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Pressure-induced insulator-metal transition of localized states in FeSi1ÀxGex
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~Received 14 June 2000; revised manuscript received 11 September 2000; published 22 February 2001!

Resistivity measurements have been carried out in FeSi12xGex (x50.0, 0.05, and 0.20! in the 4–300 K
range under the application of pressure up to 6.4 GPa. The resistivity data between 100 and 200 K fit an
activated behavior yielding the measured transport gapD. The trends in the pressure variation ofD seems to
depend on the measured resistivity ratioR(4.2 K)/R(300 K) at ambient pressure. The observed behavior ofD
with increase in pressure is argued to arise from two competing factors that contribute toD, a decrease due to
shift in the mobility edgeEm towardEF and an increase due to changes in the electronic structure of the bulk.
A remarkable feature of the experimental results, however, is the drastic change in the temperature dependence
of conductivity s(T) in the 4–50 K range. In this temperature range, whiles(T) fits the variable range
hopping transport mechanism in pristine FeSi, significant deviation from such a fit is seen with Ge substitution
and under the application of pressure. The data in these cases fit better to power laws. A plot of the logarithmic
derivativew5d ln s/d ln T as a function ofT1/2 for various external pressures reveals thatw is a decreasing
function of temperature for low pressure and gradually becomes an increasing function of temperature at higher
pressures, in both FeSi and FeSi0.95Ge0.05. These results indicate that the localized states in the gap delocalize,
giving rise to an insulator to metal transition as a function of pressure. From the nature of the temperature
dependence ofw across the transition, it can be surmised that the insulator to metal transition in FeSi is
possibly continuous as in doped semiconductors.

DOI: 10.1103/PhysRevB.63.115103 PACS number~s!: 71.28.1d, 72.15.Qm, 72.20.Ee
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I. INTRODUCTION

The metal-insulator transition~MIT ! due to Anderson lo-
calization of electrons in disordered solids has been a sub
of intense research for several decades.1,2 It is now agreed
that metallicity is implied by the observation of finite co
ductivity asT approaches zero.3 Mott postulated that on the
metallic side the system should have a minimum meta
conductivity,4,5 and in this picture the metal-insulator trans
tion approached from the metallic side is discontinuous.
contrast, the scaling theory of localization,6 predicts that the
conductivity should decrease continuously to zero,
proached from the metallic side, according tos5s0(x
2xc)

n, wherexc is the critical value of the control paramet
andn is the critical exponent.6,7 The control parameterx that
drives the transition can be carrier concentration, exte
pressure, or external magnetic field7–9 as was shown in
P-doped Si. This phenomenon has also been observe
three dimensions in other doped semiconductors, viz., S
and Si:B.10,11 In experiments that suggest that the transit
is continuous, the magnitude of the exponent is still a ma
of debate.12 The extrapolation schemes employed to obtains
asT tends to zero are modified as more refined experime
are performed at lower and lower temperatures. Such stu
and controversies also exist in resistivity studies on am
phous alloys of Si12xNix , Si12xCrx , Mo12xGex , and
Mo12xSix .13–15

It has been demonstrated15 that the nature of the meta
insulator transition and the critical concentration at wh
this occurs can be determined from a plot ofw
5d ln s/d ln T with respect to temperature. This is based
the fact that the temperature dependence ofs on the insulat-
ing side of the transition is of the variable range hopp
type, viz.,s5s0exp@2(T0 /T)1/4# and on the metallic sides
0163-1829/2001/63~11!/115103~9!/$15.00 63 1151
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has a power law dependence on temperature. This resul
w being a decreasing function of temperature on the insu
ing side and an increasing function of temperature on
metallic side. Further, from the variation ofw with tempera-
ture across the transition, the discontinuous/continuous
ture of the transition can be discerned. Such an analysi
the amorphous Si12xNix system has shown that the transitio
is possibly discontinuous, reiterating the validity of Mott
minimum metallic conductivity concept.

There is now enough evidence to believe that FeSi
longs to the class of correlated electron systems term
Kondo insulators. These systems are characterized by a s
gap in the density of states and have a nonmagnetic gro
state.17–19While band structure calculations predict the ma
nitude of the gap correctly,20 the presence of the sharp fe
tures at the valence and conduction band edges seen in
experiments implies that electron-electron correlations
important.21 The high temperature conductivity~100–200 K!
in FeSi is governed by activated transport across the
from which the magnitude of the Kondo insulating gap c
be extracted. Another interesting feature of the transp
properties in FeSi is that the resistivity behavior is of t
variable range hopping type in the 5-40 K temperature
gime, implying the presence of defect states in the g
These states have been attributed to off-stoichiometry,22 an-
tisite disorder,23 or the presence of distinct isomeric phases24

There is reason to believe that defects in FeSi are intrin
unlike in doped semiconductors,7 as the literature indicate
that the variable range hopping transport is still presen
purer samples. In this study we point out the similarity of t
transport properties in the FeSi system to those of amorph
semiconductors, as regards chemical substitution and the
plication of pressure. As in the amorphous semiconduct
the temperature dependence, which is of the variable ra
©2001 The American Physical Society03-1
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hopping type in pristine FeSi, significantly deviates from
with chemical substitution and application of pressure.
would therefore be interesting to enquire if there is
insulator-metal transition of the Anderson type in this syst
under the application of pressure as in the doped/amorph
semiconductors. With this in mind we have carried out
analysis of the conductivity data in the 5–40 K regime
FeSi and Ge-substituted FeSi for several external press
in line with studies reported in amorphous and dop
semiconductors.16 Our present results in FeSi an
FeSi0.95Ge0.05 indicate that there is an insulator to metal tra
sition and that it is possibly continuous.

Yet another aspect of the present investigation is the st
of the effect of external pressure on the Kondo insulat
~KI ! gap. The application of pressure is known to have v
ied effects on the measured gap in KI systems. In the cla
f-electron Kondo insulator Ce3Bi4Pt3, the application of
pressure results in an increase in the magnitude of the ga
accordance with the expectations of the hybridization g
model.25 In SmB6,26 the gap decreases with pressu
whereas CeNiSn,27 a KI with small gap,28 metallizes with
increase in pressure. In FeSi, Baueret al.29 report from their
resistivity measurements an increase in the value ofD with
external pressure; temperature dependent magnetic sus
bity measurements using a superconducting quantum in
ference device~SQUID! magnetometer reveal thatD in-
creases as a function of pressure.30 In this paper we presen
the pressure dependence of the KI gap in samples with
ferent Ge concentrations, which is known to alter theD val-
ues at ambient pressure.31 These results point out that defe
states in the gap play a major role in giving rise to the d
parate behavior ofD with pressure in FeSi and Ge
substituted FeSi.

The paper is organized as follows. In Sec. II, we descr
the experimental details. In Sec. III, we present the res
of the effect of pressure on the KI gap as measured
the temperature dependence of resistivityr(T) in the 100–
200 K temperature range, and establish that its varia
is correlated to the magnitude of the resistivity ra
@R(4.2 K)/R(300 K)# ~RR! at ambient pressure. In Sec. IV
we concentrate on the behavior of conductivity as a funct
of temperature in the 5–40 K regime for various pressu
and present evidence for the occurrence of the insula
metal transition as a function of pressure based on the
havior of the logarithmic derivative. In Sec. V we presen
discussion of the results and propose a schematic mode
the electronic structure of this system, taking the input fr
the present resistivity measurements, in conjunction w
what is already known in this system. Section VI provid
the summary and conclusions.

II. EXPERIMENT

The FeSi12xGex samples were arc melted from stoichi
metric quantities of the constituents in argon atomosph
and subsequently homogenized at 1000 °C for a week. X
characterization indicated single phase formation in
P213 structure.31 The samples were subsequently cut usin
diamond wheel, after which the resistivity measureme
11510
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were performed in the four-probe geometry. The high pr
sure measurements were carried out in an opposed a
pressure locked cell. A small piece of Pb mounted alongs
the sample but electrically isolated from it was used as
internal pressure calibrant. The variation of the superc
ducting transition temperature of Pb with pressure is w
documented.32 Details of the sample assembly can be fou
in Ref. 33. The temperature of the sample was measu
using a calibrated Si-diode thermometer and Rh-Fe th
mometer and the PbTc was measured using a Ge resistan
thermometer. A very good agreement was obtained in
temperatures read from all the thermometers. The exp
ment is carried out as follows. The pressure locked cel
first lowered into a liquid He cryostat and just enough He
transferred into the Dewar to lower the temperature to 4.2
The system is then allowed to warm up, while the PbTc is
measured to obtain the pressure locked in. Then liquid H
transferred again into the Dewar to decrease the sample
perature to 4.2 K. The resistivity of the sample is measu
in the 4.2 and 300 K temperature range as the cryostat wa
up to room temperature over a period of 2–3 days. Para
thermal emf’s are eliminated by current reversal and by t
ing the average of the voltage readings. The data acquis
is carried out through a personal computer using an IE
interface card. The pressure inhomogeneity estimated f
the Pb transitions is;0.05 GPa. In addition, the resistivity o
Pb at 300 K is pressure dependent, from which the decre
in pressure after thermal cycling from 300 to 4 K and back
estimated to be 0.2 GPa.

FIG. 1. Variation ofr(T) for the various pressures indicated
pristine FeSi~RR of 20 000!. VRH and activated behavior fits in th
5–40 and 100–200 K temperature regimes are shown in the i
for the ambient pressure data.
3-2
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III. RESULTS: PRESSURE DEPENDENCE OF D

In Fig. 1, the logarithm of resistivityr(T) is plotted for
various pressures for FeSi, as a function of temperature.
clear from the figure that very large changes are seen inr in
the low temperature region. Although not apparent from
figure, r(T) at 300 K is found to decrease with increase
pressure. It can also be seen from Fig. 1 that the resist
ratio R(4.2 K)/R(300 K) is drastically reduced by the appl
cation of pressure. The fits of the resistivity to the varia
range hopping~VRH! formula r5r0exp@(T0 /T)1/4# in the
4.2–40 K range for all the pressures investigated in FeSi
shown in Fig. 2~a!. It can also be seen from the figure th
the fit to the VRH formula at ambient pressure is very go
and theT0 extracted from the fit is;1.563105, very close
to the earlier reported values.22 For higher pressures the re
sistivity starts deviating from the VRH behavior for temper
tures below 15 K andT0 decreases to;15 at a pressure o
6.4 GPa. In the higher temperature region, the resistivity d
are fitted to an activated behaviorr5r0exp(D/2kT) and the
fits are shown in Fig. 2~b!. A similar fit for FeSi0.95Ge0.05
using the VRH formula in the 4.2–40 K range for represe
tative pressures is shown in Fig. 3~a! and that for the acti-

FIG. 2. ~a! Variation ofr(T) in FeSi~RR 20 000! in the 4–40 K
range; VRH formula fits are shown as solid curves.~b! Fits to show
the activated behavior in these samples for various pressures i
100–200 K range.D values have been extracted from fits in t
100–170 K region. The data at various pressures have been sh
along the ordinate axis for clarity.
11510
is

e

ce

e

re

d

-

ta

-

vated behavior in the 100–200 K regime is shown in F
3~b!. It can be seen from the figures that the VRH formu
fits the data well down to the lowest temperature at amb
pressure, but deviates from it at low temperatures for la
pressures.

First we concentrate on the overall behavior of the h
temperature part~100–200 K! of the resistivity with pressure
and Ge substitution. We therefore plot the variation ofD
obtained from these fits as a function of pressure for all
samples investigated in Fig. 4. We notice thatD at ambient
pressure decreases with Ge substitution31 and with decreas-
ing RR of the sample. Further, it is seen from the figure t
in FeSi~RR 20 000! D decreases from 700 K at 0 GPa to 48
K at 6.4 GPa. In the 5% Ge-substituted sample~RR 1400! D
shows an initial decrease from 600 K at ambient pressur
450 K at;1 GPa, but with further increase in pressure up
;7 GPaD increases to;590 K. In the 20% Ge-substitute
sample, which has a RR of 247,D shows an increase from
125 to 175 K from ambient pressure to 5.5 GPa. While
first sight the behavior ofD seems disparate, taken in co
junction with the RR of the sample at ambient pressure
systematics seems to emerge. For example, in FeSi wi
large RR of 20 000D decreases, in the 5% Ge sample w
an intermediate RR of 1400D decreases followed by an in
crease, and in the 20% Ge sample with RR of 247D in-

the

ted

FIG. 3. ~a! Variation of r(T) in the 4–40 K range for a few
pressures in FeSi0.95Ge0.05; VRH formula fits are shown as solid
curves.~b! Fits to show the activated behavior in FeSi for vario
pressures in the range 100–200 K; theD values have been extracte
from fits in the 100–170 K region.
3-3
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creases. Since we found a qualitatively different pressure
pendence ofD in pure FeSi from that of Baueret al.,29 and
our results indicate differences in the pressure dependen
D dictated by the RR, we found it worthwhile to investiga
an FeSi sample with a poor RR of 7. This sample was
deficient ~Fe549.9 at. %!, whereas the sample with RR o
20 000 had Fe composition close to stoichiometry~50.02%!.
No differences could be discerned in either X-ray diffracti
patterns or lattice parameter values between the two sam
with different RR’s. It can be seen from Fig. 4 thatD for this
sample increases from 320 K at ambient pressure to 400
3.5 GPa. This trend of an increase inD with pressure in the
FeSi sample with RR of 7 is in agreement with the results
Baueret al.29 It should be remarked that large variations
the experimentally observed RR in samples arise mainly
to great differences in the measured low temperature re
tivity. This in FeSi is dictated by the presence of defect sta
in the gap; hence the RR is an index of the quality of
sample. From Fig. 4, it appears that the type ofD variation
with pressure is intimately related to the presence of de
states in the KI gap. It is therefore important to understa
the nature of these defect states and their variation with p
sure before interpreting the pressure variation ofD, which we
attempt in the next section.

IV. PRESSURE EFFECTS: LOCALIZED STATES

The temperature dependence of the measured condu
ity s(T) in the 5–40 K range for various pressures inves
gated is compared in Fig. 5 for the FeSi sample. It is cl
from the figure that asT tends to zeros(T) seems to ap-
proach zero at ambient pressure, as is expected for an
lator; since the present experiments terminate at 4.2 K
may not be fully justified in extrapolating and drawing co
clusions about the behavior ofs asT tends to zero. In fact
measurements exist down to 30 mK and from these exp

FIG. 4. Variation ofD obtained from fits to activated behavio
versus pressure in all the samples studied. The resistance
R(4.2 K)/R(300 K) in each of the samples obtained at ambi
pressure is also marked.
11510
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ments the extrapolated value ofs(T50) is finite in FeSi,34

and is ;0.04V21 cm21, much smaller than the expecte
minimum metallic conductivity 37–74V21 cm21 in this
system.34 In contrast, for the FeSi sample under 3.6 G
pressure~cf. Fig. 3!, the extrapolateds(T50) is unambigu-
ously finite and is;50 V21 cm21. It is also clear from Fig.
5 that with increase in pressure the magnitude ofs(T50)
increases to;500 V21 cm21, for a pressure of 6.4 GPa
From the present results it can be inferred that the sys
undergoes an insulator to metal transition atT50, some-
where between ambient pressure and 3.6 GPa.

Another noteworthy feature of the results shown in Fig
is that the temperature dependence ofs in the 5–40 K tem-
perature range, which is of the variable range hopping typ
ambient pressure, becomes more linear with increase in p
sure. In facts(T) fits the relations5s01s1T1/21s2T,
with the coefficient of the linear term showing a systema
increase with increase in pressure. Exponents of both 1/2
1 for the conductivity in the metallic regime were obtain
earlier in other amorphous systems14 and have been argue
to arise due to electron-electron interaction and disor
effects35 and the possible influence of phonons.14

In Fig. 6 is plotted s(T) versus T in the 5% Ge-
substituted sample, for all the pressures investigated. F
Fig. 6, it appears that the extrapolateds(T50) tends to zero
for pressures up to;3 GPa, beyond which it extrapolates
finite values, indicating that the metal-insulator transiti
might occur at pressures greater than 3 GPa. Here again
noticed that the temperature dependence ofs(T) is more
linear with increase in pressure. A plot of thes(T50) ob-
tained from a fit of the power law behaviors5s01s1T1/2

1s2T is shown in Fig. 7, which shows an increase fro
values tending to zero at ambient pressure
;210 V21 cm21 at ;5 GPa, beyond which the pressure d

tio
t

FIG. 5. The conductivity versus temperature in the 5–40 K te
perature range for all pressures investigated in pristine FeSi~RR
20 000!. Note that the extrapolateds(T50) becomes larger with
increasing pressure and the temperature dependence becomes
linear in character.
3-4
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PRESSURE-INDUCED INSULATOR-METAL TRANSITION . . . PHYSICAL REVIEW B63 115103
pendence ofs(T50) flattens out. In order to obtain th
precise value of the critical pressure at which the M
occurs15 we plot the variation ofw with temperature for dif-
ferent pressures for FeSi0.95Ge0.05 in Fig. 8. A careful look at
Fig. 8 indicates that the temperature dependence ow
changes gradually from having a negative to a positive te

FIG. 6. The conductivity versus temperature in the 5–40 K te
perature range, for all pressures investigated in FeSi0.95Ge0.05. Note
that the extrapolateds(T50) becomes larger with increasing pre
sure and the temperature dependence becomes linear in chara

FIG. 7. The conductivitys(T50) obtained from power law fits
described in the text, as a function of pressure. The solid line
guide to the eye.
11510
-

perature coefficient with increase in pressure. The chang
sign of dw/dT occurs beyond;1.7 GPa, implying that the
insulator to metal transition occurs between;1.7 GPa and
;3.1 GPa, close to that inferred from Fig. 6. In Fig. 9 w
plot w(T) plot for FeSi~RR 20 000!, from which it is clear
that w is a decreasing function ofT as expected for an insu
lator at ambient pressure, but under 3.6 GPa external p
sure shows a temperature dependence that is an incre
function of temperature, reinforcing that the MIT in Fe
occurs in the 0 to 3.6 GPa range. This is in agreement w
the inference drawn from thes(T) data shown in Fig. 5 for
FeSi for various pressures. It is worth pointing out that
the insulating sidew, after showing an unambiguous increa
with decrease in temperature, exhibits a downturn at the l
est of temperatures. This could possibly arise from the f
that the resistivity in FeSi and related systems becom
smaller than that predicted by the VRH formula and tends
saturate at very low temperatures, which has led to a sug
tion that FeSi has a semimetallic ground state atT50.34

It was shown by model calculations15 that the
discontinuous/continuous nature of the MIT can be discer
by a study of the behavior ofw(T) close to the MIT. Since in
the plots ofw(T) vs T for both FeSi and 5% Ge-substitute
FeSi~cf. Fig. 8 and Fig. 9! no minimum is seen as the pre
sure is varied, as was seen in Ref. 15 for a typical disc
tinuous MIT, it can be concluded that the insulator-me
transitions observed in the present investigation are poss
continuous.

In Fig. 10, we plot s(T) versus T for the 20% Ge-
substituted sample. Thes(T50) obtained in this sample a
ambient pressure is;55 V21 cm21, a value well within the
range of the minimum metallic conductivity obtained
these systems.34 The s(T50), however, shows an increas

-

ter.

a

FIG. 8. The logarithmic derivative of conductivity~w! versus
temperature in the 5–40 K temperature range, for all pressure
vestigated in the FeSi0.95Ge0.05 sample. Note thatw increases with
decreasing temperature for pressures upto 2 GPa, beyond wh
shows a tendency to extrapolate to 0 asT tends to 0.
3-5
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with increase in pressure. The corresponding plot ofw versus
temperature indicated thatw is an increasing function of tem
perature even at ambient pressure, which also implies
the sample is metallic at ambient pressure. From our res
it is clear that external pressure induces an insulator to m
transition in FeSi and in the 5% Ge-substituted sample
the following we try to understand the results in the cont
of similar experimental data on doped and amorphous se
conductors.

V. DISCUSSION

A schematic diagram of the density of states of FeSi a
related systems is shown in Fig. 11. The KI gap in the
sence of disorder would be the energy difference between
positions of the sharp peaks residing at the conduction b
edge~CBE! and the valence band edge~VBE!. The Fermi
level EF lies in the middle of the gap. Disorder induces ta
within the gap and the delocalized and localized states
separated by the mobility edgeEm .4,5 Since the nature o
w(T) at the insulator to metal transition implies that the tra
sition is possibly continuous, we discuss the present res
in terms of the scaling theory of localization.1,2,4,5,36Accord-
ing to this theory, as the transition is approached from
metallic side the zero temperature conductivitys(T50) is
expected to vanish continuously according to

s~T50!5Cip2pcis, ~1!

FIG. 9. The logarithmic derivative of conductivity (w) versus
temperature in the 5–40 K temperature range, for all pressure
vestigated in the FeSi~RR 20 000! sample. Note thatw increases
with decreasing temperature at ambient pressure. For pres
greater than 3.6 GPa,w decreases with temperature, possibly e
trapolating to 0 asT tends to 0.
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wherep is a control parameter, which is external pressure
the present experiments,C is a proportionality constant,pc is
the critical pressure at which the metal-insulator transit
occurs, ands is the critical exponent. Approached from th
insulating side of the transition, the localization lengtha var-
ies as

a5a0pc /ip2pcin, ~2!

wherea0 is the localization length far away from the trans
tion; the localization length diverges asp tends topc with a
critical exponent ofn; usually n5s.2 When EF lies in the
energy regime in which electron states are localized, v
between the mobility edges,Em ~cf. Fig. 11!, the system at
zero temperature is in the insulating state with vanishings at
T50. When iEm2EFi is small, the electronic states be
tween Em and EF becomes more delocalized and atiEm
2EFi50 the insulator to metal transition occurs. FeSi c
be viewed as being on the insulating side of the insula
metal transition. At pressures greater than ambient, altho
power law fits are better in the entire temperature range
5–40 K, good fits to the variable range hopping transp
mechanism can be obtained in the narrow temperature in
val of 15–40 K. The hopping parameterT0 extracted from
these fits decreases by three to four orders of magnitud
the pressure is increased, as mentioned in Sec. III. SincT0
varies as the cube of the localization length inverse, a
crease in the value ofT0 is consistent with the delocalizatio
of gap states, or an increase in the localization length. T
behavior is consistent with Eq.~2!, viz., as the system move
away from the insulating regime the localization length
verges, and at a critical pressure the insulator to metal t
sition occurs. From Fig. 7, it is clear that, when viewed fro
the metallic regime,s(T50) vanishes with decrease in pre
sure in accordance with Eq.~1!. The quality of data did not
permit the extraction of the critical parameters from the e
perimental results. From the ambient pressure data of Fig

in-

res
-

FIG. 10. The conductivity versus temperature in the 5–40
temperature range for FeSi0.80Ge0.20.
3-6
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Fig. 6, and Fig. 10, it appears that with increase in Ge c
centrations(T50) increases, possibly due to an increase
the density of states atEF .31 Recent band structure calcula
tions also show that the density of states atEF increases due
to thermal and chemical disorder in FeSi.37,38

We now go back to understand the behavior ofD versus
pressure shown in Fig. 4. Conventionally the transport ga
the energy required for activation of electrons from the
lence band to the conduction band. In the presence of di
der, the density of states can be modified as in Fig. 11. T
the measured gap can be smaller than that predicted by
band structure~cf. Fig. 11! and is;2iEm2EFi . Earlier we
saw that with increase in pressureEm moves closer toEF , as
a consequence of which the measured gap decreases ac
ing to Fig. 11. The magnitude of this decrease with the
plication of external pressure will, however, depend on
extent of the band tail as well as the position ofEm in the
sample at ambient pressure, both of which depend on
degree of disorder in the sample, which cannot be very ea
quantified.

Band structure calculations in FeSi indicate that with
crease in pressure the band gap increases.38 For the actual
lattice constants expected under the application of exte
pressure,39 band structure calculations were carried out
FeSi using the tight binding~TB! version of the linear muffin
tin orbitals ~LMTO! method in the atomic spher
approximation.40 The band structure calculations were ca
ried out for 1198k points in the Brillouin zone. The tota
energy was evaluated to an accuracy of 0.000 001 Ry.
minimum gap is indirect and occurs between the vale
band maximum alongGR and the conduction band minimum
alongGX. Keeping all other parameters constant in the c

FIG. 11. A schematic representation of the density of states
can explain the properties of FeSi and Ge-substituted FeS
elaborated in the text.
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culations excepting the lattice constant, a systematic
small increase was observed in the band gap as a functio
a decrease in the lattice constant, as shown in Fig. 12.
lattice constants employed in the calculation were obtai
from neutron diffraction measurements in the 0–8.4 G
pressure range.39 It can be seen from the figure that the ma
nitude of the gap is;126 meV at a lattice constant of 4.48
Å, corresponding to that at ambient pressure, which is
good agreement with earlier calculations.20,38 The band gap
increases to 132 meV at 8.4 GPa, a mere 70 K increase
the context of the results shown in Fig. 4, these calculati
imply that the band edges~shown in Fig. 11! move apart
with increase in pressure.41 It is therefore clear that there
could be a competition between a decrease ofD due to
movement ofEm toward EF and a band-structure-induce
increase inD with pressure~cf. Fig. 12!. This could be the
origin of the varied behavior ofD seen in the experiment
~cf. Fig. 4!.

A comparison of theD values at ambient pressure in Fe
samples with RR of 20 000~700 K! and RR of 7~320 K!
indicates that the latter is more disordered; the position ofEm
is closer toEF ~cf. Fig. 11!. The increase inD with pressure
in the latter sample could imply that only band structu
effects are operative. The pressure-induced increase inD cal-
culated from band structure is only;70 K, which also tallies
with the measured increase in FeSi~RR 7!. In the sample
with RR of 20 000,Em is possibly closer to the band edge
and has a large range of energy over which it can shift w
pressure. This dominates the change inD in comparison to
the band-structure-induced increase, resulting in the
served decrease inD. The nonmonotonic variation ofD seen
in the 5% Ge-substituted sample~cf. Fig. 4! might arise as
follows. Since the sample has an intermediate RR, it is pl
sible thatEm is in the middle of the band tail. As pressure
increased,Em shifts closer toEF @cf. Eqs. ~1! and ~2!#; si-
multaneously the band edges move apart due to band s

at
as

FIG. 12. The variation of the indirect band-gap obtained fro
the TB LMTO band structure calculations for lattice constants
tained from neutron diffraction as a function of pressure.
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ture effects~cf. Fig. 12!. D decreases with pressure untilEm
coincides withEF , and with further increase in pressu
band structure effects dominate the pressure dependenc
D increases. The magnitude of the observed increase;120 K
is also in reasonable agreement with that predicted by b
structure. It is noteworthy that the variation ofD with pres-
sure in the 5% Ge-substituted sample changes directio
;1.7 GPa, which is very close to the pressure at which
logarithmic derivative ofs also changes sign~cf. Fig. 4 and
Fig. 7!.

VI. SUMMARY AND CONCLUSIONS

Electron transport in FeSi has two contributions~see Fig.
11!, ~a! activated electron hopping from valence band
conduction band responsible for the observed conductivit
the 100–200 K range and~b! electron conduction via defec
states in the gap that contributes to conductivity in the 5–
K temperature regime. External pressure affects both regi
a

hy
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y-
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of conduction in FeSi. In the low temperature regime, de
calization of electron states in the gap results in a shift in
mobility edge towardEF , altering the zero temperature con
ductivity significantly. This gives rise to the observation
an insulator to metal transition as a function of pressure. T
nature of the insulator to metal transition as inferred from
nature of the temperature dependence ofw is possibly con-
tinuous as in doped semiconductors. The shift in the mobi
edge also alters the measured gap, leading to a decrease
magnitude with increase in pressure. The predicted gap
havior from band structure and calculations that include e
tron correlations41 dictates that the band gap increases w
increasing pressure. The observed pressure dependenceD
has both these competing contributions. In fact, the beha
of D is a complicated outcome of the magnitude of the d
ferent contributions, viz., the number density of defect sta
the shape of the band tails, and the position of the mobi
edge, which differ widely from sample to sample.
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