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Heavy fermion metal–Kondo insulator transition in FeSi12xAl x
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Doping the Kondo insulator FeSi with Al at the Si site introduces carriers and eventually yields metallic
conduction. The lattice constant, thermoelectric effect, Hall effect, electrical conductivity, magnetic suscepti-
bility, specific heat, and magnetoresistance have been measured over the 0,x,0.08 range of Al concentra-
tion. All of these quantities show a systematic variation withx including a metal-insulator transition for carrier
densities between 2.231020 and 4.431020 cm23. A detailed analysis of the transport and thermodynamic
properties reveal a metal-insulator transition closely resembling that of the classic semiconductors~Si:P, Si:B,
and Ge:Sb! with one important exception: a substantially enhanced carrier mass.@S0163-1829~98!11439-X#
ia
tic
e

G
a
b

s.
o
he
nd
as
nt

m
an
ag
io

r

nt
o
o
b

co
at

ic

cific
ugh
ore
eri-

or-
and

re
t a
r,

fer-
is

in-
a

ron
uc-
g a
re
ct
ts of

di-

ing
na
netic
arly
gh
nd

ur
hat
I. INTRODUCTION AND MOTIVATION

The transition from an insulator to a metal by the var
tion of the dopant density or the application of hydrosta
pressure to band insulators and amorphous alloys is on
the most important problems in solids.1 Metal-insulator in-
vestigations in classic semiconductors such as Si and
have established that the thermodynamic, transport,
magnetic properties near the transition are determined
both the disorder and the electron-electron interaction2,3

Despite the attention to this problem, the realization that b
interactions and disorder play central roles has made a t
retical description difficult. One strategy of exploration a
for highlighting the role of the Coulomb interactions h
been to investigate systems where the electron-electron i
action is expected to dominate. These experiments have
cused on the Mott-Hubbard insulators, where the Coulo
interactions are responsible for the insulating behavior,
have resulted in discoveries of metals with interesting m
netic or superconducting ground states. These investigat
have found for example, thatV vacancies inV22xO3 produce
a metal with spiral magnetic order,4 Sr substitutions in
La22xSrxCuO4 produce a high-temperature superconducto5

and hydrostatic pressure applied to Ni(S,Se)2 produces a
metal-insulator ~MI ! transition with novel critical
exponents.6 In recent papers we presented an experime
investigation of the metal-insulator transition induced up
carrier doping FeSi, a strongly correlated, or Kond
insulator.7,8 The carrier doping is produced by chemical su
stitution of Al for Si (FeSi12xAl x). We found that the
ground state of this system is neither magnetic nor super
ducting for 0<x<0.08. The MI transition, and the metal th
results upon doping, closely resemble Si:P,2 with only one
important distinction, namely, an enhanced quasipart
PRB 580163-1829/98/58~16!/10288~14!/$15.00
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mass as indicated by the magnetic susceptibility and spe
heat. The purpose of this paper is to present a more thoro
rendering of our experiments as well as the results of m
recent magnetic-susceptibility and magnetization exp
ments.

The class of insulators known as Kondo or strongly c
related insulators include some rare-earth intermetallics
the transition-metal compound FeSi.9–11 These compounds
are different from Mott-Hubbard insulators, in that they a
correctly predicted by band theory to be insulators withou
structural transition, or a doubling of the unit cell. Howeve
the extent to which these insulators are fundamentally dif
ent from conventional insulators and semiconductors
unclear.9 The calculations of the band structure of FeSi,
corporating many-body effects on a mean-field level, find
semiconductor with a band gap (D) about twice the experi-
mentally determined value~60 meV!.9,12,13Measurements of
the magnetic susceptibility and inelastic magnetic neut
scattering spectrum revealed thermally activated spin fl
tuations which have only recently been modeled by addin
local Coulomb repulsion to the band-structu
calculation.13–15 Clear evidence that this insulator is distin
from the classic band insulators come from measuremen
the ac conductivity16 and the photoemission,17 which find
temperature-dependent features in direct conflict with tra
tional theories of band-gap insulators.9 Carrier doping FeSi
represents an opportunity to explore a MI transition start
from an insulator in which complex many-body phenome
determine the temperature-dependent transport and mag
properties. The results of our systematic experiments cle
show that doping this strongly correlated insulator throu
the MI transition results in a disordered Fermi-liquid grou
state with a large carrier mass—a heavy fermion metal. O
data represent convincing support for the proposition t
10 288 © 1998 The American Physical Society
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PRB 58 10 289HEAVY FERMION METAL–KONDO INSULATOR . . .
while heavy fermion metals and strongly correlated insu
tors have peculiar temperature-dependent properties,
ground states remain the well-understood Fermi liquids
band insulators.

We begin our discussion by presenting the details of
experimental techniques that we have used to investigate
MI transition and the extrinsic properties of FeSi12xAl x .
This is followed by a presentation of the experimental res
mapping out the broad features of the transition region. T
low-temperature transport and thermodynamic quantities
presented and compared to those measured in the cl
semiconductors in Secs. IV and V, and we conclude the
per by summarizing our results.

II. EXPERIMENTAL DETAILS

The samples investigated in our experiments were p
crystalline pellets and small bars cut from large single cr
tals. The polycrystalline samples were produced from hi
purity starting materials by arc melting in an argo
atmosphere. They were annealed for one week at 1000 °
evacuated quartz ampoules in order to improve sample
mogeneity. Large single crystals were prepared by the C
chralski technique described previously.18 We employed x-
ray spectra of the ground samples obtained with Cu-Ka
radiation on a SIEMENS D5000 equipped with a positi
sensitive detector to determine that the samples were si
phase. The lattice constant of the doped samples from
x-ray spectra are shown in Fig. 1, where it is apparent
they depend linearly on the Al concentration. This obs
vance of Vegard’s law demonstrates that Al successfully
places Si in the concentration range investigated. We h
performed energy-dispersive x-ray microanalysis~EDX! on a
JEOL scanning electron microscope equipped with a Ke
Si~Li ! detector to check the stoichiometry of our sampl
The data show no evidence that the Al, Fe, or Si concen
tion differs from the nominal values.

The resistance, thermoelectric effect, and Hall-effect m
surements were performed on rectangular samples cut
string saw and polished with emery paper. Thin Pt wi
were attached to four contacts made with silver paste wh
were arranged linearly with an average spacing between v

FIG. 1. Lattice constant of FeSi12xAl x vs nominal Al concen-
tration~x! determined from powder x-ray-diffraction measuremen
Inset: Seebeck coefficient of Fe12xAl x for 0<x<0.06.
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age probes of 2 mm along an average cross section o
30.5 mm2. The resistivity (r) and magnetoresistance~MR!
measurements were performed at 19 Hz using stand
lock-in techniques in a dilution refrigerator with a 16-T s
perconducting magnet and a3He cryostat with a 9-T super
conducting magnet. The contacts for the Hall effect we
carefully aligned, and measurements were performed a
Hz in a gas flow cryostat down to 1.75 K. We performed t
Hall measurements with fields between25 and 5 T taking
the Hall voltage (VH) asVH5@V(H)2V(2H)#/2, thus cor-
recting for any contamination from the field symmetric M
due to misalignment of the contacts.

The magnetic susceptibility (x) of the same samples wa
measured in a Quantum Design superconducting quan
interference device magnetometer for fields between 0.1
0.5 T and temperatures from 1.75 to 400 K. We collec
magnetization measurements at 1.75 K for fields betw
0.05 and 5 T. The specific heat was established using a s
dard semiadiabatic heat pulse technique.

III. EXPERIMENTAL RESULTS

A. Thermoelectric and Hall effect measurements

After establishing that our samples were single phase,
that the Al successfully replaces Si, we determined the c
centration and character of the extrinsic carriers by mea
ing the thermoelectric power and the Hall effect. The S
beck coefficient~S! shown in the inset to Fig. 1 reproduce
the data of Refs. 19 and 20 for the nominally pure samp
changing sign twice between 50 K and room temperatu
The peak at;50 K is thought to be due to a phonon-dra
mechanism, while the sign changes are due to the comp
tion between the density and mobility of holes a
electrons.19 A thorough description of the Seebeck coef
cient for pure and carrier-doped FeSi is given in Ref. 20. T
Seebeck coefficient is crucial, as it determines the sign of
carriers for Al-doped samples. Our data show a positive
efficient over the entire temperature range as well as a
creased maximum value, in agreement with the data of R
20. The positive sign of the Seebeck coefficient for the dop
samples confirms that the carriers added by Al substitu
are predominantly holes as might be expected from
nominal valences of Si and Al.

The Hall resistance (RH) for a nominally pure single crys
tal and four Al-doped polycrystalline samples is shown
Fig. 2. RH was found to be linear in magnetic field for a
five samples. The temperature dependence ofRH for the pure
sample shows a continuous increase of carrier density w
T, consistent with the description of FeSi as a band insula
It is clear from the figure that at lowT the magnitude ofRH
is decreased by the chemical substitution. In fact, as the i
to Fig. 2 shows, the apparent carrier concentrationn
51/RHec) at 4.2 K is consistent with one hole being d
nated per added Al atom, thus confirming the carrier dopi
In contrast to the low-temperature data, at temperatu
above 150 K,RH of the doped samples is indistinguishab
from that of the pure sample. This demonstrates that by
K the thermally activated carriers dominate the transp
while at lowT the extrinsic carriers added by Al substitutio
prevail. The T dependence of the doped samples is

.
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10 290 PRB 58DiTUSA, FRIEMELT, BUCHER, AEPPLI, AND RAMIREZ
monotonic, withx.0.015 samples all having a maximu
between 20 and 40 K. This maximum in RH is ubiquitous
among doped insulators occurring in Si:P,21 Ge:Sb,22 n-type
GaAs,23 and V22xO3,4 as well as many heavy fermio
compounds.24 In the heavy fermion compounds maxima
the Hall resistance are generally attributed to incoher
magnetic skew scattering, while in the classic semicond
tors such maxima have been attributed to either a cross
from conduction to impurity band transport,25 the presence
of discrete localized states degenerate with the conduc
band,23 or an energy-dependent Coulomb scattering.22

B. Resistivity measurements

The evolution of resistivity with Al substitution is pre
sented in Fig. 3. For temperatures between 100 and 250
thermally activated formr5raexp@Dr/2kBT# describes the
pure samples, as can be seen in the top inset to Fig. 3.
dash-dotted line is the best fit to this form resulting inDr

5680 K. At temperatures below 50 K the resistivity cross
over to a variable-range-hopping~VRH! form, r
5r1exp@(To /T)1/4#. Variable-range-hopping transport is du
to phonon-assisted hopping, and is prevalent among ins
tors with a small density of extrinsic carriers. The botto
inset to Fig. 3 presents the conductivity data for the p
samples on a log scale plotted as a function ofT1/4. Fits of
the VRH form to the data yieldTo of 7600 and 8400 K for
the two samples, in good agreement with previous meas
ments of nominally pure samples.26,27

The data shown in Fig. 3 for the Al-doped samples rev
that the room temperaturer is only weakly dependent onx
consistent with the thermally activated carriers dominat
the transport, as suggested by the Hall data. This observa
also demonstrates only minor mobility losses for the carr
due to any disorder induced upon doping. The low tempe
ture r, however, shows a much more dramatic and syst
atic variation with Al substitution. Samples withx.0.005 all
have a peak inr between 50 and 100 K with metallic beha
ior, positive dr/dT, at lower temperatures. The crossov
from insulating to metallic low-temperature conductivity o
curs at 0.005,x,0.01, indicating a metal-insulator trans
tion at Al concentrations between 2.2 and 4.431020 cm23.

FIG. 2. ~a! Hall resistance of Fe12xAl x for 0<x<0.08. Inset:
Nominal carrier concentration calculated fromRH at 4 K for the
same samples.
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These metals are very poor conductors with mean free p
( l ) estimated from the conductivity and Hall-effect data b
tween 4 and 10 Å at 4 K. This corresponds to an elas
scattering every other unit cell.

The data in Figs. 3, 4, and 5 show just how systematic
changes inr with Al concentration are. In Fig. 4~a!, we plot
the concentration dependence of the temperature at whir
is a maximum (Tmax). HereTmax is seen to increase from 3
to 90 K over the range ofx studied. The energy gap (Dr) is
measured by fitting an activated form tor at temperatures
aboveTmax, and presented in Fig. 4~b!. In Fig. 5~a!, we plot
the low-temperature conductivity (sLT) as a function of dop-
ing. All of these quantities show a regular variation with A
substitution consistent with the addition of carriers to a sm
gap semiconductor.

C. Magnetic susceptibility and magnetization

The magnetic susceptibility (x) of the nominally pure
sample shown in Fig. 6 is compatible with that measu
previously.13,16,27 It is characterized by the appearance
magnetic moments upon warming, and can be descri
above 70 K by an activated behavior of the formx(T)
5(C/T)exp@2Dx /kBT#, with Dx5680 K and C
51.9 emu K/mol. Thus the energy gap apparent in the s
ceptibility Dx is the same as that measured from the transp
in the same temperature range. The Curie constantC is that
associated withg52 ands5 3

2 . At low temperatures,x fol-
lows a Curie-Weiss-like behavior~inset to Fig. 6! corre-
sponding to 0.6% spin-3

2 impurity per formula unit. The
variation inx with Al substitution is also presented in Fig. 6
wherex(T) is plotted for the 12 Al-doped samples. The
plots reveal a susceptibility which is essentially the sum ox

FIG. 3. r(T) for FeSi12xAl x with x of 0.0 single crystal (d),
0.0 ~solid line!, 0.005 ~dashed line!, 0.01 (v), 0.015 (s), 0.015
(*), 0.025 single crystal (,), 0.025 ((), 0.035 ~dashed-dotted
line!, 0.045 (3), 0.05 (L), 0.055 (x), 0.06 (n), 0.07 ~1!, and
0.08 (h). Top inset: The resistivity of the nominally pure sampl
plotted as a function ofT21 on a log-log scale showing activate
behavior~dash-dotted line! over a limited temperature range wit
Dr5680 K. Bottom inset: Resistivity of the nominally pur
samples plotted as a function ofT21/4 on a log-log scale showing a
variable range hopping form (r5roexp$To /T%21/4, dash-dotted
line! at low temperature.
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of the pure sample and a temperature-independent o
(dx). This temperature-independent offset increases with
concentration, as is evident in Fig. 5~b!, where we plot it as
a function ofx. Since this added susceptibility is both tem
perature independent and increases with Al concentrat
we interpret it as the Pauli susceptibility of the added ca
ers. That the susceptibility is the sum of a Pauli term and
of the pure sample is further demonstrated in Fig. 4~b!,
where thex dependence ofDx , found by fitting the activated
form added todx of the doped samples, is plotted. There
at most a 100-K decrease inDx over this range inx. We
interpret the small change inDx as evidence that the additio
of itinerant carriers has not significantly altered the gro
features of the band structure.

The low temperaturex of all of our doped samples fol
lows a Curie-Weiss form@x5xo /(T2uW)#, as shown for a
few samples in the inset to Fig. 6. The Weiss tempera
(uW) varies from sample to sample from25 to 250 K, and
neither the magnitude ofxo nor uW varies systematically
with doping. Furthermore, our data show no signs of a c
sical magnetic phase transition and in fact follow the Cur
Weiss form to temperatures well belowuW .

In order to explore the low-temperature magnetic prop
ties of our samples further, the magnetization~M! was mea-
sured at 1.75 K for fields up to 5 T. Figure 7 presentsM (H)
data of seven different Al concentrations. Here again it
apparent that the magnitude of the magnetization does
vary systematically withx. The most naive interpretation o
these data would consist of the linearM (H) of the free car-
riers (dxH) added to the magnetization of noninteracti
ionsMl5nlgmBJBJ(gmBH/kBT), wherenl is the density of
local moments andBJ is the Brillouin function BJ(x)

FIG. 4. ~a! Temperature dependence of the maximum of
resistivity as a function of Al concentration in FeSi12xAl x . ~b!
Energy gap as measured from the resistivity (Dr) and magnetic
susceptibility (Dx) as a function of Al concentration in
FeSi12xAl x .
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FIG. 5. ~a! The low-temperature conductivity of FeSi12xAl x vs
nominal Al concentration (d). The Si:P data (h, right axis
only!~Refs. 31 and 62! are plotted for comparison withnc53.74
31018. smin ~right axis! is the Mott minimum conductivity defined
assmin50.05e2/\dc with dc5nc

21/3. The solid line represents a fi
of FeSi12xAl x data up to the concentration where the Ioffe-Reg
condition is violated (kFl;2, x<0.045) to sLT5so(n/nc21)n,
with a best fit corresponding ton50.960.1 and so5190
640 V21 cm21. The dash-dotted line represents the best fit of
Si:P data to the same form (n50.55) ~Ref. 2!. ~b! The change inx
with x, taken as the averagex between 80 and 120 K. The solid lin

is best fit to the formdx5c(n2nc)
1/3 with c51.44mB

2n82/3m* /
\2p4/3, wheren8 is the valley degeneracy taken as 8~Ref. 12!. The
best fit corresponds to a carrier mass of (1461)me .

FIG. 6. Magnetic susceptibility@x(T)# for FeSi12xAl x at 0.1 T,
with symbols the same as in Fig. 4. Inset: Curie-Weiss plot of
magnetic susceptibility of six FeSi12xAl x samples~some samples
omitted for clarity!.
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10 292 PRB 58DiTUSA, FRIEMELT, BUCHER, AEPPLI, AND RAMIREZ
5(2J11/2J)coth(2J11/2J)x2(1/2J)coth(1/2J)x.28 Fits of
this form to the data using the measureddx as the Pauli
susceptibility require a density of noninteracting ions
;1% and either a very small gyromagnetic factor (g,1) or
an angular momentum~J! of the ions of greater than 7. Thi
unsatisfactory outcome of the fits reflects the observa
that theM (H) data, even with the linear susceptibility of th
free carriers subtracted off, do not saturate in fields of 5

D. Specific heat

Our resistivity data reveal metallic conduction which i
creases withx in the same samples wherex has an increased
doping-induced temperature-independent offset. We have
terpreted both these changes as being due to the introdu
of free carriers with Al substitution. If this interpretation
correct one would expect a linear-in-T contribution to the
specific heat which grows as a function of doping. Figure
shows the heat capacity of two Al-doped samples withx’s of
0.015 and 0.025. Here the usual method of extracting
linear-in-T contribution (gT) is demonstrated by plotting
C(T)/T as a function ofT2. The figure shows thatg of these
two samples is much larger than theg51.8
31024 J/ mol Fe K2 found in a nominally pure crystal,27

and that there is also a substantial increase ing upon going
from x50.015 to 0.025 (Dg52 mJ/ mol Fe K2). The effec-
tive mass of the carriers can be calculated from free elec
theory by usingDg from the figure and the nominal Al con
centration as the carrier concentration. Free-electron the
predictsg5p2/3 kB

2 g(EF) with g(EF)5m* kF /\2p2, and
an effective mass of 5565 times the bare electron mas
(me). However, band-structure calculations for simple cu

FIG. 7. Magnetization~M! of FeSi12xAl x at 1.75 K withx of 0.0
single crystal (d), 0.005 (L), 0.01 (v), 0.015 (s), 0.055 (x),
0.06 (n), and 0.08 (h). Lines represent the Pauli paramagne
signal determined from the susceptibility as in Fig. 6~b! added to
the best fit of the remainder to the model of Bhatt and Lee~Ref. 46!.
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FeSi, reproduced near the valence-band maximum in Fig
reveal a valence-band maximum along theGR line which
has a degeneracy (n8) of 8 and a carrier mass o
(1.560.5)me .12 The degeneracy reduces our estimate of
effective mass by a factor ofn82/354, resulting in m*
5(1462)me , still much greater than either the band theo
prediction of Fig. 9 or the carrier mass in Si:P or Ge:Sb.
similar analysis for anx50.05 sample prepared at a differe
time yields m* 5(1762)me or (4.2561)me , with n858.
For comparison purposes we have fit the Pauli susceptib
data in Fig. 5~b! to the free-electron theory for a parabol
band which begins to be filled atnc . We use the formdx
5(3p)1/3mB

2 m* n82/3 @n2nc#
1/3/\p2, with nc taken as

0.075. The best fit to our data is shown by the solid line
Fig. 5~b!, which representsm* 5(1462)me , in good agree-
ment with our specific-heat data.

IV. METAL-INSULATOR TRANSITION

From the above discussion it is clear that the lattice c
stant, thermoelectric effect, Hall effect, resistivity, suscep
bility, and specific heat all vary systematically with Al sub

FIG. 8. C(T)/T of FeSi12xAl x plotted as a function ofT2 for
x50.015 (*) andx50.025 (d).

FIG. 9. The band structure of FeSi near the Fermi energy aro
the valence-band maximum reproduced from the paper by M
theiss and Hamann~Ref. 12!. The valence-band maximum lies be
tween theG andR points indicated by the arrow in the figure.
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PRB 58 10 293HEAVY FERMION METAL–KONDO INSULATOR . . .
stitution in FeSi. They are all consistent with a transiti
from an insulating to a metallic state atx50.007560.0025.
Furthermore, we have identified no finite temperature jum
or other singularities in any of these properties, and t
there is no evidence of a structural or magnetic instability
our range of Al substitution. As such we are able to study
details of a continuous metal-insulator transition in th
Kondo insulating system, and compare with the extens
literature on the classic semiconductors. This exploration
a quantum phase transition requires careful examinatio
low-temperature properties close to the MI transition. W
present the results of such a systematic investigation in
section.

A. Concentration dependence of the conductivity

The low-T properties of the classic semiconducting sy
tems have been compared in great detail to scaling theo
of the transition.1 In the simplest scaling model the condu
tivity in proximity to the MI transition has the form

s~T,s!5j~s!2mn f @Tt~s!#, ~1!

wheres is a parameter which drives the MI transition.29 In
this cases is the Al concentration. The other parameters
this model are the length scalej which diverges as
(s2sc)

2m and the time scalet(s) which diverges asT goes
to zero as (s2sc)

2mz. In these formulas the critical expone
n is related to the manner in whichs vanishes atT50, s
}(s2sc)

n. We begin the comparison of this model with o
data by fitting thesLT(x) data in Fig. 5~a! to this standard
scaling form @Eq. ~1!# with sLT5so@(n/nc)21#n. It has
been argued that the conductivity follows the form of Eq.~1!
in the region where the Ioffe-Regel condition (kFl;2)
holds.2 Therefore, we have restricted the fit to this conce
tration range, which for our FeSi12xAl x samples correspond
to x<0.045. The best fit for this range inx is shown by the
solid line in the figure. The values ofn and so that best
represent our data are 0.960.1 and 190640 V21 cm21, re-
spectively. In this figure we have also plotted Si:P data fr
the literature30 scaled by the Mott minimum conductivit
(smin50.05e2/\dc with dc5nc

21/3) in order to compare the
critical behavior of FeSi12xAl x to that of Si:P. The values
used to scale the data sets include a critical concentratio
3.8731018 cm23 and asmin520 V21 cm21 for Si:P and
3.331020 cm23 and 84 V21 cm21 for FeSi12xAl x . It is
clear that the transition region in FeSi12xAl x is not as sharp
as in Si:P, where it is well documented thatn50.55.2 n
50.960.1 is closer to the critical behavior in Ge:Sb~Ref.
31! or several other systems@Ni(S,Se)2 , GaAs, Si-Au, InO#,
wheren;1.6,32–34

B. Temperature and field dependence of the conductivity

In materials on the metallic side of the MI transition th
effect of disorder on the temperature and field dependenc
the conductivity at lowT is significant. This sensitivity re-
sults from the diffusive motion of the quasiparticles scatt
ing from the disorder. At lowT the vast majority of these
scattering events produce little if any change in the phas
the quasiparticle wave function. Thus the phase break
time (tf), the time for the quasiparticle phase to be scatte
s
s

n
e

e
f

of
e
is

-
es

-

of

of

-

of
g
d

through 2p with respect to the plane-wave state, is mu
greater than the elastic scattering timet. Under these condi-
tions the carriers can retain their phase coherence over m
impurity scattering events, resulting in an increased proba
ity of coherent interference of the scattered wave functio
Since these effects arise from the interference of the qu
particle wave functions, they are known as the quantum c
tributions to the conductivity.35–37

In carrier-doped semiconductors the quantum contri
tions result in aAT dependence of the conductivity at lo
temperature.2,36 This singular behavior has been understo
as arising mainly from the electron-electron scattering, a
in particular from the diffusion channel of the interactio
The effect stems from the uncertainty principle which r
quires that two states which differ in energy bye are indis-
tinguishable during a time\/e. Therefore, all scattering
within a time\/e will interfere coherently.35 Since the mo-
tion of the quasiparticles is diffusive, two quasiparticles m
encounter each other more than once during this time.
result is an increase in the effective Coulomb coupling c
stant froml to l(11ad), wheread is the probability that
the two quasiparticles interact more than once in a ti
\/e.35 Stated differently, the effective Coulomb interactio
is enhanced for diffusive carrier motion since quasipartic
tend to spend more time in a given region of space than
corresponding unscattered plane wave~Bloch! states.36 This
increased coupling constant will enhance both the excha
and direct~Hartree! terms in the self-energy giving rise to
square-root singularity of the density of states at the Fe
level. This singularity is in direct conflict with Landau’s ide
that in a Fermi liquid the Coulomb interaction renormaliz
the density of states, but leaves it a smooth function
energy.36

In three dimensions the correction to the conductivity
the diffusion interaction channel is given by

Ds I5
e2

\

1

4p2

1.3

A2
S 4

3
2

3

2
F̃sDAkBT

\D
, ~2!

where D5vFl /3 is the diffusion constant.36 This equation

includes the contributions from the exchange term (4
3 ) and

the Hartree term (3/2F̃s) of the self-energy, whereF̃s sets
the strength of the electron-electron interaction. Figure
demonstrates aAT conductivity for four FeSi12xAl x
samples. The values ofms , from fits of our low-T data to the
form s5so1msT1/2, are shown in Fig. 11. Thesems val-
ues are similar to those measured in the same rang
n/nc in Si:P (ms;23V cm K1/2), Si:B (ms;
27 V cm K1/2), Si:As (ms;211 V cm K1/2), and Ge:Sb
(ms;212 V cm K1/2).2,31,38We also note that in zero field
the conductivity of three out of the four samples decrea

with increasing temperature~see Fig. 10!, requiringF̃s. 8
9 .

Moderate magnetic fields have a significant effect on t
correction to the conductivity. If we consider the total inte
ference amplitude to be composed of spin singlet and tri
amplitudes, we can understand the effect of the field. In
picture the spin singlet amplitude is not influenced by t
field, whereas the states withj 51 will be split by gmBH.
The precession of the spins in the magnetic field causes
interference probability to decrease, effectively cutting
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the singularity of the triplet terms forgmBH.kBT. Thus
there will be field-dependent and -independent contributi
to the conductivity resulting in a field and temperature d
pendence of this contribution of

Ds I5
e2

\

1

4p2F1.3

A2
S 4

3
2

1

2
F̃sDAkBT

\D

2F̃s

1

A2
@1.31g3~h!#AkBT

\D G , ~3!

where

g3~h!5E
0

`

dV
d2

dV2 @V N~V!#~AV1h1AuV2hu22AV!,

N(V)51/(eV21), andh5gmBH/kBT.36 g3 has the limit-
ing behavior

g3~h!5HAh21.3, h@1

0.053h2, h!1.

FIG. 10. The change in the conductivity (s2so) below 4 K for
four Al-doped FeSi12xAl x samples plotted as a function ofT1/2 with
x50.015~a!, a second sample withx50.015~b!, x50.025~c!, and
x50.05 ~d! at zero field (s) and at high field as labeled in th
figure. Solid lines represent the best fit of the conductivity to
form s5so1msT1/2 with so and ms determined from the fits to
the data below 1 K.
s
-

These equations demonstrate that in the theory of elect
electron interactions the exchange term and1

3 of the Hartree
term are not changed by the magnetic field. Large magn
fields cut off only the part of the singularity associated w

the Hartree term, those in Eq.~2! which includeF̃s , and the
relevant field scale isgmBH;\D.36

When examining the magnetoconductance~MC! it is im-
portant to recognize two other contributions to the cond
tivity. The first arises from the Cooper channel interaction
similar contribution to the diffusion channel interaction d
scribed above. In this interaction channel the divergence
the conductivity at lowT arises from the Coulomb interac
tion in much the same way. When discussing the diffus
channel interaction we considered the increase in the C
lomb interaction due to the finite probability that two qua
particles interact twice during the time\/e at pointsA andB.
The Cooper interaction channel is similar, except that
consider the case when the path of one of the quasipart
is time reversed.35 That is, one quasiparticle diffuses fromB
to A ~time reversed from theA to B path!. In this scenario,
the two quasiparticles never cross the same region at
same time since one quasiparticle is diffusing in the reve
sense. However, if the time between path intersection
small compared to\/e, then the quantum-mechanical ind
terminacy of time allows the wave functions to interfe
coherently.35 This replaces the couplingl by the effective
couplingl̃5l/@11l ln(EF /kBT)#, a typically a small change
sincel!1. However for superconducting materialsl̃ is re-
placed by 1/ln(TC /T), whereTC is the superconducting criti
cal temperature, and the interaction is the attractive
which leads to the superconductivity.35 A magnetic field de-
stroys the time-reversal symmetry, and thus the phase co
ence necessary for the effect. A negative MC is predic
when the Landau orbit size becomes comparable to the t
mal length, 2eH/\c.kBT/D. For all nonsuperconducting
materials this term is found be negligible when compared
the diffusion interaction channel.2,36 Since FeSi12xAl x does
not show any signs of superconductivity across a wide ra
of chemical substitution, we have ignored this contributi
when analyzing the MC.

At low temperatures the conductivity of disordered ma

e

FIG. 11. Plot ofms from fits of the low-temperature conductiv
ity to the form s5so1msT1/2 vs the Al concentration of
FeSi12xAl x in zero field (s), and in high field (.8T) (d).
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rials can also have contributions from the weak localizat
of quasiparticles due to coherent backscattering. The or
of this term in the conductivity can be understood by cons
ering two series of scattering events during which the ph
of the quasiparticles is not affected by the scattering.37 In
particular we consider two scattering series which have
same changes in momentum but in opposite sequenckW

→kW18→kW28→•••→kWn218 →kWn8→2kW and kW→kW19→kW29→•••

→kWn219 →kWn9→2kW . The first series has momentum chang

of pW 1 ,pW 2 ,pW 3 , . . . ,pW n and the second ha
pW n ,pW n21 , . . . ,pW 2 ,pW 1 . The amplitude for the final state2kW
will be the same since the series undergo the same scatt
processes in opposite sequence.37 The key point is that these
two partial waves will interfere constructively, resulting
an increased probability for backscattering. The2kW direction
is the only direction in which the coherent interference
sults in an increased probability, and this will act to decre
the conductivity at low temperature. In three dimensions
conductivity increases with temperature asDswl
}e2 Tq/2/\ p3, whereq is determined by the temperatu
dependence of the relevant inelastic scattering process.35

The effect of a magnetic field on the weak localizati
term is to induce a phase difference in the two scatter
series. In this way a magnetic field will destroy the coher
backscattering if the difference in phase between the
paths is of orderp. The magnitude of the phase differen
depends on the length and direction of the scattering tra
tories. All trajectories with an area projected onto a pla
perpendicular to the magnetic field larger thanLH

2

5\c/2eH will have the coherent scattering suppressed35

The characteristic field for the suppression is set by the ph
breaking scattering timetf as Hf5\c/4eDtf . Since the
field cuts off the backscattering probability, the MC is po
tive, and in fieldsH@Hf the conductivity has the form35

Dswl50.605
e2

2p2\

1

LH
. ~4!

In three-dimensional samples of Si:P a small contribution
the MC from the weak localization has been reported. Ho
ever, this term is dominated by the MC resulting from t
diffusion interaction channel, as is typical for thre
dimensional samples.2,39

The evolution of the conductivity of FeSi12xAl x with
magnetic field can be seen in Figs. 10 through 13. In la
magnetic fields (h.1) our FeSi12xAl x samples continue to
show aAT divergence. However, as can be seen in Fig.
most samples have a sign change in their temperature de
dence. This change from metalliclike conductivity~negative
ds/dT) to insulatinglike~positiveds/dT) with the applica-
tion of magnetic field has been observed in Si:B, Si:P, a
Si:As, and results from a large electron-electron interact

constant, 8/9,F̃s,8/3.2 Since there are only two materia
parameters which determineDs(T) in a constant field@see

Eqs.~2! and~3!#, F̃s andD are fixed by the zero- and high

field temperature dependence.F̃s andD varied with Al con-
centration between 0.7 and 1.2, and 6.331023 and 3.8
31022 cm2/s, respectively. The appearance of a conduc
ity which evolves in temperature asAT is consistent with the
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theory of e-e interaction; however, a much more rigorou
test lies in the form of the MC. Therefore we have appli

F̃s and D in examining the MC of these same samples
order to determine if the extrinsic behavior of this unconve
tional semiconductor can be understood within the conv
tional theory of a disordered Fermi liquid.

The MC of two of these four samples can be seen in F
12 and 13 at various temperatures. The MC is negative in

FIG. 12. The magnetoconductances(H,T)2s(0,T) of
FeSi0.985Al0.015 as a function of field for various temperatures b
tween 75 mK and 1.1 K. The solid lines represent a fit to all of
temperature- and field-dependent data between 0.75 and 1.1 K
fields up to 16 T to the theory of disordered Fermi liquids~Ref. 36!
with three independent parameters: the diffusion constant (D56.3
31023 cm2/s), the strength of the electron-electron interacti

(F̃s51.260.1), and the gyromagnetic ratio (g52.75).

FIG. 13. The magnetoconductances(H,T)2s(0,T) of
FeSi0.95Al0.05as a function of field for various temperatures betwe
75 mK and 60 K. Solid lines represent a fit to all of the temperatu
and field-dependent data between 0.75 and 1.1 K for fields up t
T to the theory of disordered Fermi liquids~Ref. 40! with four
independent parameters: the diffusion constant (D52.2
31022 cm2/s), the strength of the electron-electron interacti

(F̃s51.260.1), the product of the gyromagnetic ratio and the s
scattering time (gts57.2310212 s), and the product ofAts and
the density of states@Atsg(EF)58.831016As/eV cm3#.
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four samples at all fields at every temperature measured
low fields the MC varies asH2, while for fields over 5 T it
grows asAH. The MC decreases with temperature, althou
for the sample withx50.05 a negative MC is found fo
temperatures as large as 60 K. We compare our data with
theory of quantum contributions to the MC which can co
tain terms frome-e interactions in both the diffusion and th
Cooper interaction channels, as well as weak-localization
fects. In the discussion above we concluded that the co
butions from the Cooper interaction channel will be sm
since there is no indication of superconductivity in this s
tem. The weak-localization terms in the conductivity c
also be considered small since the MC measured at
fields is ten times larger and opposite in sign from that p
dicted in Eq.~4!. Therefore, we have ignored these contrib
tions in analyzing the MC data, and instead focused on
diffusive channel of the electron-electron interaction. T
contribution to the MC from the diffusion channel intera
tion can be found from Eq.~3!, and has the form

Ds~H !52
e2

\

F̃s

4p2
AkBT/2\Dg3~h!. ~5!

For the sample with the smallest conductivity, and th

closest to the MI transition (x50.015), we useF̃s and D
from the temperature dependence@Eqs.~1! and~2!#, and de-
termineg from the high-field MR and Eq.~3! (g52.75). We
have plotted the full field dependence of the theoretical p
diction of Lee and Ramakrishnan36 @Eq. ~5!# with these three
parameters in Fig. 12. We emphasize that this theory, al
with the three parameters chosen in the prescribed man
describes all of our temperature- and field-dependent
below 1.2 K quite well. In this sense the theory of electro
electron interactions does an excellent job of describing
low-temperature transport properties of this sample. Ho
ever, for the other three samples with largersLT , this theory
alone cannot reproduce our data. Attempts to follow
same procedure for determining the three parameters~D,

F̃s , andg! produce large values forg, resulting in a grossly
overestimated low field MC. We have also varied all t

parametersF̃s , D, andg over a wide range in order to chec
our procedure and never achieved a satisfactory fit to
data.

Since FeSi is half iron, impurities and defects may act
spin-flip ~SF! or spin-orbit ~SO! scattering centers. There
fore, we have considered the effect of spin scattering on
predicted MC in order to see if such scattering can exp
the apparent discrepancy of electron-electron interac
theory with our data for the samples with largersLT . In the
theory of the diffusion channel interaction SO and SF sc
tering mix the spin subbands, effectively cutting off the s
gularity in the density of states in the same manner a
magnetic field.36 This effectively reduces the MC especial
at low field.40 In interacting systems a self-consistent fie
may act toincreasethe MC. This enhanced MC can be se
in our data by comparing the data in Fig. 13 for the sam
with x50.05 to the data in Fig. 12 for the sample withx
50.015. The comparison shows that the MC of thex
50.05 sample becomes larger than that of thex50.015
sample atH;7 T. Millis and Lee40 calculated the MC in
At
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the case of strong SO or SF scattering by including both
self consistent field via an effectiveg factor (g* ), and the
reduction of the singularity in the density of states. Th
wrote the MC as

Ds5
22so

3p2

1

A2tsD

1

g1~eF! \D
@C3~y!2C3~0!#. ~6!

Here,

C3~x!5
3/2~11F̃s/2!

F̃s

$ f „~11F̃s/2!x…2 f ~x!%

2
~11F̃s/2!

F̃s

@$@11~11F̃s/2!2x2#1/211%1/2

1$@11~11F̃s/2!2x2#1/211%21/2#

1
1

F̃s

@@~11x2!1/211#1/21@~11x2!1/211#21/2#,

wherey5g* mBHts /\,

f ~x!52@~11x2!1/211#1/21
1

A2
ln$@~11x2!1/211#1/2

2A2/@~11x2!1/211#1/21A2%,

g1(eF) is the single spin density of states,so the zero-field
conductivity, andts the spin scattering time.40 We deter-

mined F̃s and D from the temperature dependence in ze
and at 16 T and Eqs.~2! and ~3!. Equation~6! and a least-
squares fitting routine are used to compare this theory to
data. We have performed a three parameter fit to the da
0.288 K using the productsg* ts andAtsg1(eF) as two of
the parameters. Since the theory only holds forg* mBH
.kBT, the low-field data points are ignored in the fit and t
zero-field value of the conductivity is taken as the third p
rameter. At other temperatures~between 0.075 and 1.1 K!
g1(eF), ts , andg* are held constant and a one-parameter
was performed. The best fits found from this procedure
shown by the solid lines in Fig. 13, and the quality of the
fits is representative of that for the remaining two sampl
The values of the parametersg* ts and Atsg1(eF) which
best reproduce the data are 5.8310212 s and 5.1
31015As/(eV cm3) for x50.015, 2.2310212 s and 1.3
31016As/(eV cm3) for x50.025, and 7.2310212 s and
8.831016As/(eV cm3) for x50.05.

The theoretical prediction for a SO relaxation time (tSO)
is proportional to the elastic-scattering time (t), with
t/tso5(aZi)

41(aZ)4. Herea is the fine-structure constan
Z is the atomic number of the matrix atoms, andZi is the
atomic number of the impurity species.41 Since Si, Al, and
Fe all have a relatively smallZ, t/tSO would lie between 2
31024 and 1.331023. The Drude result for the elastic sca
tering time is;0.1 ps; thus a SO scattering time of;5 ps
is a relatively short scattering time. One can also comp
these scattering times to the measurements of SO and
scattering in thin films. In thin-film systems the increas
contribution of weak localization to the resistivity has a
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lowed a systematic measure of these scattering rates a
film surface is varied. For example, Bergmann measured
MC of a 9.2-nm Mg film with1

4 -ML Au deposited on the top
surface and found a SO scattering rate of 5.9310213 s.42

Similar Mg films with 1
1000-ML Fe deposited on the top sur

face produced a SF scattering rate of 4.7310212 s.43 These
rates are comparable to the rates we measure in
FeSi12xAl x samples. A similar analysis has been carried
for the Cd12xMnxSe:In system, where the exchange inter
tion was found to dominate.44

From the quality of the fits describing the low
temperature MC over a wide temperature and field reg
we conclude that the temperature and field dependencie
the conductivity are described by the self-consistent elect
electron interaction theory. The only substantial differen
that we have found with the behavior of the classic semic
ductors is the necessary addition of SF or SO scattering
the majority of our samples.

C. Susceptibility and specific heat

Thus far we have examined the low-temperature beha
of the electrical conductivity of FeSi12xAl x , and concluded
that the description of a disordered Fermi liquid near the
transition fits our data. Since these aspects ofs are similar to
what has been found in common semiconducting syste
we expect that the low-T susceptibility and specific heat o
FeSi12xAl x and Si:P would also have common temperat
and field dependencies. In our discussion of Fig. 6, where
plottedx of our samples along with a Curie-Weiss-type pl
we remarked that the Curie-Weiss behavior continued do
to temperatures belowQW . In fact, this is similar to the
results of investigations of the classic doped semiconduc
system Si:P.45

In insulating Si:P the magnetic susceptibility below 1
diverges much slower than Curie law behavior, and sho
no sign of any magnetic phase transitions.45 This behavior is
believed to be due to the broad distribution of exchange
teractions between impurity states resulting from the rand

FIG. 14. Magnetic susceptibility@x(T)# for FeSi12xAl x from
1.75 to 20 K plotted on a log-log scale with the same symbols a
Fig. 4. The solid lines represent various temperature-dependen
haviors withx5T2a. a51.0 corresponds to Curie law behavio
anda50.62 represents the temperature dependence found for
for n;nc ~Refs. 45 and 53!.
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distribution of dopant atoms. Bhatt and Lee46 modeled a
doped insulator such as Si:P as a random distribution of s
1
2 objects whose magnetic properties are governed by
Heisenberg Hamiltonian

H5 1
2 (

iÞ j
J~rW i2rW j !Ŝi•Ŝj .

The exchange is antiferromagnetic, and falls off expon
tially with r, J(r )5Joexp22r/aB , whereaB is the Bohr ra-
dius of the dopant carrier. Bhatt and Lee investigated t
system numerically, simplifying the problem by discardin
the high-lying excitation levels of the system which are u
important at lowT. They thus transformed the Hamiltonia
to a scaled version which includes only the same low-ly
states. The idea is that spins coupled with aJ.T will form
frozen singlets and drop out of the problem. In this case
susceptibility can be written asx(T)5NM(T)xc(T), where
NM(T) is the effective number of free spins remaining
temperatureT, andxc5mB

2/kBT is the Curie susceptibility of
a free spin at temperatureT. This model correctly predicted
both the slow divergence ofx at low T with x}T2a and
0,a,1, as well as the lack of a magnetic ordering at lowT.
Insulating Si:P has thus been described as a random a
phous antiferromagnet where the quantum fluctuations
vent the classically expected spin-glass ordering, giving
to a random singlet ground state with a divergent susce
bility.

For the Si:P samples doped into the metallic regime,
thermodynamic properties have been interpreted in term
a two-fluid model, where the localized moments and the it
erant carriers form two independent, weakly interacting s
tems. The idea is that the local moments are associated
statistically rare regions in the sample which are very wea
coupled to the electron gas. In these regions the couplin
the itinerant electrons is not sufficient to either screen
moments due to the Kondo effect, or to couple moments
Ruderman-Kittel-Kasuya-Yosida interaction.47–49 The sim-
plest assumption is to take the susceptibility in these r
regions to be of the same form as in the insulating samp
In this case, the susceptibility and specific heat are assu

in
e-

i:P

FIG. 15. The parametersax , aM , andaC determined from fits
to the susceptibility, magnetization, and specific heat of FeSi12xAl x

at 1.75 K to the theory reference~Ref. 46! .
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to be the sum of the contribution from the localized sp
calculated from the Bhatt-Lee model and the usual Fer
liquid expressions for the itinerant carriers.3 Following this
procedure and dividing by the Fermi-liquid expressions,
Pauli susceptibility of the itinerant carriers (xo) in the case
of the susceptibility and the linear specific-heat coefficien
the itinerant carriers (go) for g, gives susceptibility and lin-
ear coefficients of the specific heat3:

x/xo5m* /me1b~T/To!2a,

g/go5m* /me1~T/To!2a.

Herea is the susceptibility exponent,To measures the frac
tion of impurities which can be described as localized sp
andb53.1e0.4a/(12a)2 is the Wilson ratio in the Bhatt and
Lee model46 from fits to the numerical results. This form
not that of a Fermi liquid, since bothx andg are divergent
asT→0. For Si:P,a was found to be;0.6 for samples very
close to the MI transition (0.78,n/nc,1.25).

In order to compare the Si:P results and this theory w
our data, we have plottedx(T) on a log-log scale in Fig. 14
Here it is clear thatx(T) diverges much more weakly tha
either a Curie law (a51) or the data for Si:P (a;0.6). The
values ofa determined from linear fits to the data in th
log-log plot (ax) are presented in Fig. 15. This figure show
no apparent trend with Al concentration and demonstra
that fits tox to a power law giveax close to 0.2. The data in
Fig. 14 diverge very slowly, perhaps slower than the pow
law behavior. Such slow divergence has been predicted
models of disordered Kondo systems, which also have
consequence of a non-Fermi-liquid ground state.47,48Interest-
ingly, our susceptibility data can be fit equally well by eith
a Curie-Weiss form or the formx5xa(12hAT), as can be
seen in Fig. 16. AAT dependence ofx is expected from the
anomalies in the density of states from electron interacti
in a disordered conductor.50 However, it is not clear from the
theory what the magnitude of this contribution tox should
be. This same temperature dependence was reported
Si:P.51 A AT dependence was also found over a restric
temperature range for the non-Fermi-liquid syste

FIG. 16. Magnetic susceptibility@x(T)# for FeSi12xAl x from
1.75 to 20 K plotted as a function ofT1/2 on a log-log scale with
symbols the same as in Fig. 4.
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CeCu5.9Au0.1.52 The origin of the temperature dependentx
at low T in FeSi12xAl x and its relation to CeCu5.9Au0.1 is not
clear. However, we note that both CeCu5.9Au0.1 and
FeSi12xAl x are close to zero-temperature quantum ph
transitions, possibly involving the Kondo screening of loc
moments.

The temperature and field and dependence of the ma
tization of Si:P has been compared in detail to the pred
tions of the random amorphous antiferromagnet, and fo
to agree with its predictions.45 The specific prediction of the
Bhatt-Lee model46 is given by

M ~H,T!5
kBT

gmB
xm~T! f a~gmBH/kBT!, ~7!

with xm(T) being the measured low-field susceptibility, an

f a~y!5F E
0

`

dx
x2aM sinhy

11ex12 coshy
G Y F E

0

`dx x2aM

31ex G .

We have examined the magnetization of our samples in
spirit of the two fluid model by fitting the sum of Eq.~7! and
dx H, the Pauli susceptibility of the metallic samples mul
plied by the magnetic field, to our data. The results of t
procedure, with a single fitting parameter (aM), are shown
by the solid lines in Fig. 7. In Fig. 15 we plotaM from the
fits that best describe our data. For the Al-doped samplesaM
varies from 0.15 to 0.4.

We can also compare this model to the temperature
pendence of our specific-heat data. It is clear from the dat
Fig. 8 that at low temperaturesC/T is not flat, and turns
upward below 4 K. In order to characterizeC at low tem-
peratures we have plotted it againstT on a log-log scale in
Fig. 17. The solid line represents the usual linearly dep
dent specific heat expected for a Fermi liquid. It is clear h
again that our data have significant deviations from lin
behavior, and are better described by aT12aC form with
aC;0.2. aC from linear fits to the low-temperature data o
this log-log plot are shown in Fig. 15 along withax andaM .
Although there is significant scatter in the data as well

FIG. 17. Specific heat @C(T)# of FeSi12xAl x for x
50.015 (*) andx50.025 (d). The solid line represents a linea
temperature-dependent specific heat expected from a free-ele
model@C(T)5gT#. The dashed line represents aT12a dependence
with a50.2.
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some discrepancy between the valuesax andaM , it is clear
that the exponenta in FeSi12xAl x is much smaller than tha
found in the Si:P system (0.5<a<0.7).3,45,51,53In this sense
FeSi12xAl x is less magnetic than the classic semiconduct
systems, which is surprising in view of the larger dopa
density atnc and the formidable presence of Fe.

V. CROSSOVER FROM LOW- TO HIGH- T BEHAVIOR

In Sec. IV, we showed that the very low-temperatu
properties of FeSi12xAl x are similar to those of the class
semiconducting systems near the MI transition and that
high-temperature properties are dominated by the small
of the insulating parent compound. We now examine m
closely the form of the conductivity in the crossover regi
between the very low-temperature behavior and that ab
100 K. In this crossover region the samples on the meta
side of the MI transition have a linear resistivity over a wi
range of temperature and Al concentrations. Figure 18
veals just how linear the resistivity of our metallic samp
is. In this figure we have plotted (r2ro)/T againstT, with
ro chosen from linear fits to the data between 5 and 30 K
linear r would appear as a flat line in this figure, and it
surprising how flat our data are in this temperature range
Fig. 19 we presentr for the x50.05 sample which evolve
from the low temperatureAT behavior to the linear-in-T re-
gime. The field dependence of the resistivity is that due
the electron-electron interactions. Ther above 1K could be
the result of a crossover between theAT behavior and a
second contribution; however, the temperature depende
cannot be fit over any significant range by summing aAT
form with any power law greater than 1. We have point
out that these metallic samples have very short mean
paths of order 8 Å. Clearly in such a strong scattering lim
Matthesen’s rule will be violated, and a more moderate te
perature dependence than that found in clean metals w
be expected. However, it is not anticipated that a linear-iT
dependence would result from phonon scattering in the li
of strong disorder scattering of the quasiparticles.

A review of the literature on doped Si surprisingly revea

FIG. 18. Change in the resistivity divided by the temperature
a function of the temperature forx between 0.01 and 0.08.ro is
determined from a fit of the resistivity to a linear form between
and 30 K.
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that the linear-in-T behavior is not unique to FeSi12xAl x . In
fact the linearity of the resistivity on the metallic side of th
MI transition for a variety of dopants in Si was comment
on over 30 years ago by Chapmanet al.21 Furthermore, the
linearity in the doped Si systems occurs in the same rang
n/nc as FeSi12xAl x (1.25,n/nc,10). More recently, lin-
ear resistivities have been found in many of the high-Tc su-
perconductors near optimal doping and in rare earth inter
tallics such as U0.2Y0.8Pd3 ,54 UCu52xPdx ,55–57 and
CeCu5.9Au0.1.52 For the doped semiconducting systems, t
slope ds/dT appears to scale with distance from the M
transition, that is,s(T,n)5s l2(n/nc) b T. In Fig. 20 we
plot the slopeds/dT vs n/nc for a number of carrier-doped
semiconducting systems, including FeSi12xAl x , to show the
quality of the scaling argument. From the figure it is cle
that the coefficientb seems to be a property of the allo
series, ranging fromb520.06 (V cm K)21 for Si:B, to b
528 (V cm K)21 for Si:As. What is most striking is tha
b for FeSi12xAl x , Si:P, and Si:As is of the same order asb
for the Mott-Hubbard insulator and high-Tc superconductor

s FIG. 19. The resistivity of FeSi0.95Al0.95 from 0.3 to 20 K at four
magnetic fields~0, 3, 6, and 9 T! exhibiting a linear temperature
dependence between 2 and 20 K atH50, and insulating behavior
(dr/dT,0) for high fields at low temperature.

FIG. 20. First derivative of the conductivity with respect to tem
perature in the region of the linears(T) for FeSi12xAl x , Si:P~Ref.
21!, Si:B ~Ref. 21!, Si:As ~Refs. 38 and 21!, Ge:Sb~Ref. 31!, and
La22xSrxCuO4 ~Refs. 58 and 59!.
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La22xSrxCuO4.58,59 Recent experiments at very high fie
have shown that the linear resistivity in La22xSrxCuO4 does
not continue down to zero temperature, just as in the cla
doped semiconducting systems.60 Similar to doped Si and
FeSi, La22xSr2xCuO4 shows a strong upturn inr at low T
and high fields. However, the form of the divergence
La22xSr2xCuO4 is logarithmic, perhaps reflecting the two
dimensional nature of the conduction in this anisotro
compound.

VI. DISCUSSION AND CONCLUSIONS

The experimental results presented in this paper taken
whole reveal an insulator to metal transition for an Al co
centration of 3.3(61.1)31020 cm23. This is 2–3 orders of
magnitude larger than the critical densities in Si:P and Ge
of 3.8731018 and 1.531017 cm23, respectively.2,31 We
have found no evidence that other types of order, such
superconducting, charge, or magnetic, appear nearby.
metal that results upon Al doping has a carrier mass whic
nearly two orders of magnitude larger than that found
doped Si and Ge.61 Furthermore, when we examine the low
temperature data in detail we find a MI transition that
quantitatively similar to that found in the classic semico
ductors. There are only two substantial differences betw
our low-T data and that of doped Si and Ge. The first is
presence of SO or SF scattering in the majority of o
samples, and the second is a slower divergence of the
modynamic properties at lowT.

We conclude from this set of experiments that the stro
Coulomb effects in the Kondo insulator FeSi serve only
renormalize the critical density and the carrier mass in
metallic phase. Thus, by doping the ‘‘exotic’’ Kondo insul
as
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tor FeSi, we find a garden variety doped semiconductor w
a heavy mass—a heavy fermion metal. Our data lead u
the astonishing conclusion that this alloy made up of three
the most abundant elements~Fe, Si, and Al! is indeed a
heavy fermion metal. Furthermore, there are few quantita
differences between the behavior of Si:P and this sys
near the MI transition which is a surprising conclusion giv
the significant mass enhancement. Because the interac
and disorder are both important in the description of the
transition, it has remained an essentially unsolved proble1

We assert that the Mott-Anderson transition can be just
well investigated in FeSi as the classic semiconducting s
tems, since our data convincingly demonstrate that the s
many-body physics determines the critical behavior.

In summary, we have carried out a systematic investi
tion of the transition from insulator to metal by carrier do
ing the Kondo insulator FeSi. We find a metal-insulator tra
sition which is extraordinarily similar to that found in th
classic semiconductors. It is surprising that the MI transit
in a system where strong Coulomb effects dominate the
havior of the pure insulating system is quantitatively simi
to that in the more conventional semiconductors. Our res
suggest that many of the properties of systems near the
transition are insensitive to the strength of the Coulomb
fects in the pure insulating parent.
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