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Unconventional Charge Gap Formation in FeSi
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We report the first infrared and optical measurements of the absolute conductivity of FeSi. Above

200 K the ac conductivity of FeSi resembles that of a dirty metal, while at low temperature most of the
conductivity below 60 meV is depleted, consistent with an energy gap of that magnitude. Thus in con-
trast to what is expected from a picture based on simple thermal activation, the gap disappears at a tem-

perature which is low relative to its size. Moreover, the spectral weight lost below the gap does not reap-

pear just above the gap, but is instead distributed over an energy range of order eV.

PACS numbers: 71.28.+d

FeSi is a nonmagnetic narrow gap semiconductor [1]
with unusual features that it shares with a class of rare
earth compounds known as hybridization gap semicon-
ductors or Kondo insulators [2]. At low temperature, the
electrical resistivity p(T) and magnetic susceptibility
g(T) of FeSi follow thermal activation laws characteristic
of barriers of order 0. 1 eV. At higher temperature
(T~ 300 K) p(T) rises slowly with T, as in a metal, and
g(T) passes through a maximum near 500 K [1]. If a
Curie-Weiss description is used for g(T) above its max-
imum, then the eA'ective moment per Fe is several Bohr
magnetons. While local density functional band structure
calculations [3] yield a semiconducting gap of roughly
the correct size (-0.1 eV), they cannot account for the
large magnitude of g(T) [4,5], nor the result that the
substitution of as little as 10% of the Fe by Co yields a
magnet with helical spin order [6]. Thus with regard to
spin fluctuations there are substantial discrepancies with
conventional band theory. A question which naturally
arises is whether an examination of the charge fluctua-
tions would yield similar discrepancies. We have thus
performed infrared and optical reflectivity measurements
to establish the temperature dependent evolution of the
charge fluctuation spectrum of FeSi. While a number of
rare earth and actinide-based Kondo metals and semicon-
ductors have been characterized in this way [7-10], these
are the first such measurements on FeSi. Two aspects of
our data are particularly unusual and interesting. The
temperature dependence shows a disappearance of the
gap at lower temperature than would be expected based
on a simple thermal activation picture. Even more strik-
ing, the spectral weight lost on gap formation at low tem-
perature is spread over an energy range of order eV
(—30 times the gap). In this sense, band theory fails
spectacularly, even though it yields roughly the correct
value for the infrared gap.

The samples investigated were single crystals of typical
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FIG. 1. Magnetic susceptibility g, the resistivity p, and the
integral of the infrared conductivity from 0 to 500 cm ', n/m*,
are shown as a function of temperature for cubic FeSi. The
solid curves in parts (a) and (b) are activated forms, as de-
scribed in the text.

size 2x2X2 mm, grown by vapor transport. Figure 1

shows the magnetic susceptibility g(T) and resistivity
p(T) measured for crystals of the same type used in the
infrared study. The solid lines represent the activated
forms, g(T) =(C/T)e ' and p(T) =poe ', with

6~=650 K and 8~=695 K; p0=0.04 mQcm and C=1.8
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emu K/mole. The Curie constant C is that associated
with g=2 and s= 2, which might occur for a d ion
such as Fe+ [11]. The high quality of our crystals is

demonstrated by the large resistance ratio, p(1.2 K)/
p(300 K) —10, and the small size of the low tempera-
ture Curie tail in g(T), which corresponds to 0.2% of spin

impurity per formula unit.
Near normal incidence reAectivity measurements of the

cubic FeSi crystals were performed using a scanning in-
terferometer for the 50-5000 cm ' range, and a grating
spectrometer for the near infrared and visible range
(2000-25000 cm '), as described previously [12]. The
samples were abrasively polished using water as the lubri-
cant, and mounted in a circulating He cryostat, in which
all the reflectivity measurements were performed without
breaking the sample vacuum. An evaporated Ag film im-
mediately adjacent to the sample was used as a reference.
The sample and reference were mounted on a stable mov-

ing arm, with which their positions could be reproducibly
interchanged within each temperature and frequency
range. The absolute accuracy with this technique is
about 1%, however, the precision for measuring tempera-
ture dependent changes in R is better than 0.3%. Repeat-
ed cycling of the temperature from 20 to 250 K was em-
ployed to probe for temperature dependence up to 20000
cm

In Fig. 2, the infrared reflectivity, conductivity
[0 i (cu) ], and dielectric function [ei (co) ] of an FeSi crys-
tal are shown for temperatures of 20 and 250 K up to
8000 cm '. Figure 3 shows the temperature dependence
of the reflectivity and of oi(ro) at low frequency, as well

as the indefinite integral of oi(ro), n(ro)/m*. Note the
excellent correspondence between the low frequency in-
frared conductivity and the dc values [from Fig. 1(b)]
shown by the symbols along the ro =0 axis in Fig. 3(b).

The conductivity data are obtained by Kramers-Kronig
transform [13] using reflectivity data from 80 to 22000
cm '. At low frequency, terminations with R = 1

—aco' or R =const are matched to the data. These ter-
minations have a negligible effect on the data above
—120 cm '. The method of high frequency termination
is more significant, and as such we have explored a wide
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FIG. 2. Measured reflectivity, the real part of the conductivi-
ty ai(co), and dielectric function ei(cu) of FeSi are shown as a
function of frequency at 250 (long dashes) and 20 K (short
dashes) (10000 cm '=1.25 eV).
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FIG. 3. Infrared reflectivity R, conductivity a&(co), and the
integral of the conductivity from 0 to ro, n(cu)/m*, are shown as
a function of frequency for T=20 (solid), 100 (dashed), 150
(dotted), 200 (dot-dashed), and 250 K (solid) for cubic FeSi.
The symbols at co=0 show the measured values of au, [from
Fig. 1(b)] for the same temperature sequence. The inset shows
the difference between n( )/am'* at 250 and at 20 K (solid
curve). The dotted curve shows the effect on n(co)/m* shifting
the 20 K reAectivity data by +0.5%.
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variety of possible terminations and analyzed their eAects
on the data. To avoid pathological cases, we restrict our
attention to extensions of the data which correspond to a
conductivity in the ultraviolet comparable (within a fac-
tor of —2) to that of elemental transition metals such as
Fe or Ni [14,15]. This is appropriate since the UV tran-
sitions involve core levels, and are little inAuenced by en-
vironment or banding effects [13]. We find that the abso-
lute value of the conductivity shows some dependence on
the termination (primarily above 10000 cm '). Howev-

er, the juxtaposition of the conductivity spectra at dif-
ferent temperatures, which embodies our central results,
is unaff'ected by the choice of termination.

At 250 K, the absence of a sharp Drude peak at the
origin distinguishes FeSi from elemental transition met-
als, where od, is typically —100000 0 'cm ' at room
temperature. The conductivity thus resembles that of a
dirty metal; however, to account for the low conductivity
by ordinary disorder (elastic scattering) would require an
elastic mean free path of about 0.5 nm (assuming one
carrier per Fe). This is unrealistic given the high quality
of our crystals (—1 defect per 500 FeSi pairs). The data
instead suggest that strong inelastic scattering is limiting
the conductivity, as it does at high temperatures in rare-
earth based heavy fermion metals [9] due to the strong
carrier-moment interaction.

At low frequency the characteristics of gap develop-
ment are observable in both the reAectivity and ai(co) at
low temperature (Fig. 3). One also notices that the pho-
non related features in the reflectivity become increasing-

ly prominent as the metallic screening disappears at low

temperature. At 20 K the conductivity is very small
below 500 cm ', and there is a dramatic onset of absorp-
tion between 500 and 700 cm '. The dielectric function
c~ (co) rises to a very large value ( —300) at low frequen-

cy and temperature, which is primarily the residue of the
—500 cm ' (60 meV) gap feature in cri(co). The peaks
in cr~(co) at 205, 332, and 466 and possibly 820 cm
which are particularly easy to see at low temperature due
to the lower noise level in ai(co), are due to direct ab-
sorption by infrared active optical phonons. The strength
of the 332 cm ' mode is unusually large, as discussed
below.

From these data we estimate a characteristic energy
scale for charge excitations of 500 cm ' (60 meV),
which is the frequency at which the steeply increasing
part of a~(co) extrapolates to zero [Fig. 3(b)]. Thus we

ignore the tail on cr~(co) extending to lower energy, which

may be associated with impurities and/or absorption due
to an imperfect surface. The activated behavior of pg,
suggests that it is appropriate to associate the 500 cm
threshold (—700 K) with a gap in the charge Auctuation
spectrum at low T. The filling and disappearance of the
gap occur at a lower temperature than would be expected
from simple thermal activation, since the gap is about
700 K, and has mostly filled in by 200 K. Such a high ra-

tio of the characteristic energy to temperature (—3.5) is
suggestive of collective behavior. The gap disappears en-
tirely near 300 K, which is roughly the temperature
where the slope of p vs T becomes positive. One thus ob-
serves in both the resistivity and the infrared conductivity
a departure from activated behavior at a surprisingly low
temperature. This is the first experiment which explores
the disappearance of a gap as a function of temperature
in a semiconductor, thus a comparison to actual data
from a conventional semiconductor is not possible.

One can, however, compare our results for FeSi to
what would be expected for conventional semiconductors.
There, thermally excited carriers provide free-carrier con-
ductivity in the gap at high temperature, and also block
interband transitions into the states above the gap (which
are now partially occupied) thereby reducing the conduc-
tivity above the gap [13]. The intensity associated with
transitions from states just below the gap, which are par-
tially unoccupied, is similarly reduced. With increasing
temperature, a decrease in the conductivity above the gap
compensates for the increase in the free-carrier conduc-
tivity. An infrared sum rule, which requires that the in-
tegrated area under a~(co) must be unchanged, is thus
satisfied [13]. The expectation for a conventional semi-
conductor is that this shifting of spectral weight primarily
occurs with a frequency range of order several times the
gap. Thus the integral of cr~(co) from co =0 to a frequen-
cy of order several times the gap should be nearly in-
dependent of temperature.

For FeSi it is apparent in Figs. 2(b) and 3(b) that the
modest conductivity increase just above the gap does not
compensate for the conductivity missing from the gap re-
gion at low temperature. That c~ (co) is large and positive
[Fig. 2(c)] establishes that the "missing area" is not
shifted to low frequency, as occurs for a superconductor.
(The reAectivity in our measurement range would be no-
ticeably influenced if more than —5% of the area were
shifted to low frequency. ) In Fig. 3(c) the integrals of
o~(co) are nearly parallel between about 700 and 2000
cm, indicating very little recovery of missing area in
this frequency range. The inset in Fig. 3(c) shows the
difference between n( )/corn* at 250 and at 20 K. This
quantity diminishes gradually with increasing frequency,
indicating a slow recovery of the missing area at suf-
ficiently high energy. The growing error bars reOect the
numerical uncertainty associated with the fact that
Sn(co) is obtained from the integral of the difference be-
tween two large numbers. The dotted curve shows the
eA'ect of shifting the 20 K reAectivity upward by 0.5%
with respect to the reAectivity at 250 K. Because of these
systemic uncertainties, our data are consistent with a
recovery of the missing area by a frequency of ~ 16000
cm ' (2 eV).

Both the broad form of the high temperature conduc-
tivity and the observation that one needs to go to unusual-
ly high frequency to satisfy the conductivity sum rule
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suggest that the physics of FeSi involves an energy scale
much larger than the gap energy. This higher energy
scale could be associated with an electron-electron repul-
sion energy or a conduction bandwidth, which are typical-
ly of order several volts for 3d bands. In heavy fermion
compounds, the strong scattering (near unitarity limit) of
carriers by local moments produces a similarly broad con-
ductivity spectrum [9,10] at high temperature (above
TK,„d,), and a coherent metallic state forms at low tem-
perature. A well-known feature of the Kondo problem,
which is at the root of the heavy fermion phenomenon, is
that the ground state wave function describing the screen-
ing of the local (Kondo) moment includes contributions
from the entire conduction band. Thus the observation
that the disappearance of the magnetic moments in FeSi
coincides with extensive rearrangement of the charge
Auctuation spectrum is consistent with a Kondo lattice
picture for FeSi.

Based on the similarities between the temperature
dependence of the magnetic susceptibility and integrated
conductivity, shown in Figs. 1(a) and 1(c), it is reason-
able to associate the missing spectral weight due to
charge gap formation with the magnetic moment lost on
cooling. The result that the moment is derived from or-
der 1 electron suggests that we associate the missing area
with approximately one carrier. The missing area of
—0.02 carriers/FeSi would then imply a carrier effective
mass of order 50, which is substantially larger than the
m* =5-10 from band calculations [3].

Another interesting aspect of the infrared data is the
strength of the infrared active phonons. Particularly for
the phonon at 332 cm ', the integrated area under the
peak in oi(ta) is quite large. Strong phonons have also
been observed in heavy-fermion-valence Auctuation com-
pounds such as URuzSiz and CePd3 [7,9, 10,16], where
optic phonons at 105 and 118 cm ' exhibit strengths of
approximately 1000 and 600 cm ', respectively. For
comparison, the most intense well-known infrared active
phonon occurs in the classic ionic compound MgO at a
frequency of 400 cm ' with a strength of =1000 cm
[17]. Phonons of comparable strength have also been do-
cumented in cuprates [18]. In the present work, the pho-
non at 332 cm ' has a strength of 1300 cm ', which
suggests a highly ionic character for FeSi, as well as phe-
nomenological similarity to CePd3 and URupSip. Such a
localized (ionic) character is also indicated by the Curie-
like high temperature susceptibility, an aspect FeSi also
shares with CePd3 and URuzSiz.

In summary, we have studied the infrared re[]ectivity
and conductivity of FeSi, which exhibit characteristics of
a poor metal above —200 K, and of a small gap semicon-
ductor for T~100 K. The gap disappears at unusually

low temperature relative to its size; moreover, the conduc-
tivity that is displaced from the gap region does not ap-
pear just above the gap, but is instead spread over more
than 1 eV. Our experiments demonstrate that an ordi-
nary semiconductor picture can no more account for the
charge response than for the spin response of FeSi. Tak-
en together, and noting similarities to heavy fermion sys-
tems, the anomalous charge and spin behavior suggest
that a Kondo insulator description is more appropriate for
FeSi.
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