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Tunneling spectroscopy on the correlation effects in FeSi
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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 conductadbe V), 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 bymseudggap of ~50 meV. Our observations can be
ascribed to the formation of quasiparticle density of states causetidbgctron correlation. The tunneling
spectra are in good agreement with photoemission spectroscopy as both techniques probe the correlated
d-electron density of state®0S). Our results are also consistent with optical reflectivity data and Raman
spectroscopy, which, in contrast, are sensitive to the conduatjpeléctron DOS[S0163-1828)08248-4

[. INTRODUCTION hybridization of the conduction band with &fevel leads to
For more than half a century the cubic transltlon-metala S".O.”g renormahzauon of the b_ands at the edges of _the
i . : hybridization gap around the Fermi energy. Due to the strik-
compound FeSi has provoked continuous interest due to its’ =~ =~ =" . <= : . ;
; ) . . Thg similarities in the physical properties between FeSi and
unusual and still unexplained magnetic and electronic . : 1819 = )
. . - . so-called “Kondo insulators,™"” it is tempting to place
properties: One of the most striking features is its magnetic

- S . FeSi in the latter class of materials, originally comprising
susceptibility, which rises nearly exponentially up to a tem- . .
erature of approximately 500 K, where it exhibits a broadOnly rare-earth compounds, with the Fd 8lectrons taking
P ' over the role of the hybridized rare-eartli dlectrons.

maximum, and for still higher temperatures, decreases obey-" _ . . . .

. . . N . . Evidence for the importance of correlation effects in FeSi

ing a Curie-Weiss lavf.The intrinsic magnetic susceptibility, . . -
at low temperatures first came from optical reflectivity

from which a paramagnetic Curie-tail has been SUbtra&:md’measuremenfé) Those indicated the existence of a charge
vanishes below 50K, and the possibility of a transition to . R . ) . 9
p in FeSi that, however, is mostly filled in at a lower

antiferromagnetic order at high temperatures has been rul . o
. ) 57 . 527<:  temperature than is expected from thermal activation pro-

out by neutron diffractior},the >’Fe Mcssbauer effect? 2Si . . ) .
NMR 38 and . * SR (Ref. 7) measurements. Therefore, alter- cesses in an ordinary semlconductqr. Als_o,_the electronic
native reasons for this nonmagnetic behavior must be sougﬁpectraI weight removed by the gap is re@stnbuted overan
in the formation of a spin gap or in the disappearance of "€r9y range much larger than the gap size.
local moments due to, e.g., spin fluctuations or a high/low !N this work we present for the first time the results of
spin transition. The electrical resistivity at room temperaturee!€ctron tunneling experiments on FeSi. Tunneling spectros-
is high (=~200.0 cm), as for a dirty metal, and rises several COPY is able to probe charge excitations and their tempera-
orders of magnitude upon cooling, indicating a narrow gagure dependence. Therefore, we compare our results with re-
semiconductor. Even though conventional band-structuréent photoemission experimefits optical reflectivity;®??
calculation&® yield an indirect semiconducting gap that and Raman-scattering dethour interpretation of the results
could be responsible for the thermally activated behavior obf these different spectroscopic techniques will be based on a
the resistivity at low temperatures, they are not able to acmodel for spectroscopies of correlated electron systems, re-
count for other experimental observations. cently presented by Rozenberg, Kotliar, and Kajuétdn

Several theoretical models have been suggested to explaihis model, FeSi is treated in the framework of the periodic
the unusual temperature dependence of the susceptibilitAnderson lattice, which leads to a distinction between the
These include the many-body theory of thermally inducedresponse of the conductiog)( electrons which form a wide
spin fluctuation®~*2where magnetic moments become ther-band, and the more localized and correlateglectrons. The
mally activated and eventually saturate at high temperatures:-electron partial DOS shows the opening of a gap, accom-
approaching local moment behavior with a Curie-Weiss suspanied by the formation of strong and narrow quasiparticle
ceptibility. Neutron scattering experimehts* have con- bands. A gap also evolves in titaermodynamigc-electron
firmed the concept of temperature-induced magnetism, anpartial DOS upon lowering the temperature, which is probed
the low-temperature noninteracting quasiparticles. Howeverspecially by optical reflectivity and which also strongly af-
this theory as well as more phenomenological single-electrofects the transport and thermodynamic properties. We argue
approachés'® need to assuma priori the existence of two that single-particle tunneling is particularly sensitive to the
narrow bands at the gap edges of a broad semiconductorlikeorrelatedd-electron states, and that our foremost observa-
background density of staté®OS) in order to properly de- tion is the formation of these narrow bands. This makes tun-
scribe magnetic and transport properties. Such a model DOSeling spectroscopy a powerful technique, complementary to
is justified in a Kondo insulator descriptiit’ where the optical spectroscopy.
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small localization length, but the variable range hopping
model cannot be applied rigorously because of the electron
correlation effects to be discussed below. Also at the high
temperatures there are several problems. The fit is not very
satisfactory around and above room temperature, because the
resistivity actually starts tdncreaseagain with increasing
temperaturé® the value ofAg is much too large to be ex-
plained by nearest-neighbor hopping in a localized semicon-
ductor; nor can it be simply taken as a measure for the semi-
conducting gap: both the optical reflectivity data and the
tunneling measurementsee below show that the use of a
temperature-independent gap does not capture the essential
physics of FeSi.

The magnetic susceptibilityFig. 1(b)] shows the typ-
ical and gradual falloff below 400 K along with a rise at low
temperatures, which obeys the Curie-Weiss |a{T)
=xot+C/(T—0O) and is attributed to paramagnetic
impurities.3 It became clear from NMRRef. 6 and u* SR
(Ref. 7 measurements that the magnetic susceptibility at low
temperatures has a different origin than that at high tempera-
tures. This is because plots @ff SR Knight shift versus
susceptibility reveal a different slope for both temperature
regions while the line shape of tHéSi spin-echo spectrum

FIG. 1. (a) Electrical resistivity vs temperature of an FeSi single Changes from asymmetric to symmetric on going from low to .
crystal on which tunneling and optical reflectivity measurementshigh temperatures. In our case the low-temperature suscepti-
were performed. The solid line represents a fit to the data point®ility could be attributed to approximately 0.3 at. % mo-
(circles using a combined model of variable range hopping andments of &g with a paramagnetic Curie temperature of
thermal activation(dashed linesas described in the text. Inset: about® =—14 K. The magnetization versus field at 2K ex-
semilogarithmic plot of the resistivity vs inverse temperatyt.  hibits a narrow hysteresis loop in external fields below 0.1 T.
Magnetic dc susceptibility vs temperature in a field of 0.1 T. TheThe maximum magnetization of this irreversible part could
experimental datgcircles at low temperatures have been fitted be accounted for by only 20 ppm of free Fe ferromagnetic
with a Curie-Weiss lawsolid ling). The corrected datéstarg after ~ moments with 3uz. However, the magnetization does not
subtraction of the Curie-Weiss tail represent the intrinsic susceptisaturate at higher fieldsiot shown but increases linearly up
bility of FeSi. to 5 T, corresponding to a susceptibility of X80 8 m3/kg.

This indicates spin-fluctuating moments instead of paramag-

Il. EXPERIMENTS netic ones. After subtraction of the Curie-Weiss tail the re-

maining magnetic susceptibility, which is believed to be
intrinsic? vanishes at low temperatures. Thermally activated

We have investigated single crystals grown from the stosusceptibility begins below room temperature andTitsur-
ichiometric melt either by the floating zone method using avature smoothens to approach the expected peak around
light image furnace in a purified argon atmosphere or by £00K= The high resistivity ratiop(T—0)/p(300 K)~2
modified tri-arc Czochralski methdd. The cubic crystal X 10° together with the small amount of magnetic impurities
symmetry of FeSi, a distorted rocksalt structure, was con-indicates good sample quality.
firmed by x-ray diffraction. Electron-probe microanalysis
showed a stoichiometric and homogeneous single phase.

The electrical resistivityFig. 1(a)] increases by typically The tunneling measurements were carried out by means
five orders of magnitude on cooling from room temperatureof a scanning tunneling microscop8TM) that allowed the
to 0.1K. The absolute value of the resistivity saturates belovadjustment of both the tunneling resistar(bgpically 1 nA
1K and is sample dependent due to minor imperfections ourrent at 0.4V bigsand the position on the sample surface
the crystaﬁ The temperature dependence, and especially th@here thel-V spectra are recorded. We will discuss the
weak shoulder around 60 K, cannot be described by a singlgrobable type of contact below. An electrochemically etched
mechanism. The best fit is obtained by using an expressiotip from gold, silver, or platinum wire served as a counter-
for variable range hoppingp(T)=<exf(To/T)¥*]} for the  electrode to which the bias voltage was applied. Immediately
low-temperature regime and semiconductorlike thermal actiprior to mounting the sample, the single crystals were
vation[ p(T)«exp@r/2kgT)] at higher temperatures. Fitting cleaved in order to obtain a clean surface with arbitrary crys-
the data with a temperature-independent gap yields values @dllographic orientation. In most case#) situ cleaved
AR=830 K andT,~10° K. We should stress here that this samples showed smoother surfaces than samples that were
description in terms of variable range hopping and thermamechanically polished. By changing the positions of the tip
activation is purely phenomenological, intended to paramover the surface, even by several micrometers at low tem-
etrizep(T) for comparison with other data. For instance, theperatures, it was proven that the/ spectra are independent
value forT, is sample dependent and probably a measure foof the actual location, thereby demonstrating the homogene-
the residual disorder; its high value would lead to a veryity of the tunneling barrier. This represents an improvement
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B. Tunneling spectroscopic measurements
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One possible concern in measuring such high resistivity
samples is that the bias voltage is not only applied over the

1 tunneling barrier, but also over part of the sample, leading to
10 . e ! :
— distortedl -V characteristics. This can occur especially when
cg the current distribution in the area immediately below the tip
is inhomogeneous, e.g., due to the presence (rain-
N h due to th (raf
kS conducting grain boundaries, microcracks, or strongly lay-
o ered structureghigh-T. materials are a good example of the
10 latter). Signatures of such problems are irreproducible results

at different positions on the surface or on different samples.
Our data proved highly reproducible, probably because the
samples were single crystals with a homogeneous and isotro-
-400 -200 O 200 400 pic structure. Furthermore we did not observe any changes in
bias [mV] the differential conductance for different tip-to-sample dis-

FIG. 2. Differential conductance curves of an FeSi-Au tunneltances’ corresponding t‘? tunneling r,eS'Sta”Fes between
junction at different temperatures between 4 K and 300Garre- 300 M and 1.2 @) normalized at 0.4 V bias. This makes us

sponding temperatures of the curves from top to bottom at higtfonfident that the resistance of the tunneling barrier was
bias: 298K, 287K, 234K, 204K, 198K, 191K, 176K, 172K, much larger than the series resistance of the sample volume
164K, 146 K, 134K, 122K, 105K, 59K, 4 K. below the tip. For a more detailed description of the data
analysis in the presence of a Schottky barrier we refer to the

compared to preliminary STM attempton FeSi, where the - Appendix. Also discussed there is the temperature depen-
tunneling curves did depend on the surface position. Thergence of the differential conductance. In essence, lowering
the surface was cleaned by Aon etching but not brokeim  he temperature lowers the conductance, but the slope in the
Situ. _ _ _semilogarithmic plot of conductance versus bias voltage re-
Figure 2 shows differential conductance spectra at VarioUgains constant, as seen in Fig. 2 above about 400 mV. The
temperatures between 4K and room temperature. The désep oy barrier model, therefore, explains the conductance

rivative d1/dV was numerically calculated from the mea- .4 high bias, for all temperatures, in terms of the bias depen-

sured voltage-current curves. A positive bias voltage mean . o o

electrons tunneling preferably from FeSi into the tip. Thefgntcoe ;{;}?ﬁa?:r{r'g g]jafgzngsfs'tﬁg ffa);?irérTng]S tlrrl]etur;ne:!S\rlgj
rapid exponential increase of the conductance with bias volt= t all volt by followi h similar to th
age is different from what is usually found in metal- CUTVES atallvoitages by foflowing an approach simiiar to the

insulator-metalMIM ) junctions(with the insulator either an one first suggested by Stroscgsﬁnd co-Work_ers for spectros-
insulating material or a vacuum gapvhere the behavior at copy on semmondyctor surfaces.”An approx_|m_ate _ex%%s-
low bias is Ohmic. Rather, it is reminiscent of tunneling SIon for the tunneling current from a small tip is giverrby

through a metal-semiconductor junction and the formation of eV
a Schottky barrief’ In such a junction, charge is transferred | = Cf p(E)D(E)dE, 1)
from the semiconductor to the metallic tip, leaving a deple- 0

tion region in which the electrostatic potential varies qua-yith c a constantp(E) the local density of states, amy E)

dratically with distance from the interface. For a degeneratgne transmission probability. The differential conductance
(highly doped semiconductor the Schottky barrier acts asinen is

tunneling barrier. Since the thickness of the depletion layer

decreases with increasing applied voltage, the voltage depen-

dence of the barrier transmission is not negligible, leading to gy —Cr(eV)D(eV), 2
strong non-Ohmic behavior at relatively low bias.

The theory for thd -V characteristics of Schottky barriers showing that density-of-states features can be found from
is well developed’~?°In the case of FeSi, we find that the dividing the differential conductance by the transmission
spectra near room temperature can be fully described bprobability.
treating the material as a heavilydoped semiconductor, In our caseD(E) is given by the Schottky barrier and is
with very reasonable numbers for the different parameterully known at room temperature. At lower temperatures, we
involved. Furthermore, we find that the contribution of ther-can fit the Schottky barrier model to the high bias gaktove
mionic emission over the barrier can be neglected in com400 mV) of the measured curve and again obtBi(E) (see
parison to the contribution from the tunneling current, be-Appendix for details Dividing the measuredll/dV by
cause of the thin depletion region. This explains whylth¢ = D(E) then yields the density of states connected with the
characteristics are nearly symmetric instead of exhibitingunneling electrons. More accurately, it yields #fengein
rectification. The junction type appears to (wacuun tun-  this density of states with respect to room temperature. The
neling rather than point contact although the actual tipsesults are shown in Fig. 3.
sample separation is probably very small due to the presence Around 300K, the renormalized spectra are almost fea-
of the Schottky barrier. We infer this mainly from the two tureless, and display good agreement with the Schottky bar-
observations that the tunneling current is exponentially derier fit at all bias voltages. The salient feature of our tunnel-
pendent on the tip-sample separation and that topographiog spectra is their strong temperature dependence below
scanning is possible without noticeable dragging of, or damabout 200K. This is illustrated by the appearance of two
age to, the tip. distinct and narrow conductance peaks on either side of the
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dependence of the emission peak observed by Baet?!
with angle-resolved photoemission on single-crystalline
samples is not likely to be found by tunneling, because the
directionality of the tunneling process is mostly lost if one of
the electrodes is a semiconductor a semimetalas is the
case for FeSi, certainly at low temperatuté3hus, tunnel-
ing probes the quasiparticle DOS of FeSi, but integrated over
a larger angle than can be obtained with photoemission. This
partly explains our observation of a much broader peak in
comparison to the very small dispersion found by photoemis-
sion at optimum analyzer angle. Additionally, the quasipar-
ticle lifetime could be reduced due to scattering, e.g., at the
interfacial barrier, which would also lead to a broader peak.
In our tip-sample configuration the valence-band side of FeSi
-400  -200 -0 200 400 is mapped onto positive bias voltages, but our peaks, corre-
bias [mV] sponding to both valence and conduction bands, are approxi-
o _mately symmetric with respect to the Fermi level.

FIG. 3. Temperature dependence of the quasiparticle density of pis then suggests that the quasiparticle DOS is symmet-
states after renormalizing the differential conductance spectra i \yith respect to the Fermi energy. In that case, the size of
Fig. 2 by the appropriate Schottky barrier transmission fattee the gap inferred from the photoemission spectra is ca.
text). The spectra were taken at temperatures of 298 K, 287 KsomeV. From the tunneling spectra, we obtain an upper
234K, 204K, 198K, 191K, 176K, 172K, 164K, 146K, 134K, |imjt of 110 meV, by using the voltage difference between
122K, 105K, 59K, and 4K. the peak positions. Taking into account that the peaks in the

: ' . i quasiparticle DOS will not coincide with the gap edges and
Fermi level where a well-defined minimum forms, see Fig. 3.rather using the inflection points in the conductance rise, we

The dip at zero bias becomes increasingly more pronounceghd a gap width of about 50 meV. We take this as good
on lowering the temperature, but the conductance remaingyerall agreement between the two types of measurements.
finite. However, the tunneling data do not allow us to distin-Very recent photoemission measurements at room
guish, whether the dip is a gap or a pseudogap in the densitgmperatur® revealed the existence of both a flat and a dis-
of states, since imperfections in the barrileakage current  persive band near the Fermi energy, which could provide a
and noise-induced current might also contribute to a finiteconduction band crossing a localized electron level. This is
slope of the conductance at zero bias. Moreover, our normaprerequisite for the formation of a hybridization gap in a
ization method used to handle the exponential change of thiondo insulator.

(Schottky barrier tunneling conductance tends to overesti- Optical reflectivity experiment§®*?? performed on
mate the zero bias conductance at low temperatures. This wingle crystals were the first direct measurements which re-
will discuss in the Appendix. The main point is that the vealed the opening of a charge gap in FeSi. Schlesinger
absolute value of the renormalized zero bias conductancgt @l and Damascellet al™ essentially agree in their main
should not be considered as precise. If we view the raw dat@PServation, to wit, the gap disappears at a much lower tem-
in Fig. 2 we see that above 140K the zero bias conduc- Perature &200K) than would be expected for a conven-
tance increases on lowering the temperature whereas beldjgna! semiconductor with a gap size of 60 méRef. 20 to
~140K it decreases. We will return to this issue later on meV(Ref. 29 at low temperatures. Another unusual fea-

Meanwhile we refer to the dip as a gap. The main point to b ture that also suggests the presence of strong correlations in

discussed next is the origin of the formation of the conduc‘::':eSI s that the spectral weight expelled from the gap region

K d th in b | d i is spread over a frequency range more than 1eV above the
tance peaks and the gap in between. In order to accomplisih; * The results by DeGiorgit al®® are in disagreement

this, we will first compare the tunneling spectra of Fig. 3 0 yith those findings, but as was noted earlier their sample is
those obtained by other spectroscopic techniques. apparently more metallic and probably not representative for
the intrinsic behavior of FeSP. We, therefore, compare our
C. Comparison to other spectroscopic techniques results below to those obtained by Damascetlal > who
Photoemission experimefts® revealed not only an en- performed their measurements on the same high-quality
ﬁingle crystals that we used for tunneling spectroscopy.
ergy gap, but also a strongly temperaturg-depgndeqt PEaK In order to give an approximate description of the gap
near the band edge of the valence band in FeSi, which resqution with temperature, we adopt the integrated area un-
sembles our tun.nellng conductanqe peak at (pW;) blass:;s. der the quasiparticle DOS peaksee Fig. 3 as the distin-
From an analysis of the spectral line shape, Saébhl guishing parameter. With respect to other parameters, e.g.,
concluded that a large mass renormalization and the appeajeak heights, the area data show less scattering throughout
ance of a sharp peak in the quasiparticle DOS occur near thle numerous spectra taken on different samples and with
valence-band edge at low temperatures, probably due ftgifferent tip materials. Figure 4 shows the integrated peak
strong electron correlation. They found that the photoemisarea as a function of temperature. All data points follow one
sion spectra are dominated by the Kk artial DOS. This averaged curve, which evidences that the tunneling measure-
leads us to conjecture that it is the interactidgelectron ments are not significantly influenced by tip or sample de-
guasiparticle DOS which is responsible for the narrow peakgendent properties in contrast to resistivity or susceptibility
around the Fermi energy at low temperatures seen in botmeasurements. As can clearly be seen, the correlation effects
photoemission and tunneling spectroscopy. The large angulanainly develop below~200K and have approached their

renormalized di/dV
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conductivity. Ay, is still a pseudogap at elevated tempera-
tures with a finite but low DOS at the Fermi level, which is
indicated by both the Schottky barrier effect in the tunneling
characteristics and the negative slah@dT of the resistiv-
ity up to room temperature. As this gap in tbgartial DOS
300 develops upon cooling below 200 K, there is a more dramatic
effect whereby narrow bands of quasiparticles are formed
i due to the interactions, i.e., strong correlations, between the
d electrons and this causes a major change indtpartial
4 DOS. Two large peaks emerge at low temperatures above
and belowEg with a well-defined, steep minimum in be-
L > tween. Thus, an indirectpseuddgap A;,q appears in the
100 200 300 much larger and peakatipartial DOS. Within this theoret-
TK] ical framework we relate thd ;4 to the photoemission and
N tunneling spectra while only thAy, of the c-partial DOS
FIG. 4. Temperature dependence of the quasiparticle DOS aredn pe observed by the optical conduction since it is a pro-
under the renormalized conduction curvsse Fig. 3 for various cess without change of momentum. Note that angular re-
tunnel junctions between different FeSi single crystals and metal“%olved photoemission and tunneling spectroscopy are mo-

tips. The solid line serves as a guide to the eye. Inset: position of tthentum transferring processes and can def it A
center of the optical conductivity shoulder obtained from optical Ay,. From the theory of Rozenberg Kétliar Imj’;md
- 1 1]

reflectivity measurement&Ref. 22 performed on one of the same Kajuetef” A, is expected to be less thay, .

samples that were used for tunneling measurements. Therefore, our tunneling measurements are directly prob-

. . . ) ing the electronic excitation spectrum of the highly corre-
maximum amplitude below=50K. Plotted in the inset of |5teqd electrons. This appears valid not only for the peaked
Fig. 4 is the position of the center of the optical conductivity g ,cture at low temperatures, but also for the growth of the
shoulder versus temperature obtained from optical reﬂeCtinow-energyd-partiaI DOS at intermediate temperatures. Be-
ity measurements of Damascelétal®® Although this yeen 200K and 140K, the buildup of states at low bias

“gap” parameter is arbitrary, its temperature dependencccyrs faster than the development of the gap, in complete
compares well with the quasiparticle DOS area. It is ObV'OUSagreement with theoretical calculatiofs.

that the development of the direct charge gaptical con- From the same calculations, it is seen that the quasiparti-
ductivity) and the appearance of the quasiparticle DfI®- e (d-partia) DOS is a few times larger than the conduction
toemission and tunneling spectroscppgve the same onset gjeciron -partia) DOS and thus changes in thepartial
temperature. This indicates that both effects are related t§qg can pe expected to dominate in the tunneling charac-

each other and have a common origin. teristics. More significant, however, is the fact that the
A gap in the charge excitation spectrum has also beeg nartial DOS is the result of many-body correlation effects
found by electronic Raman scattenf'?gWhng Its variation qye to local Coulomb repulsipnvhile the conduction band
with temperature is in good agreement with the above rep,g g pstantially uncorrelated single-particle character. In the
sults, its size {94 meV) is estimated to be somewhat larger. |atter case, the tunneling current is only weakly sensitive to
We note that the observed substantial increase of Spec”@lensity-of-states effects, since a higlflewen DOS is can-
weight.above the gap could also be attributed to quasiparticlgg|ieq by a lowekhighej particle velocity, as pointed out by
excitations. The energy range of 0.3eV beyond the gapyarisorf4 and Wolf2” Therefore, the tunneling characteris-
which is covered by the excess of spectral weight at 10Wjcg reflects primarily the quasiparticle DOS. The same con-
temperatures, and the position of the maxima in the Ramarny);sion was recently drawn from measurem&nton

scattering intensity near 130 meV both are comparable to OYra, Ca, MnO; where substantial correlations in the Mn
tunneling spectra with respect to their energy and temperg; nq eX?st. 3

ture dependence. However, the electronic Raman scattering \ye stress that the increase of DOS at low temperatures is
differs from the optical conductivity where the spectral o)y in the correlatedi part, and that this is not in contra-
weight is not piled up in @ maximum just beyond the gap, buljiction to the approximately activated behavior of the bulk
is spread out over a much larger range of energy. electrical conductivity(resistivity). The latter involves the
thermodynamic DOS and will be very sensitive to the gap in
IIl. DISCUSSION thec;—partial DOS. Tunnelingor _photoemissi.ohas a single-
particle process, has a quite different relation to the thermo-
The connection between the peaks in the photoemissiodynamic DOS, especially in strongly correlated materials.
and tunneling spectra, on the one hand, and the gap mea- Finally we address the apparent increase of spectral
sured by optical reflectivity and Raman scattering, on theveight upon formation of the peaked quasiparticle DOS at
other, may be illuminated by a recent theory of Rozenberglow temperatures. It is likely that the DOS is taken from high
Kotliar, and Kajuetef’ based on the periodic Anderson energies that lie outside the experimentally accessible energy
model in a local impurity self-consistent approximation. Ac- window of our tunneling measurements in analogy to the
cording to this theory, which describes a possible scenarimissing  spectral  weight in  optical  reflectivity
for the physics of FeSi, the direct band gag, experienced measurement®. In the periodic Anderson model, the full
by the conductiong) electrons is merely a small dip without energy width over which thel-partial DOS is found to
peaks in thec-partial DOS, and can be detected by opticalchange is set by the-band width and the interaction ener-

©c o o ©
M D o ®

QP-DOS peak area [a.u.]
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FIG. 6. Tunneling spectrum taken at room temperatfisaid
FIG. 5. Metal(M)—semiconductotS) contact with a bias volt-  cyrye with a linear fit (dashed lingto the logarithm of the high
age () applied in the forward directionEc represents the pjas part above approximately 150 meV.
conduction-band edge of the semiconductor with its chemical po-
tential us and depletion layer widtls, . The barrier heigh€, is  tjvely charged space region. Sufficiently high doping of the
measured from the chemical potentia); of the metal. semiconductoralso appropriate for the case of Feplaces
, i ._it on the metallic side of the Mott transition and shifts the
gies, both of the order of eV's and much larger than our biaghemical potential above the lower conduction-band edge.
voltage range. The ensuing tunneling barrier has a transmission factor that
differs from MIM barriers since not only the mean height but
IV. SUMMARY also the width of the barrier depends on the bias voltage. The

In summary, we have investigated FeSi single crystals biunnelmg problem for a parabolic shape on the semiconduc-

. 38 .
electron tunneling spectroscopy. The appearance of two di or side was solved exactly by Conleyal.™ In this model,
tinct peaks in the tunneling conductance mainly below
200 K, which are separated by an indirect gap<@0 meV,
could be ascribed to the formation of a quasiparticle DOS of Sp= /26(Eb+'“s_ v) (A1)
interacting d electrons in agreement with photoemission €Ny '
spectroscopy. In contrast to tunneling and photoemission, . o ) ]
optical reflectivity measurements do not probe the quasipatith € the static dielectric constant of the materidll; the
ticle excitations but detect the direct band gap seen by corflonor densityE,, the barrier height as measured from the
duction electrons. Its onset temperature and evolution witn€tal chemical potential uy), ws the semiconductor
decreasing temperature is very similar to that of the quasicheémical potential, and the bias voltage, defined in such a
particle DOS. This suggests that both gaps, direct and indivay that forward biasing lowers the barrier seen from the
rect, have the same origin, while the indirect gap appears t§¢miconductor; this corresponds to posititig) bias in our
be slightly smaller than the direct gap. None of the spectromeasurements. As we will see below, the appropriate value
scopic results is in agreement with a conventional semiconfor Ex+ us to describe the measurements is about 5.3eV;
ductor description. Instead the underlying physics of Fesfogether —with values of e~200¢, from optical

seems to be described within a Kondo insulator model whergneasurement$ and Ng~10*Ym® from Hall effect
strong electron correlations are taken into account. measurement!, we find a barrier widths,(0) of about 3

nm. This is a high but thin barrier, and it ensures that tun-
neling is the important contribution to the current, rather than
thermionic emission over the top of the barrier. For this case,
We thank A. Damascelli, D. van der Marel, and J. Zaanersimplified expressions for the transmission factor and the
for stimulating discussions and B. Becker for resistance meaunneling current were given by Padovani and Strattailt
surements below 1K. turns out that(in the tunneling cagethe current can be ex-
pressed as

he barrier widths,(U) is given by
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APPENDIX: TUNNELING THROUGH A SCHOTTKY B Ul
BARRIER I=Cpls(U,T)e , (A2)

Here we present some details of the analysis of the data ifith Co @ constant|(U,T) a very weakly voltage- and
Fig. 2 in terms of tunneling through a Schottky barrier. Es-{€mperature-dependent prefactor, dfyd an energy charac-

pecially, we will discuss the strongly nonlinear conductancd®ristic for the semiconductor, given by

arising from such a barrier, and show that a simple model
can fully describe the experiments at high temperature. E _% [ Ng A3
The basic band picture of a metal-semiconductor contact 007 5 em* (A3)

is sketched in Fig. 5. Band bending occurs in the semicon-

ductor near the interface, driven by the difference in workHere,m* is the effective mass of the tunneling electron; all
function between the two materials and the adjustment of thether symbols have their usual meaning.

chemical potentials. The bending leads to a transfer of charge In order to compare this with the measurements, Fig. 6
to the metal, leaving, in am-type semiconductor, a posi- shows the spectrum taken at 300K in a semilog plot, along
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with a linear fit to the high bias regime, corresponding to a)
neglecting the bias voltage dependencé,ofClearly, devia-
tions only occur below about 150 mV; above that, we find
Eoo~0.1eV. Substituting this value in E¢A3), with € and
N4 as given above, we finth* ~1.7m,, indicating that the
tunneling electrons in this regime are mainly uncorrelated »
conduction band electrons. Note that a value of 0.1eV for 10
Eqo is significantly higher than usually found for semicon-
ductors, which is essentially due to the small depletion re- 10
gion.

Taking now the full expression fdg(U,T) from Ref. 29,
we can fit the measurement over the whole voltage range, as
shown in Fig. 7 for the currefiFig. 7(a)] and the differential
conductancé¢Fig. 7(b)]. The additional parameters in the fit
are Ey~5eV and us~0.3eV. The value for the barrier
height is quite large, which is probably due to the small
contact or a small additional vacuum gap. The model could
be applied to the data without the need to incorporate an
additional resistance due to a vacuum gap in series with the
Schottky barrier. This means that in spite of the scanning
possibility, which excludes a mechanical contact, the actual FiG. 7. Experimental tunneling specttsolid curves and cal-
tip-sample distance is very small. With these same parantulated spectrédashed curvesising the Schottky barrier model for
eters and by only varying@, we can calculate the spectra for (a) current vs bias voltage an#h) differential conductance vs bias
170K and 4K. The results are also shown in Fig. 7. Thevoltage. The temperature of the experiments is indicated in the
effect of decreasing the temperature is to shift the differentiaplots. The same temperature was used for the calculations: 300 K
conductance downwards, while the slope in the semilog plottop), 170 K (middle), 4 K (bottom.
remains constant. Qualitatively, the experimental spectra at
high bias show the same behavior. Quantitatively, the higitHowever, this implies an even larger inaccuracy when calcu-
bias conductance can be reproduced down to about 150 Hating the renormalized conductance near zero bias since the
Below this temperature the measured values become loweneasured data are divided by very small numbers. Our fits
than the calculated ones, with a difference of maximally 30%based on the above theoretical expresgibase most impre-
at 4K. Also, the onset of deviation from linearity shifts to cise at very low energies and generally tend to underestimate
higher bias, emphasizing the growing importance of thehe measured value. Therefore, around zero bias and inside
density-of-states effects. For the calculation of the transmisthe gap the renormalized values are too high. In contrast, the
sion factor in Eq(2) we usedC, in Eg. (A2) as a fit param- peaks are nicely represented since they are located at ener-
eter rather than as a constéfited at 300 K in order to shift  gies where the Schottky barrier model yields a good descrip-
the calculated spectrum onto the measured one at high biason of the transmission probability.

—— measured
— —calculated

diidV [nS]

500

ot

-500
bias [mV]
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