscopic techniques

Photoemission experiments21,33 revealed not only an en
ergy gap, but also a strongly temperature-dependent p
near the band edge of the valence band in FeSi, which
sembles our tunneling conductance peak at low~plus! bias.
From an analysis of the spectral line shape, Saitohet al.33

concluded that a large mass renormalization and the app
ance of a sharp peak in the quasiparticle DOS occur nea
valence-band edge at low temperatures, probably due
strong electron correlation. They found that the photoem
sion spectra are dominated by the Fe 3d partial DOS. This
leads us to conjecture that it is the interactingd-electron
quasiparticle DOS which is responsible for the narrow pe
around the Fermi energy at low temperatures seen in b
photoemission and tunneling spectroscopy. The large ang

FIG. 3. Temperature dependence of the quasiparticle densi
states after renormalizing the differential conductance spectr
Fig. 2 by the appropriate Schottky barrier transmission factor~see
text!. The spectra were taken at temperatures of 298 K, 28
234 K, 204 K, 198 K, 191 K, 176 K, 172 K, 164 K, 146 K, 134 K
122 K, 105 K, 59 K, and 4 K.
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dependence of the emission peak observed by Parket al.21

with angle-resolved photoemission on single-crystall
samples is not likely to be found by tunneling, because
directionality of the tunneling process is mostly lost if one
the electrodes is a semiconductor~or a semimetal! as is the
case for FeSi, certainly at low temperatures.34 Thus, tunnel-
ing probes the quasiparticle DOS of FeSi, but integrated o
a larger angle than can be obtained with photoemission. T
partly explains our observation of a much broader peak
comparison to the very small dispersion found by photoem
sion at optimum analyzer angle. Additionally, the quasip
ticle lifetime could be reduced due to scattering, e.g., at
interfacial barrier, which would also lead to a broader pe
In our tip-sample configuration the valence-band side of F
is mapped onto positive bias voltages, but our peaks, co
sponding to both valence and conduction bands, are appr
mately symmetric with respect to the Fermi level.

This then suggests that the quasiparticle DOS is symm
ric with respect to the Fermi energy. In that case, the size
the gap inferred from the photoemission spectra is
50 meV. From the tunneling spectra, we obtain an up
limit of 110 meV, by using the voltage difference betwe
the peak positions. Taking into account that the peaks in
quasiparticle DOS will not coincide with the gap edges a
rather using the inflection points in the conductance rise,
find a gap width of about 50 meV. We take this as go
overall agreement between the two types of measureme
Very recent photoemission measurements at ro
temperature35 revealed the existence of both a flat and a d
persive band near the Fermi energy, which could provid
conduction band crossing a localized electron level. This
prerequisite for the formation of a hybridization gap in
Kondo insulator.

Optical reflectivity experiments20,36,22 performed on
single crystals were the first direct measurements which
vealed the opening of a charge gap in FeSi. Schlesin
et al.20 and Damascelliet al.22 essentially agree in their mai
observation, to wit, the gap disappears at a much lower t
perature ('200 K! than would be expected for a conve
tional semiconductor with a gap size of 60 meV~Ref. 20! to
70 meV~Ref. 22! at low temperatures. Another unusual fe
ture that also suggests the presence of strong correlation
FeSi is that the spectral weight expelled from the gap reg
is spread over a frequency range more than 1 eV above
gap. The results by DeGiorgiet al.36 are in disagreemen
with those findings, but as was noted earlier their sampl
apparently more metallic and probably not representative
the intrinsic behavior of FeSi.19 We, therefore, compare ou
results below to those obtained by Damascelliet al.22 who
performed their measurements on the same high-qua
single crystals that we used for tunneling spectroscopy.

In order to give an approximate description of the g
evolution with temperature, we adopt the integrated area
der the quasiparticle DOS peaks~see Fig. 3! as the distin-
guishing parameter. With respect to other parameters,
peak heights, the area data show less scattering throug
the numerous spectra taken on different samples and
different tip materials. Figure 4 shows the integrated pe
area as a function of temperature. All data points follow o
averaged curve, which evidences that the tunneling meas
ments are not significantly influenced by tip or sample d
pendent properties in contrast to resistivity or susceptibi
measurements. As can clearly be seen, the correlation ef
mainly develop below'200 K and have approached the
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maximum amplitude below'50 K. Plotted in the inset of
Fig. 4 is the position of the center of the optical conductiv
shoulder versus temperature obtained from optical reflec
ity measurements of Damascelliet al.22 Although this
‘‘gap’’ parameter is arbitrary, its temperature dependen
compares well with the quasiparticle DOS area. It is obvio
that the development of the direct charge gap~optical con-
ductivity! and the appearance of the quasiparticle DOS~pho-
toemission and tunneling spectroscopy! have the same onse
temperature. This indicates that both effects are relate
each other and have a common origin.

A gap in the charge excitation spectrum has also b
found by electronic Raman scattering.23 While its variation
with temperature is in good agreement with the above
sults, its size ('94 meV! is estimated to be somewhat large
We note that the observed substantial increase of spe
weight above the gap could also be attributed to quasipar
excitations. The energy range of 0.3 eV beyond the g
which is covered by the excess of spectral weight at l
temperatures, and the position of the maxima in the Ram
scattering intensity near 130 meV both are comparable to
tunneling spectra with respect to their energy and temp
ture dependence. However, the electronic Raman scatte
differs from the optical conductivity where the spectr
weight is not piled up in a maximum just beyond the gap,
is spread out over a much larger range of energy.

III. DISCUSSION

The connection between the peaks in the photoemis
and tunneling spectra, on the one hand, and the gap m
sured by optical reflectivity and Raman scattering, on
other, may be illuminated by a recent theory of Rozenbe
Kotliar, and Kajueter17 based on the periodic Anderso
model in a local impurity self-consistent approximation. A
cording to this theory, which describes a possible scen
for the physics of FeSi, the direct band gapDdir experienced
by the conduction (c) electrons is merely a small dip withou
peaks in thec-partial DOS, and can be detected by optic

FIG. 4. Temperature dependence of the quasiparticle DOS
under the renormalized conduction curves~see Fig. 3! for various
tunnel junctions between different FeSi single crystals and met
tips. The solid line serves as a guide to the eye. Inset: position o
center of the optical conductivity shoulder obtained from opti
reflectivity measurements~Ref. 22! performed on one of the sam
samples that were used for tunneling measurements.
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conductivity. Ddir is still a pseudogap at elevated tempe
tures with a finite but low DOS at the Fermi level, which
indicated by both the Schottky barrier effect in the tunneli
characteristics and the negative slopedr/dT of the resistiv-
ity up to room temperature. As this gap in thec-partial DOS
develops upon cooling below 200 K, there is a more dram
effect whereby narrow bands of quasiparticles are form
due to the interactions, i.e., strong correlations, between
d electrons and this causes a major change in thed-partial
DOS. Two large peaks emerge at low temperatures ab
and belowEF with a well-defined, steep minimum in be
tween. Thus, an indirect~pseudo!gap D ind appears in the
much larger and peakedd-partial DOS. Within this theoret-
ical framework we relate theD ind to the photoemission and
tunneling spectra while only theDdir of the c-partial DOS
can be observed by the optical conduction since it is a p
cess without change of momentum. Note that angular
solved photoemission and tunneling spectroscopy are
mentum transferring processes and can detectD ind , if D ind
,Ddir . From the theory of Rozenberg, Kotliar, an
Kajueter17 D ind is expected to be less thanDdir .

Therefore, our tunneling measurements are directly pr
ing the electronic excitation spectrum of the highly corr
latedd electrons. This appears valid not only for the peak
structure at low temperatures, but also for the growth of
low-energyd-partial DOS at intermediate temperatures. B
tween 200 K and 140 K, the buildup of states at low b
occurs faster than the development of the gap, in comp
agreement with theoretical calculations.17

From the same calculations, it is seen that the quasip
cle (d-partial! DOS is a few times larger than the conductio
electron (c-partial! DOS and thus changes in thed-partial
DOS can be expected to dominate in the tunneling cha
teristics. More significant, however, is the fact that t
d-partial DOS is the result of many-body correlation effec
~due to local Coulomb repulsion! while the conduction band
has substantially uncorrelated single-particle character. In
latter case, the tunneling current is only weakly sensitive
density-of-states effects, since a higher~lower! DOS is can-
celled by a lower~higher! particle velocity, as pointed out by
Harrison34 and Wolf.27 Therefore, the tunneling characteri
tics reflects primarily the quasiparticle DOS. The same c
clusion was recently drawn from measurements37 on
La0.7Ca0.3MnO3 where substantial correlations in the Mnd
band exist.

We stress that the increase of DOS at low temperature
only in the correlatedd part, and that this is not in contra
diction to the approximately activated behavior of the bu
electrical conductivity~resistivity!. The latter involves the
thermodynamic DOS and will be very sensitive to the gap
thec-partial DOS. Tunneling~or photoemission! as a single-
particle process, has a quite different relation to the therm
dynamic DOS, especially in strongly correlated materials

Finally we address the apparent increase of spec
weight upon formation of the peaked quasiparticle DOS
low temperatures. It is likely that the DOS is taken from hi
energies that lie outside the experimentally accessible en
window of our tunneling measurements in analogy to
missing spectral weight in optical reflectivit
measurements.20 In the periodic Anderson model, the fu
energy width over which thed-partial DOS is found to
change is set by thec-band width and the interaction ene
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gies, both of the order of eV’s and much larger than our b
voltage range.

IV. SUMMARY

In summary, we have investigated FeSi single crystals
electron tunneling spectroscopy. The appearance of two
tinct peaks in the tunneling conductance mainly bel
200 K, which are separated by an indirect gap of'50 meV,
could be ascribed to the formation of a quasiparticle DOS
interacting d electrons in agreement with photoemissi
spectroscopy. In contrast to tunneling and photoemiss
optical reflectivity measurements do not probe the quasi
ticle excitations but detect the direct band gap seen by c
duction electrons. Its onset temperature and evolution w
decreasing temperature is very similar to that of the qu
particle DOS. This suggests that both gaps, direct and i
rect, have the same origin, while the indirect gap appear
be slightly smaller than the direct gap. None of the spec
scopic results is in agreement with a conventional semic
ductor description. Instead the underlying physics of F
seems to be described within a Kondo insulator model wh
strong electron correlations are taken into account.
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APPENDIX: TUNNELING THROUGH A SCHOTTKY
BARRIER

Here we present some details of the analysis of the da
Fig. 2 in terms of tunneling through a Schottky barrier. E
pecially, we will discuss the strongly nonlinear conductan
arising from such a barrier, and show that a simple mo
can fully describe the experiments at high temperature.

The basic band picture of a metal-semiconductor con
is sketched in Fig. 5. Band bending occurs in the semic
ductor near the interface, driven by the difference in wo
function between the two materials and the adjustment of
chemical potentials. The bending leads to a transfer of cha
to the metal, leaving, in ann-type semiconductor, a pos

FIG. 5. Metal~M!–semiconductor~S! contact with a bias volt-
age (U) applied in the forward direction.EC represents the
conduction-band edge of the semiconductor with its chemical
tential mS and depletion layer widthsb . The barrier heightEb is
measured from the chemical potentialmM of the metal.
s
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tively charged space region. Sufficiently high doping of t
semiconductor~also appropriate for the case of FeSi! places
it on the metallic side of the Mott transition and shifts th
chemical potential above the lower conduction-band ed
The ensuing tunneling barrier has a transmission factor
differs from MIM barriers since not only the mean height b
also the width of the barrier depends on the bias voltage.
tunneling problem for a parabolic shape on the semicond
tor side was solved exactly by Conleyet al.38 In this model,
the barrier widthsb(U) is given by

sb5A2e~Eb1ms2U !

e2Nd

, ~A1!

with e the static dielectric constant of the material,Nd the
donor density,Eb the barrier height as measured from t
metal chemical potential (mM), mS the semiconductor
chemical potential, andU the bias voltage, defined in such
way that forward biasing lowers the barrier seen from
semiconductor; this corresponds to positive~tip! bias in our
measurements. As we will see below, the appropriate va
for Eb1mS to describe the measurements is about 5.3
together with values of e'200e0 from optical
measurements22 and Nd'1028/m3 from Hall effect
measurements,39 we find a barrier widthsb(0) of about 3
nm. This is a high but thin barrier, and it ensures that tu
neling is the important contribution to the current, rather th
thermionic emission over the top of the barrier. For this ca
simplified expressions for the transmission factor and
tunneling current were given by Padovani and Stratton.40,29It
turns out that~in the tunneling case!, the current can be ex
pressed as

I 5C0 I s~U,T! eeuUu/E00, ~A2!

with C0 a constant,I s(U,T) a very weakly voltage- and
temperature-dependent prefactor, andE00 an energy charac
teristic for the semiconductor, given by

E005
e\

2
A Nd

em*
. ~A3!

Here,m* is the effective mass of the tunneling electron;
other symbols have their usual meaning.

In order to compare this with the measurements, Fig
shows the spectrum taken at 300 K in a semilog plot, alo

-

FIG. 6. Tunneling spectrum taken at room temperature~solid
curve! with a linear fit ~dashed line! to the logarithm of the high
bias part above approximately 150 meV.
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with a linear fit to the high bias regime, corresponding
neglecting the bias voltage dependence ofI s . Clearly, devia-
tions only occur below about 150 mV; above that, we fi
E00'0.1 eV. Substituting this value in Eq.~A3!, with e and
Nd as given above, we findm* '1.7me , indicating that the
tunneling electrons in this regime are mainly uncorrela
conduction band electrons. Note that a value of 0.1 eV
E00 is significantly higher than usually found for semico
ductors, which is essentially due to the small depletion
gion.

Taking now the full expression forI s(U,T) from Ref. 29,
we can fit the measurement over the whole voltage range
shown in Fig. 7 for the current@Fig. 7~a!# and the differential
conductance@Fig. 7~b!#. The additional parameters in the fi
are Eb'5 eV and mS'0.3 eV. The value for the barrie
height is quite large, which is probably due to the sm
contact or a small additional vacuum gap. The model co
be applied to the data without the need to incorporate
additional resistance due to a vacuum gap in series with
Schottky barrier. This means that in spite of the scann
possibility, which excludes a mechanical contact, the ac
tip-sample distance is very small. With these same par
eters and by only varyingT, we can calculate the spectra fo
170 K and 4 K. The results are also shown in Fig. 7. T
effect of decreasing the temperature is to shift the differen
conductance downwards, while the slope in the semilog
remains constant. Qualitatively, the experimental spectr
high bias show the same behavior. Quantitatively, the h
bias conductance can be reproduced down to about 15
Below this temperature the measured values become lo
than the calculated ones, with a difference of maximally 3
at 4 K. Also, the onset of deviation from linearity shifts
higher bias, emphasizing the growing importance of
density-of-states effects. For the calculation of the transm
sion factor in Eq.~2! we usedC0 in Eq. ~A2! as a fit param-
eter rather than as a constant~fixed at 300 K! in order to shift
the calculated spectrum onto the measured one at high
J
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However, this implies an even larger inaccuracy when ca
lating the renormalized conductance near zero bias since
measured data are divided by very small numbers. Our
based on the above theoretical expressions29 are most impre-
cise at very low energies and generally tend to underestim
the measured value. Therefore, around zero bias and in
the gap the renormalized values are too high. In contrast
peaks are nicely represented since they are located at
gies where the Schottky barrier model yields a good desc
tion of the transmission probability.

FIG. 7. Experimental tunneling spectra~solid curves! and cal-
culated spectra~dashed curves! using the Schottky barrier model fo
~a! current vs bias voltage and~b! differential conductance vs bia
voltage. The temperature of the experiments is indicated in
plots. The same temperature was used for the calculations: 3
~top!, 170 K ~middle!, 4 K ~bottom!.
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