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Metal-Insulator Transitions in the Kondo Insulator FeSi
and Classic Semiconductors Are Similar
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We have observed the metal-insulator transition in the strongly correlated insulator FeSi wi
chemical substitution of Al at the Si site. The magnetic susceptibility, heat capacity, and field-depe
conductivity are measured for Al concentrations ranging from 0 to 0.08. For concentrations$0.01 we
find metallic properties quantitatively similar to those measured in Si:P with the exception of a g
enhanced quasiparticle mass. Below 2 K the temperature and field-dependent conductivity
completely described by the theory of disordered Fermi liquids. [S0031-9007(97)02878-0]

PACS numbers: 75.30.Mb, 71.30.+h, 72.20.– i
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Lightly doped semiconductors and insulators lie
the heart of both microelectronic technologies and mo
ern condensed matter physics. The most prevalent
best characterized of these systems continues to be
rier doped Si, a simple band insulator. The electro
and magnetic properties of carrier doped Si near
metal-insulator (MI) transition have been the subject
a large and growing literature where it is well establish
that these properties are determined by the disorder
electron-electron (e-e) interactions [1]. Investigations o
the MI transition where the Coulomb interaction is mo
significant, such as the Mott-Hubbard systems V22xO3,
La22xSrxCuO4, and NisS, Sed2 [2] have revealed interest
ing magnetic and superconducting ground states. A
feature separating Si from the Mott-Hubbard insulators
that whereas Si is an insulator by virtue of its band stru
ture, the latter are band metals which are insulating
cause of Coulomb interactions. Recently, another clas
insulators has emerged, namely, insulators correctly p
dicted by band theory to be insulating [3] yet which al
display optical and magnetic properties not understa
able using band theory [4]. The extent to which su
insulators, frequently labeled as “strongly correlated”
“Kondo” insulators, are fundamentally different from con
ventional insulators and semiconductors is unclear [5].
the present Letter, we present strong evidence that
popular strongly correlated insulator, FeSi, is actually
renormalized version of Si in the same sense that
heavy fermion metals are Fermi liquids with vastly reno
malized band masses. More specifically, we show t
chemical doping by Al substitution onto the Si sites yiel
a metal which is very similar to Si doped just beyon
its metal-insulator transition. The only obvious distin
tion is that in the metal derived from FeSi, the quasip
ticle mass is greatly enhanced relative to that in doped
Thus we have carrier doped a strongly correlated insu
tor through the MI transition to obtain a disordered Fer
liquid ground state with a large carrier mass—a hea
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fermion metal. Our data represent convincing supp
for the proposition that while heavy fermion metals an
strongly correlated insulators have peculiar temperatu
dependent properties, their ground states remain the w
understood Fermi liquids and band insulators.

The samples were either polycrystalline pellets or sm
bars cut from large Czochralski grown single crystals [6
Polycrystalline samples were produced from high pur
starting materials by arc melting in an argon atmosphe
To improve sample homogeneity they were annealed
one week at 1000±C in evacuated quartz ampoules. Pow
der x-ray spectra showed samples to be single phase
a lattice constant linearly dependent on Al concent
tion as can be seen in Fig. 1(a). The linearity demo
strates that Al successfully replaces Si in the concentra
range investigated. Energy dispersive x-ray microanaly
yielded results consistent with the nominal Al concentr
tion. The electrical conductivity was measured on recta
gular samples with thin Pt wires attached to four conta
made with silver paste. We collected transverse magne
conductance (MC) and Hall effect measurements at 19
using lock-in techniques. Finally, magnetic susceptibil
sxd measurements were made between 1.7 and 400 K
fields of 0.1 T in a SQUID magnetometer and the spec
heat was established using a standard semiadiabatic
pulse technique.

The defining feature of an MI transition is the appea
ance of conduction at low temperatures. The carri
manifest themselves in a variety of standard quantities,
cluding not only the temperature-dependent conductiv
itself, but also the Hall effect, Pauli susceptibility, specifi
heat, and MC. Together, these quantities define the m
fundamental parameters, namely, the carrier densityn),
sign (hole or electron), effective mass (mp), elastic scat-
tering length, ande-e interaction strength, of the nascen
metal. Arguably the most fundamental are the carr
density and sign. Our Hall effect data demonstrate t
Al doping onto the Si sites in FeSi does what is naive
© 1997 The American Physical Society 2831
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FIG. 1. (a) Lattice constant of FeSi12xAl x vs nominal Al
concentration (≤ left axis) and nominal carrier concentration
from measurements of Hall voltage (h right axis). (b) change
in x with x, taken as the averagex between 80 and 120 K.
Solid line is best fit to the formdx  csn 2 ncd1y3 with
c  1.44m

2
Bn02y3mpyh̄2p4y3, wheren0 is the valley degeneracy

taken as 8 [3]. The best fit corresponds to a carrier mass
14me. (c) The low temperature conductivity vs nominal A
concentration (≤). Si:P data (h left axis only) [16,18] is plotted
for comparison withnc  3.74 3 1018. smin (left axis) is
the Mott minimum conductivity defined assmin  0.05e2yh̄dc

with dc  n21y3
c . The solid line represents a fit of FeSi12xAl x

data up to the concentration where the Ioffe-Regel conditi
is violated skF, , 2, x # 0.045d to sLT  s0 p snync 2 1dn

with best fit corresponding ton  0.9 6 0.1 ands0  190 6
40. Dashed dotted line represents best fit of the Si:P data
the same formsn  0.55d.

expected and of course also happens when Al is ad
to pure Si, namely, donates one hole per added Al. F
ure 1(a) shows the corresponding results forT  1.7 K.
Thermoelectric effects also depend on carrier sign, a
we have accordingly measured the Seebeck coefficient
some samples. Doped samples display a positive co
ficient over the entire 30 to 400 K measurement inte
val, while in agreement with Wolfe [7], pure sample
yield two sign changes at temperatures above a maxim
at 50 K.

After the carrier density and sign, the next basic inform
tion required about systems which undergo MI transitio
is whether other types of order, e.g., superconductin
charge, or magnetic, appear nearby. If this were so,
associated fluctuations could contribute to scattering
the carriers and so affect all transport and thermodynam
2832
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properties. For FeSi12xAl x, we have identified no finite
temperature jumps or other singularities in any of o
transport or thermodynamic data. In addition, we us
low temperature specific heat andx to search for unusual
fluctuations at low temperatures. Of particular significan
is that while there is generally a Curie-Weiss-like rise
x 0 at lowT , the amplitude of this rise appears uncorrelat
with composition, and corresponds to 1% ofS  1y2 and
g  2 impurities per formula unit.

Having established that Al doping introduces carrie
into FeSi12xAl x while not leading to any instability such
as magnetic order, we turn to a direct search for t
MI transition in FeSi12xAl x. Figure 2(b) showss of
pure and Al doped samples. From 250 to 100 K
thermally activated form,s  sae2Dgy2kBT with Dg 
680 K, characterizes the pure sample. For temperatu
between 4 and 100 K, a variable range hopping fo
describes the data well [8,9]. Comparison of the da
above 200 K for the pure and doped materials reve
only a slight change with Al doping. Thus the thermal
activated carriers from the FeSi valence band domin
the transport here. Furthermore, the small change
room temperatures is consistent with only a small loss
of carrier mobility. In contrast, the low temperatures

[Fig. 1(c)] shows a dramatic change with Al substitutio
including metallic behavior forx $ 0.01. Assuming
that every Al dopant creates one carrier, the critic
concentration (nc) is between 2.2 3 1020 and 4.4 3

1020 cm23 [nc  3.3s61.1d 3 1020 cm23].
Figure 2(c) shows that the effect of doping onx

mirrors the effect of doping ons. Specifically,xsT d,
like ssT d is the superposition of a contribution inherite
from the insulator, and a doping-induced contributio
The most prominent feature ofx 0 for the insulator is
the well-known hump above room temperature. T
hump is due to the appearance of magnetic moments
warming and can be described using the activated fo
fxsT d  sCyT de2Dx ykBT g with a Curie constantC  1.9,
which is that associated withg  2 ands  3y2, and—
most importantly—a gapDx  680 K identical to the
transport (conductivity) gap [4]. Figure 2(c) also show
clearly the Curie-Weiss-like low temperature term whic
was discussed above and which is common to all of o
samples, doped and undoped. What is not common to
samples, and indeed grows with doping, is an essenti
T -independent offset (dx) which is most likely the Pauli
term derived from hole doping. Figure 1(b) shows ho
doping causes the amplitude of this term to rise from
value consistent with zero in the pure compound.

If our interpretation of the doping-inducedT -indepen-
dent offset as a Pauli term is correct, there should also
a linear-in-T (gT ) contribution to the specific heat. We
have checked this for some of our doped samples. The
set to Fig. 2(c) shows thatg is much larger in two doped
boules than theg  1.8 3 1024 Jymole Fe K2 found in
a nominally pure crystal [9]. The corresponding effectiv
mass (mp) of the carriers calculated from free electro
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FIG. 2. (a) ssTd for Si:P with P concentrations of2.7 3
1019 s≤d, 1.6 3 1019 spd, 1.1 3 1019 s¶d, 7.8 3 1018 snd,
4.9 3 1018 shd, 2.8 3 1018 s3d data of Chapmanet al. [11].
(b) ssTd for FeSi12xAl x with x of 0.0 single crystal (≤), 0.0
(solid line), 0.005 (dashed line), 0.01svd, 0.015ssd, 0.015spd,
0.025 single crystals,d, 0.025sØd, 0.035 (dashed dotted line)
0.045s3d, 0.05 s¶d, 0.055sxd, 0.06 snd, 0.07 s1d, 0.08 shd.
(c) xsT d for FeSi12xAl x with symbols same as in (b). Inset
CsT dyT plotted as a function ofT2 for x  0.015 spd and
x  0.025 sØd.

theory is 55 6 5 times the bare electron mass, whic
is reduced tos14 6 2dme when the band degenerac
(n0  8) is taken into account [3]. A similar analysis fo
an x  0.05 sample prepared at a different time yield
mp  s17 6 2dme or s4.25 6 1dme with n0  8. For
comparisonmp from x is s54 6 5dme which is reduced
to s14 6 2dme by the band degeneracy. This mass, t
gether with the free electron theory for a parabolic ba
which begins to be filled atnc, yields the solid line in
Fig. 1(b) and so provides a good description of howdx

varies withx.
Thus far we have focused on the gross features of

MI transition visible at relatively high temperatures. Be
h

s

-
d

he
-

cause we are dealing with a disordered alloy derived fro
an insulator with strong correlation effects, we expect s
nificant correlation effects to be visible also in the low
T s and MC. Figure 3 demonstrates that FeSi12xAl x is
not disappointing in this regard. In particular, there
a large contribution tossT , Hd which is proportional top

T and whose sign can be switched by a 16 T magne
field. In addition, there is a large MC with a composition
dependent shape. The shape also varies among sam
with the same composition, and seems more correla
with the apparent Curie-Weiss temperature than with a
other parameter. Therefore, to understand the behavio
all samples, one needs to use the theory of Fermi liqu
in the presence of ordinary localizing disorder as well
spin-flip (SF) and spin-orbit (SO) scattering terms [1,10
We have applied this theory to calculate the lines throu
the data in Fig. 3, and will give further details elsewher
What is most important, though, is that for onex  0.015
sample, SF and SO processes could be ignored in a sin
consistent description of all of ourT- and H-dependent
data. Thus, the moments formed at high-T in FeSi12xAl x

appear to be completely independent of the Fermi liqu
of holes induced by Al doping.

We have shown that FeSi12xAl x undergoes a metal-
insulator transition as a function ofx. The transition is
not accompanied by strongly enhanced magnetic fluct
tions, as would be expressed by a high Wilson ra
(xk2

Bp2y3gm
2
B . 2 for FeSi), and seems unexceptiona

in all but one respect, the relatively high effective mass
the carriers. How unexceptional is clear from Table I an
Fig. 1(c), which summarize our results and compare th
with those for other materials, especially Si:P, near th
metal-insulator transitions. Even the magnitudes of t
conductivities as a function of both reduced compositi
snyncd and temperature, as expressed in the coefficienp

T in the low temperature data, are similar in FeSi12xAl x

and systems based on the classical semiconductors.
allels exist not only for the low temperature limiting

FIG. 3. (a) Ds vs T 1y2 for FeSi0.985Al 0.015 in 0 and 16 T.
Lines represent best fits to the low-T data to ssT d ~ T 1y2.
(b) Magnetoconductivity at 0.290 K for FeSi12xAl x with x 
0.015 s±d, x  0.015 spd, x  0.025 sØd, and x  0.05 s¶d.
Solid line through data in both (a) and (b) forx  0.015 s±d
is calculated from theory [10] with the gyromagnetic ratio fo
the carriers of 2.75. Other lines represent fits to theory whi
include effects of spin orbit or spin flip scattering.
2833
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TABLE I. Values of the energy gap in the undoped systems (Eg), critical concentrationnc, the effective carrier massmpyme, the
dimensionless diffusion constant (kF,y3) for n  2nc calculated using the dopant density as the nominal carrier concentrati
valley degeneracy of 8 for FeSi, 6 for Si, and 4 for Ge, and the free electron formula fors [1] (the value for La22xSrxCuO4
was scaled from a high temperature estimate given in Ref. [13]),s0, and n obtained from fits of the data to the form
s  s0snync 2 1dn, a from fits to the forms  s0snd 1 aT1y2 to the low temperature conductivity at zero field, and t
parameterb from fits to the linear temperature dependent conductivity to the formssT , nd  s1snd 1 bTnync. Data for Si:P
were taken from Refs. [1,11,14], for Si:B from Refs. [1,11,14], for Si:As from Refs. [14,15], for Ge:Sb from Refs. [14,16], a
La22xSrxCuO4 from Refs. [13,17].

Eg nc s0 a b
(eV) s1018 cm23d mpyme kF,y3 s1yV cmd n sV cm K1y2d21 sV cm Kd

0.06 330 6 110
14 6

2
0.23 600 6 150 0.85 6 0.1 210.0 21.10 6 0.2

1.17 3.74 0.26 0.46 260 6 30 0.55 6 0.1 23.0 20.41 6 0.07
1.17 4.06 0.38 0.20 152 6 18 0.65 6 0.14 27.0 20.062 6 0.005
1.17 8.2 0.31 0.34 381 0.64 6 0.2 211.0 28 6 2
0.75 0.15 0.22 0.51 26 6 10 0.9 6 0.1 212.0 20.073 6 0.008
1.8 260 2 ,3 21.5 6 0.3
m
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properties but also for the crossover to the high te
perature regime, which in the case of FeSi12xAl x is
dominated by the small gap of the insulating pare
Specifically, Fig. 2(a) shows the conductivity of Si:P me
sured by Chapmanet al. [11] up to 400 K for samples
with nync in the same range as in our measureme
for FeSi12xAl x. It is striking that for both Si:P and
FeSi12xAl x , the conductivity rises linearly with decreas
ing T over a large range ofT , as of course it does fo
many high-Tc superconductors and certain rare earth
termetallics [12]. The associated slopesdsydT appear to
scale with distance from the MI transition, i.e.,ssT , nd 
s1snd 1 bTnync with a coefficientb which seems to be
a property of the alloy series in question. From the l
column in Table I, it is clear thatb for FeSi12xAl x is of
the same order as for the doped (band) semiconduc
Si:P and Si:As. At the same time, it is substantially larg
than for Si:B and Ge:Sb. What is perhaps most striking
that b for FeSi12xAl x, Si:P, and Si:As is of the same or
der asb for the doped Mott-Hubbard insulator and high
Tc superconductor La22xSrxCuO4, which is considerably
more famous for its linearlyT -dependent resistivity than
the classic semiconductors.

In summary, we have shown how a heavy fermion me
emerges upon doping the strongly correlated insula
FeSi. The resulting metals and associated insulator-m
transition bear an extraordinary and even quantitative
semblance to those near the classic metal-insulator tra
tion in the more conventional insulator Si. Thus, the stro
Coulomb effects present in insulating FeSi serve only
renormalize the critical concentrationnc and effective car-
rier masses in the metallic phase.
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