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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 xke0008 range of Al concentra-
tion. All of these quantities show a systematic variation withcluding a metal-insulator transition for carrier
densities between 2210°° and 4.4<10%°° cm 3. A detailed analysis of the transport and thermodynamic
properties reveal a metal-insulator transition closely resembling that of the classic semicon@®id®orSi:B,
and Ge:Spwith one important exception: a substantially enhanced carrier 68%63-18208)11439-X

I. INTRODUCTION AND MOTIVATION mass as indicated by the magnetic susceptibility and specific
heat. The purpose of this paper is to present a more thorough
The transition from an insulator to a metal by the varia-rendering of our experiments as well as the results of more
tion of the dopant density or the application of hydrostaticrecent magnetic-susceptibility and magnetization experi-
pressure to band insulators and amorphous alloys is one ofients.
the most important problems in solillsvietal-insulator in- The class of insulators known as Kondo or strongly cor-
vestigations in classic semiconductors such as Si and Gelated insulators include some rare-earth intermetallics and
have established that the thermodynamic, transport, anghe transition-metal compound FeSt! These compounds
magnetic properties near the transition are determined bgre different from Mott-Hubbard insulators, in that they are
both the disorder and the electron-electron interactidns. correctly predicted by band theory to be insulators without a
Despite the attention to this problem, the realization that bottstructural transition, or a doubling of the unit cell. However,
interactions and disorder play central roles has made a thethe extent to which these insulators are fundamentally differ-
retical description difficult. One strategy of exploration andent from conventional insulators and semiconductors is
for highlighting the role of the Coulomb interactions has unclear® The calculations of the band structure of FeSi, in-
been to investigate systems where the electron-electron intecorporating many-body effects on a mean-field level, find a
action is expected to dominate. These experiments have f@emiconductor with a band gap ) about twice the experi-
cused on the Mott-Hubbard insulators, where the Coulomimentally determined valug0 me\j.®*2'3Measurements of
interactions are responsible for the insulating behavior, anthe magnetic susceptibility and inelastic magnetic neutron
have resulted in discoveries of metals with interesting magscattering spectrum revealed thermally activated spin fluc-
netic or superconducting ground states. These investigationaations which have only recently been modeled by adding a
have found for example, thatvacancies iV,_,O; produce local Coulomb repulsion to the band-structure
a metal with spiral magnetic ord&rSr substitutions in calculation’*~*° Clear evidence that this insulator is distinct
La,_,Sr,CuQ, produce a high-temperature superconduttor, from the classic band insulators come from measurements of
and hydrostatic pressure applied to Ni(SSeyoduces a the ac conductivit} and the photoemissiori, which find
metal-insulator (MI) transition with novel critical temperature-dependent features in direct conflict with tradi-
exponent$. In recent papers we presented an experimentaional theories of band-gap insulatSr€arrier doping FeSi
investigation of the metal-insulator transition induced uponrepresents an opportunity to explore a Ml transition starting
carrier doping FeSi, a strongly correlated, or Kondo,from an insulator in which complex many-body phenomena
insulator’® The carrier doping is produced by chemical sub-determine the temperature-dependent transport and magnetic
stitution of Al for Si (FeSj_,Al,). We found that the properties. The results of our systematic experiments clearly
ground state of this system is neither magnetic nor supercorshow that doping this strongly correlated insulator through
ducting for 0<x=<0.08. The Ml transition, and the metal that the MI transition results in a disordered Fermi-liquid ground
results upon doping, closely resemble Si:Rjth only one  state with a large carrier mass—a heavy fermion metal. Our
important distinction, namely, an enhanced quasiparticlelata represent convincing support for the proposition that
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age probes of 2 mm along an average cross section of 1
X 0.5 mnt. The resistivity p) and magnetoresistanteR)
— measurements were performed at 19 Hz using standard
lock-in techniques in a dilution refrigerator with a 16-T su-
perconducting magnet and3e cryostat with a 9-T super-
conducting magnet. The contacts for the Hall effect were
carefully aligned, and measurements were performed at 19
400 Hz in a gas flow cryostat down to 1.75 K. We performed the
Hall measurements with fields betweerb and 5 T taking
the Hall voltage V) asVy=[V(H)—-V(—H)]/2, thus cor-
recting for any contamination from the field symmetric MR
- e due to misalignment of the contacts.
4.48 | | ok G — The magnetic susceptibilityy) of the same samples was
0 0.05 0.1 measured in a Quantum Design superconducting quantum
x interference device magnetometer for fields between 0.1 and
FIG. 1. Lattice constant of FeSi Al, vs nominal Al concen- 0-5 T and temperatures from 1.75 to 400 K. We collected
tration (x) determined from powder x-ray-diffraction measurements.Magnetization measurements at 1.75 K for fields between
Inset: Seebeck coefficient of FgAl, for 0<x=<0.06. 0.05 and 5 T. The specific heat was established using a stan-
dard semiadiabatic heat pulse technique.

while heavy fermion metals and strongly correlated insula-

tors have peculiar temperature-dependent properties, their

ground states remain the well-understood Fermi liquids and ll. EXPERIMENTAL RESULTS
band insulators.

We begin our discussion by presenting the details of the
experimental techniques that we have used to investigate the After establishing that our samples were single phase, and
MI transition and the extrinsic properties of FeSiAl,. that the Al successfully replaces Si, we determined the con-
This is followed by a presentation of the experimental resultgentration and character of the extrinsic carriers by measur-
mapping out the broad features of the transition region. Thég the thermoelectric power and the Hall effect. The See-
low-temperature transport and thermodynamic quantities areeck coefficientS) shown in the inset to Fig. 1 reproduces
presented and compared to those measured in the claséfie data of Refs. 19 and 20 for the nominally pure sample,
semiconductors in Secs. IV and V, and we conclude the pachanging sign twice between 50 K and room temperature.
per by summarizing our results. The peak at~-50 K is thought to be due to a phonon-drag
mechanism, while the sign changes are due to the competi-
tion between the density and mobility of holes and
electronst® A thorough description of the Seebeck coeffi-

The samples investigated in our experiments were polycient for pure and carrier-doped FeSi is given in Ref. 20. The
crystalline pellets and small bars cut from large single crysSeebeck coefficient is crucial, as it determines the sign of the
tals. The polycrystalline samples were produced from high<arriers for Al-doped samples. Our data show a positive co-
purity starting materials by arc melting in an argon efficient over the entire temperature range as well as a de-
atmosphere. They were annealed for one week at 1000 °C igreased maximum value, in agreement with the data of Ref.
evacuated quartz ampoules in order to improve sample ha0. The positive sign of the Seebeck coefficient for the doped
mogeneity. Large single crystals were prepared by the Czcgsamples confirms that the carriers added by Al substitution
chralski technique described previousie employed x- are predominantly holes as might be expected from the
ray spectra of the ground samples obtained withkKGu- nominal valences of Si and Al.
radiation on a SIEMENS D5000 equipped with a position The Hall resistanceRy) for a nominally pure single crys-
sensitive detector to determine that the samples were singtal and four Al-doped polycrystalline samples is shown in
phase. The lattice constant of the doped samples from theig. 2. Ry was found to be linear in magnetic field for all
x-ray spectra are shown in Fig. 1, where it is apparent thafive samples. The temperature dependende,ofor the pure
they depend linearly on the Al concentration. This obsersample shows a continuous increase of carrier density with
vance of Vegard's law demonstrates that Al successfully re¥, consistent with the description of FeSi as a band insulator.
places Si in the concentration range investigated. We havi is clear from the figure that at low the magnitude oRy
performed energy-dispersive x-ray microanaly&BX) ona is decreased by the chemical substitution. In fact, as the inset
JEOL scanning electron microscope equipped with a Keveto Fig. 2 shows, the apparent carrier concentration (
Si(Li) detector to check the stoichiometry of our samples.=1/Ryec) at 4.2 K is consistent with one hole being do-
The data show no evidence that the Al, Fe, or Si concentraqated per added Al atom, thus confirming the carrier doping.
tion differs from the nominal values. In contrast to the low-temperature data, at temperatures

The resistance, thermoelectric effect, and Hall-effect meaabove 150 KRy of the doped samples is indistinguishable
surements were performed on rectangular samples cut byfeom that of the pure sample. This demonstrates that by 200
string saw and polished with emery paper. Thin Pt wireK the thermally activated carriers dominate the transport,
were attached to four contacts made with silver paste whiclvhile at low T the extrinsic carriers added by Al substitution
were arranged linearly with an average spacing between volprevail. The T dependence of the doped samples is not
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FIG. 2. (a) Hall resistance of Fe ,Al, for 0=<x=<0.08. Inset:
Nominal carrier concentration calculated frdry at 4 K for the FIG. 3. p(T) for FeSj_,Al, with x of 0.0 single crystal @),
same samples. 0.0 (solid ling), 0.005 (dashed ling 0.01 (), 0.015 ©), 0.015

(*), 0.025 single crystal ¥), 0.025 (©), 0.035 (dashed-dotted
monotonic, withx>0.015 samples all having a maximum Jine), 0.045 (x), 0.05 (¢), 0.055 ¢>), 0.06 (A), 0.07 (+), and
between 20 and 40 K. This maximum inyRs ubiquitous 0.08 (O). Top inset: The resistivity of the nominally pure samples
among doped insulators occurring in S¥RGe:Sb?2 n-type  plotted as a function of ~* on a log-log scale showing activated
GaAs? and V,_,03* as well as many heavy fermion behavior(dash-dotted lineover a limited temperature range with
(;ompound§,4 In the heavy fermion compounds maxima of A,=680 K. Bottom inset: Resistivity of the nominally pure
the Hall resistance are generally attributed to incoherengamples plotted as a function &f * on a log-log scale showing a
magnetic skew scattering, while in the classic semiconducvariable range hopping form pt poexp(T,/T}**, dash-dotted
tors such maxima have been attributed to either a crossovéfe) at low temperature.
from conduction to impurity band transpértthe presence
of discrete localized states degenerate with the conductiohh€se metals are very poor conductors with mean free paths

band?® or an energy-dependent Coulomb scatteffng. (1) estimated from the conductivity and Hall-effect data be-
tween 4 and 10 A at 4 K. This corresponds to an elastic

scattering every other unit cell.
The data in Figs. 3, 4, and 5 show just how systematic the
The -eVO!Ution of reSiStiVity with Al substitution is pre- Changes |rp with Al concentration are. In F|g(a), we p|ot
sented in Fig. 3. For temperatures between 100 and 250 K, e concentration dependence of the temperature at vghich
thermally activated formp=p,exdA /2kgT] describes the s a maximum T;.0). Here T axis seen to increase from 30
pure samples, as can be seen in the top inset to Fig. 3. Thg 90 K over the range of studied. The energy gap\() is
dash'dotted ||ne IS the beSt f|t to thIS fOI‘m I‘esultlngﬂp measured by f|tt|ng an activated form mat temperatures
=680 K. Attemperatures below 50 K the resistivity CrossesahoveT ., and presented in Fig.(d). In Fig. 5a), we plot
over to a variable-range-hopping(VRH) form, p  the Jow-temperature conductivity{ 1) as a function of dop-
= p1exf(To/T)*]. Variable-range-hopping transport is due ing. All of these quantities show a regular variation with Al

to phonon-assisted hopping, and is prevalent among insulaypstitution consistent with the addition of carriers to a small
tors with a small density of extrinsic carriers. The bottomgap semiconductor.

inset to Fig. 3 presents the conductivity data for the pure

samples on a log scale plotted as a functiom4f. Fits of

the VRH form to the data yield, of 7600 and 8400 K for

the two samples, in good agreement with previous measure- The magnetic susceptibilityy) of the nominally pure

ments of nominally pure samplé%?’ sample shown in Fig. 6 is compatible with that measured
The data shown in Fig. 3 for the Al-doped samples reveapreviously**'?’ It is characterized by the appearance of

that the room temperatuye is only weakly dependent om  magnetic moments upon warming, and can be described

consistent with the thermally activated carriers dominatinggbove 70 K by an activated behavior of the forpfT)

the transport, as suggested by the Hall data. This observation(C/T)exd —A, /kgT], with  A,=680 K and C

also demonstrates only minor mobility losses for the carrierss 1.9 emu K/mol. Thus the energy gap apparent in the sus-

due to any disorder induced upon doping. The low temperaeeptibility A is the same as that measured from the transport

ture p, however, shows a much more dramatic and systemin the same temperature range. The Curie constastthat

atic variation with Al substitution. Samples wig®>0.005 all  associated witly=2 ands=3. At low temperaturesy fol-

have a peak ip between 50 and 100 K with metallic behav- lows a Curie-Weiss-like behavidiinset to Fig. ¢ corre-

ior, positive dp/dT, at lower temperatures. The crossoversponding to 0.6% spi- impurity per formula unit. The

from insulating to metallic low-temperature conductivity oc- variation iny with Al substitution is also presented in Fig. 6,

curs at 0.005:x<0.01, indicating a metal-insulator transi- where x(T) is plotted for the 12 Al-doped samples. These

3 plots reveal a susceptibility which is essentially the suny of

B. Resistivity measurements

C. Magnetic susceptibility and magnetization

tion at Al concentrations between 2.2 and 4 4?° cm 3.
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FIG. 4. (8 Temperature dependence of the maximum of the
resistivity as a function of Al concentration in FgSjAl,. (b)
Energy gap as measured from the resistivity,X and magnetic
susceptibility @,) as a function of Al concentration in
FeSi_,Al,.

FIG. 5. (a) The low-temperature conductivity of FgSiAl, vs
nominal Al concentration @). The Si:P data [[I, right axis
only)(Refs. 31 and 6Rare plotted for comparison with,=3.74
X 108, o iy (right axis is the Mott minimum conductivity defined
as omin=0.0%%/%d, with d.=n_ ¥®. The solid line represents a fit

of the pure sample and a temperature-independent offséf FESL-xAlx data up to the concentration where the loffe-Regel

(8x). This temperature-independent offset increases with Aix_’rr‘]‘:“t'onb'S V'c;_'ated KF|~2,d¥<0-04i)otgbe: ‘70(3/ ”0111)96

concentration, as is evident in Fig($, where we plot it as WIth @ best fit corresponding 'tov=0.9:0.1 and o,=1

a function ofx. Since this added susceptibility is both tem- +40 Q™" cm". The dash-dotted line represents the best fit of the
. ’ . . . Si:P data to the same formv{ 0.55) (Ref. 2. (b) The change iny

perature independent and increases with Al concentration,. A

we interpret it as the Pauli susceptibility of the added carri-Wlth x, taken as the averagebetween 80 and 120 K. The solid line

P P is best fit to the formsy=c(n—ny)"® with c=1.44u2v'?f*/

ers. That the susceptibility is the sum of a Pauli term and thaf, "3 )
of the pure sample is further demonstrated in Fig)4 beZt i ‘(’:V:r?;?O;Sd;hfovglf;ﬁsfsqlir;‘?f’E]zer: ageef. 12. The
where thex dependence ok, , found by fitting the activated P ¢

form added toSy of the doped samples, is plotted. There is

at most a 100-K decrease iny over this range irx. We

interpret the small change ih, as evidence that the addition

of itinerant carriers has not significantly altered the gross s

features of the band structure.

The low temperaturge of all of our doped samples fol-
lows a Curie-Weiss formiy= x,/(T— 6y)], as shown for a
few samples in the inset to Fig. 6. The Weiss temperature
(6y) varies from sample to sample from5 to —50 K, and
neither the magnitude of, nor 6, varies systematically
with doping. Furthermore, our data show no signs of a clas-
sical magnetic phase transition and in fact follow the Curie-
Weiss form to temperatures well belofy, .

In order to explore the low-temperature magnetic proper-
ties of our samples further, the magnetizatif) was mea-
sured at 1.75 K for fields up to 5 T. Figure 7 presdvitéH)
data of seven different Al concentrations. Here again it is
apparent that the magnitude of the magnetization does not
vary systematically withx. The most naive interpretation of
these data would consist of the linddi(H) of the free car-

x (10" emu / mole Fe)
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FIG. 6. Magnetic susceptibilityx(T)] for FeSi_,Al, at0.1 T,

riers (6xH) added to the magnetization of noninteractingwith symbols the same as in Fig. 4. Inset: Curie-Weiss plot of the
ionsM,=n,gugJB;(gugH/kgT), wheren, is the density of magnetic susceptibility of six FeSi,Al, samples(some samples
local moments andB; is the Brillouin function B;(x) omitted for clarity.
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FIG. 8. C(T)/T of FeSj_,Al, plotted as a function oT? for
x=0.015 (*) andx=0.025 @).

FeSi, reproduced near the valence-band maximum in Fig. 9,
reveal a valence-band maximum along iR line which
0 2.5 5 has a degeneracyv() of 8 and a carrier mass of

H (T) (1.5+0.5)m, .2 The degeneracy reduces our estimate of the
effective mass by a factor of’??=4, resulting in m*
=(14=2)m,, still much greater than either the band theory
prediction of Fig. 9 or the carrier mass in Si:P or Ge:Sb. A
similar analysis for ax=0.05 sample prepared at a different
time yieldsm* =(17+2)m, or (4.25-1)m,, with »'=8.
For comparison purposes we have fit the Pauli susceptibility

_ _ 28 data in Fig. %b) to the free-electron theory for a parabolic
(29+ 1/2))coth(2)-+1/2)x = (1/2))coth(1/Z)x. % Fits of band which begins to be filled ai.. We use the formsy

this form to the data using the measur8g as the Pauli , _

susceptibility require a density of noninteracting ions of:(377)1/3“25 m* V.Z/s[n_nc]llsl.ﬁwz’ with n, take'n as
~1% and either a very small gyromagnetic factgr(1) or 0._075. The l_)est fit to our df\ta is shown by the solid line in
an angular momenturfd) of the ions of greater than 7. This Fig. 5@’ which representsn = (14x2)m, in good agree-
unsatisfactory outcome of the fits reflects the observatiof€nt with our specific-heat data.

that theM (H) data, even with the linear susceptibility of the

free carriers subtracted off, do not saturate in fields of 5 T. IV. METAL-INSULATOR TRANSITION

FIG. 7. MagnetizatiortM) of FeSj _,Al, at 1.75 K withx of 0.0
single crystal @), 0.005 (¢), 0.01 (<), 0.015 ©), 0.055 {>),
0.06 (A), and 0.08 [0). Lines represent the Pauli paramagnetic
signal determined from the susceptibility as in Figb)éadded to
the best fit of the remainder to the model of Bhatt and (Ref. 46.

From the above discussion it is clear that the lattice con-
stant, thermoelectric effect, Hall effect, resistivity, suscepti-

Our resistivity data reveal metallic conduction which in- bility, and specific heat all vary systematically with Al sub-
creases with in the same samples whegehas an increased
doping-induced temperature-independent offset. We have in FesSi
terpreted both these changes as being due to the introductic ~ %°[ - e L. . .
of free carriers with Al substitution. If this interpretation is ' te ’
correct one would expect a linear-incontribution to the
specific heat which grows as a function of doping. Figure 8
shows the heat capacity of two Al-doped samples wishof
0.015 and 0.025. Here the usual method of extracting the
linear-in-T contribution (yT) is demonstrated by plotting
C(T)/T as a function off 2. The figure shows thag of these
two samples is much larger than they=1.8
x10™* J/ molFe K found in a nominally pure crystal,
and that there is also a substantial increase impon going
from x=0.015 to0 0.025 4 y=2 mJ/ mol Fe K). The effec-
tive mass of the carriers can be calculated from free electror —0.5
theory by usingA y from the figure and the nominal Al con-
centration as the carrier concentration. Free-electron theory g 9. The band structure of FeSi near the Fermi energy around
predictsy= /3 k§ g(Er) with g(Eg)=m*ke/#?m?, and  the valence-band maximum reproduced from the paper by Mat-
an effective mass of 555 times the bare electron mass theiss and Haman(Ref. 12. The valence-band maximum lies be-
(mg). However, band-structure calculations for simple cubictween thel” andR points indicated by the arrow in the figure.

D. Specific heat

Energy (eV)
o
\

M T R
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stitution in FeSi. They are all consistent with a transitionthrough 27 with respect to the plane-wave state, is much
from an insulating to a metallic state at=0.0075-0.0025.  greater than the elastic scattering timeJnder these condi-
Furthermore, we have identified no finite temperature jumpsions the carriers can retain their phase coherence over many
or other singularities in any of these properties, and thusmpurity scattering events, resulting in an increased probabil-
there is no evidence of a structural or magnetic instability inity of coherent interference of the scattered wave functions.
our range of Al substitution. As such we are able to study theSince these effects arise from the interference of the quasi-
details of a continuous metal-insulator transition in thisparticle wave functions, they are known as the quantum con-
Kondo insulating system, and compare with the extensiveributions to the conductivity> >’

literature on the classic semiconductors. This exploration of In carrier-doped semiconductors the quantum contribu-
a quantum phase transition requires careful examination afons result in ayT dependence of the conductivity at low
low-temperature properties close to the MI transition. Wetemperaturé:*® This singular behavior has been understood
present the results of such a systematic investigation in thigs arising mainly from the electron-electron scattering, and

section. in particular from the diffusion channel of the interaction.
The effect stems from the uncertainty principle which re-
A. Concentration dependence of the conductivity quires that two states which differ in energy byare indis-

tinguishable during a timei/e. Therefore, all scattering
within a time#/e will interfere coherently’® Since the mo-
&ion of the quasiparticles is diffusive, two quasiparticles may
encounter each other more than once during this time. The
result is an increase in the effective Coulomb coupling con-
_ —uv stant from\ to A(1+ ay), Whereay is the probability that
o(T,8)=¢(s) #T=(s)], @) the two quasiparticles interact more than once in a time
wheres is a parameter which drives the MI transitithin #./€.%° Stated differently, the effective Coulomb interaction

The low-T properties of the classic semiconducting sys-
tems have been compared in great detail to scaling theori
of the transition' In the simplest scaling model the conduc-
tivity in proximity to the MI transition has the form

this cases is the Al concentration. The other parameters iniS enhanced for diffusive carrier motion since quasiparticles
this model are the length scalé which diverges as tend to spend more time in a given region of space than the
(s—s.) ~* and the time scale(s) which diverges a3 goes ~ corresponding unscattered plane waBéoch) states’® This
to zero as §—s,) ~“Z. In these formulas the critical exponent increased coupling constant will enhance both the exchange
v is related to the manner in whiah vanishes af=0, ¢  and direct(Hartreg terms in the self-energy giving rise to a
x(s—s.)”. We begin the comparison of this model with our Square-root singularity of the density of states at the Fermi
data by fitting theo 1(x) data in Fig. %a) to this standard Ievel'. This smg'u!arlf[y is in direct confllct Wlth Landau’s |d_ea
scaling form[Eq. (1)] with o r=0.[(n/n)—1]". It has that in a Ferml liquid the Coulomb interaction renormghzes
been argued that the conductivity follows the form of Ey.  the den65|ty of states, but leaves it a smooth function of
in the region where the loffe-Regel conditiorke(~2) energy’ _ _ _ o
holds2 Therefore, we have restricted the fit to this concen- In three dimensions the correction to the conductivity in
tration range, which for our FeSi,Al, samples corresponds the diffusion interaction channel is given by
to x<<0.045. The best fit for this range iis shown by the 5
solid line in the figure. The values aof and o, that best Agimt 1134 3T: [keT 2
represent our data are @:9.1 and 196:40 Q" tcm™?, re- N"F 42 2\3 2 7/ VD’ @
spectively. In this figure we have also plotted Si:P data from
the literaturé® scaled by the Mott minimum conductivity where D=uv¢l/3 is the diffusion constarif This equation
(0min=0.05%?/#d,, with d.=n_ ) in order to compare the includes the contributions from the exchange teh &nd
critical behavior of FeaLXAI.X to that of_ Si:P. The valugs the Hartree term (3‘3_,0) of the self-energy, Wherﬁ,, sets
used toofgale E@e data sets TdUde_"’} C“tlclal conc_:.entrauon e strength of the electron-electron interaction. Figure 10
g'g;ﬁézo c(r:nr[]‘?’ aigd 8?1(};@1_ czng)*? forcrlge S.hfor AISLPItagd demonstrates a\T conductivifcy for four FeSi_,Al,
cl'ear that the transition region in Fg@SjAl, is _nxot ;s shar samples. The values af, , from fits of our lowT data to the
S e X AP form o= g4+m,TY2 are shown in Fig. 11. Thege, val-
as n S"P'. where it is well _d_ocumenteq that:O.SS. v ues are similar to those measured in the same range of
=0.9=0.1 is closer to the critical behavior in Ge:$Ref. ; ‘. _ 1 ‘.
: . n/ng in SiP  (m,~—-3Q cmKY, SiB (m,~
3D or seversagl)zc_)gler systemsli(S,Se), GaAs, Si-Au, InQ, —7 QcmkKY?), SiAs (m,~—11 Q cmKY?), and Ge:Sb
wherey~1.% (m,~—12 Q cmK¥?) 23138e also note that in zero field
the conductivity of three out of the four samples decreases

B. Temperature and field dependence of the conductivity with increasing temperatur@ee Fig. 10 requiringlég>g.

In materials on the metallic side of the MI transition the = Moderate magnetic fields have a significant effect on this
effect of disorder on the temperature and field dependence @brrection to the conductivity. If we consider the total inter-
the conductivity at lowT is significant. This sensitivity re- ference amplitude to be composed of spin singlet and triplet
sults from the diffusive motion of the quasiparticles scatter-amplitudes, we can understand the effect of the field. In this
ing from the disorder. At lowT the vast majority of these picture the spin singlet amplitude is not influenced by the
scattering events produce little if any change in the phase dfeld, whereas the states wijk=1 will be split by gugH.
the quasiparticle wave function. Thus the phase breakinghe precession of the spins in the magnetic field causes the
time (7,), the time for the quasiparticle phase to be scatteredhterference probability to decrease, effectively cutting off
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FeSi,_Al <0
eolyxAly FeSi,_.Al,
10 x = 0.015 %
} o H=0
B ﬁ o H > 8T I
¥ t
E o % ]
e b
g ; !
[9) —20 \
G 0 0.05 0.1
\ X
= FIG. 11. Plot ofm, from fits of the low-temperature conductiv-
5 -0 7] ity to the form o=0,+m,T*? vs the Al concentration of
4 0 500 FeSi_,Al, in zero field ©), and in high field &8T) (@).
0. -

These equations demonstrate that in the theory of electron-
electron interactions the exchange term gnof the Hartree
term are not changed by the magnetic field. Large magnetic
fields cut off only the part of the singularity associated with

the Hartree term, those in E(@) which includeF,, and the
relevant field scale igugH~#%D.%®

When examining the magnetoconductagke) it is im-
portant to recognize two other contributions to the conduc-
tivity. The first arises from the Cooper channel interaction, a
similar contribution to the diffusion channel interaction de-
0 1 2 scribed above. In this interaction channel the divergence of

T (K'%) the conductivity at lowT arises from the Coulomb interac-

tion in much the same way. When discussing the diffusion
channel interaction we considered the increase in the Cou-
lomb interaction due to the finite probability that two quasi-

FIG. 10. The change in the conductivity ¢ o,) below 4 K for
four Al-doped FeSi_,Al, samples plotted as a function B2 with

x=0.015(a), a second sample witk=0.015(b), x=0.025(c), and . . . . . .

x=0.05 (d) at zero field O) and at high field as labeled in the ?ﬁg'c(':eoso'”éfrﬁﬁtetrgé‘;%g“ég‘snt:g tl'gﬁifm "’i‘lta‘?o'g)t(sc’z at”?hit e
figure. Solid lines represent the best fit of the conductivity to the . P ! pt 1 .
form o=+ m.TY2 with o andm.. determined from the fits to _consider the case when the path of one of the quasiparticles
the data below 1 K. ° 7 is time reversed® That is, one quasiparticle diffuses froin

to A (time reversed from thé to B path. In this scenario,

the singularity of the triplet terms fogugH>kgT. Thus the twq qua;iparticles never cross thg sqme'region at the
there will be field-dependent and -independent contribution§&Me time since one quasiparticle is diffusing in the reverse

to the conductivity resulting in a field and temperature de-S€Nse. However, if the time between path intersections is
pendence of this contribution of small compared td/e, then the quantum-mechanical inde-

terminacy of time allows the wave functions to interfere
coherently®® This replaces the coupliny by the effective

kgT )

E(g ) F(,) WD couplingh=A/[1+\In(Ec/kgT)], a typically a smaLI change
sinceA<1. However for superconducting materialgs re-
placed by 1/In{/T), whereT is the superconducting criti-

, (3 cal temperature, and the interaction is the attractive one
which leads to the superconductivityA magnetic field de-

where stroys the time-reversal symmetry, and thus the phase coher-

ence necessary for the effect. A negative MC is predicted
when the Landau orbit size becomes comparable to the ther-
mal length, 2H/Ac>kgT/D. For all nonsuperconducting

0 36 o materials this term is found be negligible when compared to

N(Q)=1/(e”—1), andh=gugH/kgT.™ g3 has the limit-  the diffusion interaction chann&f® Since FeSi_,Al, does

ing behavior not show any signs of superconductivity across a wide range

Jh-13, h>1 of chemical substitution, we have ignored this contribution

e when analyzing the MC.
0.05%2, h<1. At low temperatures the conductivity of disordered mate-

o d?
gs(h)=fo dQ 55z [AN)](VQ+h+ [Q-h[-2\0),

ga(h):{
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rials can also have contributions from the weak localization . \ | |
of quasiparticles due to coherent backscattering. The origin %, FeSi, Al
of this term in the conductivity can be understood by consid- oy L0y x=0.015 50 (0 cm)™

ering two series of scattering events during which the phase
of the quasiparticles is not affected by the scattefintn
particular we consider two scattering series which have the
same changes in momentum but in opposite sequdﬁce,
—>IZ£—>I2§—> . -—>Er’,,l—>|2;,—>—|2 and E—>IZ’1’—> *'2'—>- .

o

—K!_,—k'— —K. The first series has momentum changes
of  pP1.P2.P3....P, and the second has

-

Pn:Pn_1, - - - P2,P1. The amplitude for the final state k
will be the same since the series undergo the same scattering
processes in opposite sequeit&he key point is that these
two partial waves will interfere constructively, resulting in

an increased probability for backscattering. Thie direction
is the only direction in which the coherent interference re- FIG. 12. The magnetoconductance(H,T)—a(0,T) of
sults in an increased probability, and this will act to decreas&eSj o5Al, 415 as a function of field for various temperatures be-
the conductivity at low temperature. In three dimensions theween 75 mK and 1.1 K. The solid lines represent a fit to all of the
conductivity increases with temperature afo,, temperature- and field-dependent data between 0.75 and 1.1 K for
«ce? T4 3, whereq is determined by the temperature fields up to 16 T to the theory of disordered Fermi liquief. 36
dependence of the relevant inelastic scattering protess.  Wwith three independent parameters: the diffusion constart §.3

The effect of a magnetic field on the weak localization X102 cm?/s), the strength of the electron-electron interaction
term is to induce a phase difference in the two scatterian:U: 1.2+0.1), and the gyromagnetic ratig€2.75).
series. In this way a magnetic field will destroy the coherent

backscattering if the difference in phase between the tw%eory of e-e interaction; however, a much more rigorous
paths is of orderr. The magnitude of the phase difference (ot jies in the form of the MC. Therefore we have applied

depends on the length and direction of the scattering trajetiE and D in examining the MC of these same samples in

tories. All trajectories with an area projected onto a IOlaneorder to determine if the extrinsic behavior of this unconven
perpendicular to the magnetic field larger '[ha_rﬁ|

. . tional semiconductor can be understood within the conven-
=fic/2eH will have the coherent scattering suppressed. tional theory of a disordered Fermi liquid.

The characteristic field for the suppression is set by the phase The MC of two of these four samples can be seen in Figs.

breaking scattering time, asH ,=7%c/4eD7,. Since the : : o
field cuts off the backscattering probability, the MC is posi-lz and 13 at various temperatures. The MC is negative in all

tive, and in fieldsH>H , the conductivity has the form

Field (T)

2 FeSi, Al
A 0.605— 1 @ 50 (Q cm)™ x=0.05
oy =0. —. =0

v % Ly, 512018 K
...... e T =0288K
. . . . . Aaa TRey  Uveg  SRag, a4 T =0480K

In three-dimensional samples of Si:P a small contribution to o Seag oT=- 10K

the MC from the weak localization has been reported. How- gy e T= 60K

ever, this term is dominated by the MC resulting from the
diffusion interaction channel, as is typical for three-
dimensional samples®®

The evolution of the conductivity of FeSi,Al, with
magnetic field can be seen in Figs. 10 through 13. In large
magnetic fieldsf>1) our FeSj_,Al, samples continue to o
show a\T divergence. However, as can be seen in Fig. 10, ‘ ' | ‘
most samples have a sign change in their temperature depen- 5 10 15
dence. This change from metalliclike conductivityegative Field (T)
da/dT) to insulatinglike(positivedo/dT) with the applica-
tion of magnetic field has been observed in Si:B, Si:P, and FIG. 13. The magnetoconductance(H,T)—o(0T) of
Si:As, and results from a large electron-electron interactiorreS} g5Al g g5 as a function of field for various temperatures between

constant. 8/ F <8/32 Since there are only two material 75 mK and 60 K. Solid lines represent a fit to all of the temperature-
) g .

parameters which determino(T) in a constant fieldsee and field-dependent data between 0.75 and 1.1 K for fields up to 16
T to the theory of disordered Fermi liquidRef. 40 with four

Egs.(2) and(3)], F, andD are fixed by the zero- and high- jygependent parameters: the  diffusion constanb=g.2
field temperature dependenée, andD varied with Al con- X 1072 cn¥/s), the strength of the electron-electron interaction
centration between 0.7 and 1.2, and %63 2 and 3.8 (£, =1.2+0.1), the product of the gyromagnetic ratio and the spin
X 1072 cn/s, respectively. The appearance of a conductivscattering time gr.=7.2x10"%? s), and the product of/r, and

ity which evolves in temperature a5 is consistent with the  the density of statefsy/7.g(E) =8.8x 101/s/eV cnt].

Ac (1 / Q cm)
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four samples at all fields at every temperature measured. Ahe case of strong SO or SF scattering by including both the
low fields the MC varies asl?, while for fields ove 5 T it  self consistent field via an effectiwg factor (g*), and the
grows asyH. The MC decreases with temperature, althoughreduction of the singularity in the density of states. They
for the sample withx=0.05 a negative MC is found for wrote the MC as

temperatures as large as 60 K. We compare our data with the

theory of quantum contributions to the MC which can con- 1

—20, 1

tain terms frome-e interactions in both the diffusion and the T="3 2 27D i(er) iD [W3(y)—V¥3(0)]. (6)
. . . . S

Cooper interaction channels, as well as weak-localization ef-

fects. In the discussion above we concluded that the contriHere,

butions from the Cooper interaction channel will be small _

since there is no indication of superconductivity in this sys- _ 3/A1+F

-2 -
{f(1+F2)x)—f(x)}

tem. The weak-localization terms in the conductivity canW3(x)=
also be considered small since the MC measured at high
fields is ten times larger and opposite in sign from that pre-

dicted in Eq.(4). Therefore, we have ignored these contribu-

tions in analyzing the MC data, and instead focused on the
diffusive channel of the electron-electron interaction. The
contribution to the MC from the diffusion channel interac-

tion can be found from Ed3), and has the form

o

TR 1+;"/2) [{[1+ (1+F,/2)2x2] 2+ 1322

(o8

H{[1+(1+F /22324 1} 712

1
) +=—[[(L+xH) Y2+ 1124+ [(1+x3) 2+ 1] 717,
e o

[ —
AO’(H)Z—%m kBT/ZfiDg3(h). (5)

wherey=g* ugH /%,

For the sample with the smallest conductivity, and thus

closest to the MI transitionx(=0.015), we ust:U and D
from the temperature dependeré&sys.(1) and(2)], and de-
termineg from the high-field MR and Eq3) (g=2.75). We —2/[(1+x¥)V24 1]V24 \/E},

have plotted the full field dependence of the theoretical pre- ) . i ) i

diction of Lee and Ramakrishn#{Eq. (5)] with these three  91(€F) is the single spin density of states, the zero-field
parameters in Fig. 12. We emphasize that this theory, alongonductivity, andrs the spin scattering tim& We deter-

with the three parameters chosen in the prescribed mannemined F, and D from the temperature dependence in zero
describes all of our temperature- and field-dependent datand at 16 T and Eq€2) and(3). Equation(6) and a least-
below 1.2 K quite well. In this sense the theory of electron-squares fitting routine are used to compare this theory to our
electron interactions does an excellent job of describing thélata. We have performed a three parameter fit to the data at
low-temperature transport properties of this sample. How9.288 K using the productg* 7, and \'7.0,(ef) as two of
ever, for the other three samples with larggr, this theory  the parameters. Since the theory only holds @drugH
alone cannot reproduce our data. Attempts to follow the>kgT, the low-field data points are ignored in the fit and the
same procedure for determining the three paramef@rs zero-field value of the conductivity is taken as the third pa-
'ﬁcy andg) produce large values fay, resulting in a grossly rameter. At other temperaturg¢between 0.075 and 1.1)K
overestimated low field MC. We have also varied all thedi(eg), 75, andg* are held constant and a one-parameter fit
parameterfi,,, D, andg over a wide range in order to check &S performed. The best fits found from this procedure are

our procedure and never achieved a satisfactory fit to th&hoWn by the solid lines in Fig. 13, and the quality of these
data. its is representative of that for the remaining two samples.

Since FeSi is half iron, impurities and defects may act ag he values of the parametegs 7 and \/_?lszgl(fF) which
spin-flip (SP or spin-orbit (SO) scattering centers. There- best reproduce the data are B0 s and 5.1
fore, we have considered the effect of spin scattering on thes 10°Js/(eVen®) for x=0.015, 2.x10°*? s and 1.3
predicted MC in order to see if such scattering can explain< 10'®ys/(eVcn?) for x=0.025, and 7.210 2 s and
the apparent discrepancy of electron-electron interactioB.8x 10*%\/s/(eV cn) for x=0.05.
theory with our data for the samples with larggr;. In the The theoretical prediction for a SO relaxation time; )
theory of the diffusion channel interaction SO and SF scatis proportional to the elastic-scattering timer){ with
tering mix the spin subbands, effectively cutting off the sin- 7/ 7¢,=(aZ;)*+ (aZ)*. Herea is the fine-structure constant,
gularity in the density of states in the same manner as d is the atomic number of the matrix atoms, afdis the
magnetic field® This effectively reduces the MC especially atomic number of the impurity speci&sSince Si, Al, and
at low field®° In interacting systems a self-consistent field Fe all have a relatively smal, 7/7so would lie between 2
may act toincreasethe MC. This enhanced MC can be seenx 10 # and 1.3<10 3. The Drude result for the elastic scat-
in our data by comparing the data in Fig. 13 for the samplaering time is~0.1 ps; thus a SO scattering time-e6 ps

f(x)=2[(1+x)Y+ 1]1’2+%In{[(1+x2)1’2+ 1142

with x=0.05 to the data in Fig. 12 for the sample with
=0.015. The comparison shows that the MC of tke
=0.05 sample becomes larger than that of #we0.015
sample atH~7 T. Millis and Led? calculated the MC in

is a relatively short scattering time. One can also compare
these scattering times to the measurements of SO and SF
scattering in thin films. In thin-film systems the increased
contribution of weak localization to the resistivity has al-
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FIG. 14. Magnetic susceptibilityx(T)] for FeSi_,Al, from FIG. 15. The parametews, , ay , andac determined from fits

1.75 to 20 K plotted on a log-log scale with the same symbols as ing the susceptibility, magnetization, and specific heat of F&3i,
Fig. 4. The solid lines represent various temperature-dependent bgt 1.75 K to the theory referencRef. 46 .
haviors withy=T"¢. a«=1.0 corresponds to Curie law behavior,

and @=0.62 represents the temperature dependence found for Si:fistribution of dopant atoms. Bhatt and “Bemodeled a
for n~n, (Refs. 45 and 58 doped insulator such as Si:P as a random distribution of spin-

. .  objects whose magnetic properties are governed by the
lowed a systematic measure of these scattering rates as tﬁ%isenberg Hamiltonian

film surface is varied. For example, Bergmann measured the
MC of a 9.2-nm Mg film with-ML Au deposited on the top
surface and found a SO scattering rate of>619 13 s.42 H=1> J(r—-r§-§.
Similar Mg films with to55-ML Fe deposited on the top sur- 1#]

face produced a SF scattering rate of4I0 *? s*3 These . . .

rates are comparable to the rates we measure in th‘ghe ex_change is antiferromagnetic, and _faIIs off exponen-
FeSi_,Al, samples. A similar analysis has been carried oufially with r, J(r) = Joexp-2r/ag, whereag is the Bohr ra-

for the Cd_ Mn,Se:In system, where the exchange interac-dius of the dopant carrier. Bhatt and Lee investigated this
—X X . ’

tion was found to dominat}# system numerically, simplifying the problem by discarding

From the quality of the fits describing the low- the high-lying excitation levels of the system which are un-

temperature MC over a wide temperature and field regioni,mportant at IOWT' They th!JS transformed the Hamiltonia_n
a scaled version which includes only the same low-lying

we conclude that the temperature and field dependencies i ) ; . . .
the conductivity are described by the self-consistent electrorgtes: The idea is that spins coupled wit=aT will form
electron interaction theory. The only substantial differencd0Z€n S.'n.g.IEtS and drop out of the problem. In this case the
that we have found with the behavior of the classic semiconSUSceptibility can be written gg(T) =Ny (T) xc(T), where

ductors is the necessary addition of SF or SO scattering fdim(T) is the effective Qumbgr of free spins remaining at
the majority of our samples. temperaturdl, andy.= ug/kgT is the Curie susceptibility of

a free spin at temperatuiie This model correctly predicted
both the slow divergence of at low T with y=T~ ¢ and
0<a<1, as well as the lack of a magnetic ordering at [bw
Thus far we have examined the low-temperature behaviomsulating Si:P has thus been described as a random amor-
of the electrical conductivity of Fe§i,Al,, and concluded phous antiferromagnet where the quantum fluctuations pre-
that the description of a disordered Fermi liquid near the Mivent the classically expected spin-glass ordering, giving rise
transition fits our data. Since these aspects afe similarto  to a random singlet ground state with a divergent suscepti-
what has been found in common semiconducting systemsility.
we expect that the low- susceptibility and specific heat of For the Si:P samples doped into the metallic regime, the
FeSi _,Al, and Si:P would also have common temperaturethermodynamic properties have been interpreted in terms of
and field dependencies. In our discussion of Fig. 6, where wa two-fluid model, where the localized moments and the itin-
plotted y of our samples along with a Curie-Weiss-type plot, erant carriers form two independent, weakly interacting sys-
we remarked that the Curie-Weiss behavior continued dowtems. The idea is that the local moments are associated with
to temperatures below,,. In fact, this is similar to the statistically rare regions in the sample which are very weakly
results of investigations of the classic doped semiconductingoupled to the electron gas. In these regions the coupling to
system Si:P® the itinerant electrons is not sufficient to either screen the
In insulating Si:P the magnetic susceptibility below 1 K moments due to the Kondo effect, or to couple moments via
diverges much slower than Curie law behavior, and show&Ruderman-Kittel-Kasuya-Yosida interactiéit*® The sim-
no sign of any magnetic phase transitién3his behavior is  plest assumption is to take the susceptibility in these rare
believed to be due to the broad distribution of exchange infegions to be of the same form as in the insulating samples.
teractions between impurity states resulting from the randonin this case, the susceptibility and specific heat are assumed

C. Susceptibility and specific heat
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FIG. 16. Magnetic susceptibilityy(T)] for FeSi_,Al, from FIG. 17. Specific heat[C(T)] of FeSi Al for x
1.75 to 20 K plotted as a function af“2 on a log-log scale with =0.015 (*) andx=0.025 @). The solid line represents a linear
symbols the same as in Fig. 4. temperature-dependent specific heat expected from a free-electron

model[ C(T)=vT]. The dashed line represent3 & « dependence

to be the sum of the contribution from the localized sping™th @=0.2.

calculated from the Bhatt-Lee model and the usual Fermi- 5 .

liquid expressions for the itinerant carriérgollowing this ~ C€CW.9AUo.1.>" The origin of the temperature dependant
procedure and dividing by the Fermi-liquid expressions, thet [ow T in FeSi_,Al, and its relation to CeGAu, is not
Pauli susceptibility of the itinerant carriergg) in the case ~Ccléar. However, we note that both Ce(huo, and

of the susceptibility and the linear specific-heat coefficient o €SL-xAlx are close to zero-temperature quantum phase
the itinerant carriersy,) for y, gives susceptibility and lin- transitions, possibly involving the Kondo screening of local

ear coefficients of the specific h&at moments. .
The temperature and field and dependence of the magne-
¥ xo=M* Mg+ B(TIT,) ¢ tization of Si:P has been compared in detail to the predic-

tions of the random amorphous antiferromagnet, and found
to agree with its predictioriS. The specific prediction of the

— * -
YYo= Me+ (T/To) . Bhatt-Lee modéf is given by

® X~ *Msin
f dx y

0o 1+e*+2cosly

Here « is the susceptibility exponent,, measures the frac- KT
tion of impurities which can be described as localized spins, M(H,T)= LXm(T)fa(gMBH/kBT)! 7)
andB=3.1e%%/(1— a)? is the Wilson ratio in the Bhatt and 9us
Lee modef® from fits to the numerical results. This form is \ith xm(T) being the measured low-field susceptibility, and
not that of a Fermi liquid, since both and y are divergent
asT—0. For Si:P,« was found to be-0.6 for samples very ogdx XM
close to the MI transition (0.28n/n,<1.25). faly)= / f - |

In order to compare the Si:P results and this theory with 0 3+e
our data, we have plotteg(T) on a log-log scale in Fig. 14. e have examined the magnetization of our samples in the
Here it is clear thay(T) diverges much more weakly than spirit of the two fluid model by fitting the sum of E(7) and
either a Curie law ¢=1) or the data for Si:P4~0.6). The 5y H, the Pauli susceptibility of the metallic samples multi-
values of@ determined from linear fits to the data in the plied by the magnetic field, to our data. The results of this
log-log plot («,) are presented in Fig. 15. This figure shows procedure, with a single fitting parameter,f), are shown
no apparent trend with Al concentration and demonstratepy the solid lines in Fig. 7. In Fig. 15 we plai,, from the
that fits toy to a power law giver, close to 0.2. The data in fits that best describe our data. For the Al-doped samp|es
Fig. 14 diverge very slowly, perhaps slower than the powervyaries from 0.15 to 0.4,
law behavior. Such slow divergence has been predicted by We can also compare this model to the temperature de-
models of disordered Kondo systems, which also have thgendence of our specific-heat data. It is clear from the data in
consequence of a non-Fermi-liquid ground stat€Interest-  Fig. 8 that at low temperatureS/T is not flat, and turns
ingly, our susceptibility data can be fit equally well by either ypward below 4 K. In order to characterig2at low tem-
a Curie-Weiss form or the forng=x,(1— 7VT), as can be peratures we have plotted it agaifson a log-log scale in
seen in Fig. 16. A/T dependence of is expected from the Fig. 17. The solid line represents the usual linearly depen-
anomalies in the density of states from electron interactionslent specific heat expected for a Fermi liquid. It is clear here
in a disordered conductd?.However, it is not clear from the again that our data have significant deviations from linear
theory what the magnitude of this contribution yoshould  behavior, and are better described byl “c form with
be. This same temperature dependence was reported fagi~0.2. ac from linear fits to the low-temperature data on
Si:P? A T dependence was also found over a restrictedhis log-log plot are shown in Fig. 15 along with, anday .
temperature range for the non-Fermi-liquid systemAlthough there is significant scatter in the data as well as



PRB 58

8.0

s FeSi,_.Al,
0.01
0.015
0.025
0.035
0.045
0.05
0.08

E T T T T T A
LI | | | R [

p—po/ T (u0cm K

X XA XK XX NORROUNA X REON RIHOUIHKIXLKK K XK KX X XK K XK K X

=]
o n
o OO OO T o
R T ‘ OO0000000000000dn 000 o o g

0 25
T (X)

50

FIG. 18. Change in the resistivity divided by the temperature as_

a function of the temperature for between 0.01 and 0.0%,, is
determined from a fit of the resistivity to a linear form between 5
and 30 K.

some discrepancy between the valugsanday, , it is clear
that the exponent in FeSj _,Al, is much smaller than that
found in the Si:P system (05a=<0.7) 3*>5159n this sense

p {mQ cm)
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FIG. 19. The resistivity of FegisAl 595 from 0.3 to 20 K at four

|21

agnetic fields(0, 3, 6, and 9 T exhibiting a linear temperature
dependence between 2 and 20 KHat0, and insulating behavior
(dp/dT<0) for high fields at low temperature.

that the linear-int behavior is not unique to FeSi,Al,. In
fact the linearity of the resistivity on the metallic side of the
MI transition for a variety of dopants in Si was commented

on over 30 years ago by Chapmahal“* Furthermore, the

FeSi_,Al, is less magnetic than the classic semiconductingineayity in the doped Si systems occurs in the same range of
systems, which is surprising in view of the larger dopantn/nc as FeSi_,Al, (1.25<n/n,<10). More recently, lin-

density atn; and the formidable presence of Fe.

ear resistivities have been found in many of the highsu-

perconductors near optimal doping and in rare earth interme-

V. CROSSOVER FROM LOW- TO HIGH- T BEHAVIOR

In Sec. IV, we showed that the very low-temperature
properties of Fe%i ,Al, are similar to those of the classic
semiconducting systems near the MI transition and that th

closely the form of the conductivity in the crossover region
between the very low-temperature behavior and that abov

100 K. In this crossover region the samples on the metallic

side of the MI transition have a linear resistivity over a wide

veals just how linear the resistivity of our metallic samples
is. In this figure we have plottetb( p,)/T againstT, with

po chosen from linear fits to the data between 5 and 30 K. A
linear p would appear as a flat line in this figure, and it is

surprising how flat our data are in this temperature range. In

Fig. 19 we presenp for the x=0.05 sample which evolves
from the low temperature/T behavior to the linear-ifi- re-
gime. The field dependence of the resistivity is that due to
the electron-electron interactions. Theabove 1K could be
the result of a crossover between th& behavior and a

second contribution; however, the temperature dependence

cannot be fit over any significant range by summing®
form with any power law greater than 1. We have pointed

tallics such as W,YoP%,>* UCu_,Pd,*>" and
CeCu AU, ;.%? For the doped semiconducting systems, the
slope do/dT appears to scale with distance from the Ml
transition, that is,o(T,n)=0,—(n/n;) b T. In Fig. 20 we
5Iot the slopeda/dT vs n/n; for a number of carrier-doped

emiconducting systems, including FgSjiAl,, to show the

/dT {(Q em K)!

)

d

out that these metallic samples have very short mean free

paths of order 8 A. Clearly in such a strong scattering limit
Matthesen’s rule will be violated, and a more moderate tem-

perature dependence than that found in clean metals woula

be expected. However, it is not anticipated that a linear-in-

of strong disorder scattering of the quasiparticles.

%uality of the scaling argument. From the figure it is clear
that the coefficiento seems to be a property of the alloy
geries, ranging fronb=—0.06 (Q cmK)~?! for Si:B, tob
—8 (2 cm K)~ ! for Si:As. What is most striking is that
b for FeSi_,Al,, Si:P, and Si:As is of the same orderlas

range of temperature and Al concentrations. Figure 18 "€ 1 the Mott-Hubbard insulator and higFie superconductor

0 3

¥’ %o g | gg ° |
2§ ¢ o
% 3
oy
L
* i
[}
—10— e FeSi,_,Al, |
o SiP 3’
o Si:B
A Si:As [}
o GesSb
* Lag_Sr,Cul, :
| |
0 5 10

n/n,

lal N-  FIG. 20. First derivative of the conductivity with respect to tem-
dependence would result from phonon scattering in the limiperature in the region of the lineai(T) for FeSi_,Al,, Si:P(Ref.

A review of the literature on doped Si surprisingly revealsLa,_,Sr,CuQ, (Refs. 58 and 59

21), Si:B (Ref. 21), Si:As (Refs. 38 and 2]l Ge:Sb(Ref. 31), and
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La,_,Sr,Cu0Q,.%®* Recent experiments at very high field tor FeSi, we find a garden variety doped semiconductor with
have shown that the linear resistivity in 1.3Sr,CuQ, does @ heavy mass—a heavy fermion metal. Our data lead us to
not continue down to zero temperature, just as in the classi$e astonishing conclusion that this alloy made up of three of
doped semiconducting systeftisSimilar to doped Si and the most abundant elementge, Si, and Al is indeed a

FeSi, La_,Sr—xCuQ, shows a strong upturn ip at low T heavy fermion metal. Furthermore, there are few quantitative
and high fields. However, the form of the divergence indifferences between the behavior of Si:P and this system

La,_,Sr—xCu0, is logarithmic, perhaps reflecting the two- near FhelMI transition which is a surprising conclus.ion give_n
dimensional nature of the conduction in this anisotropicthe significant mass enhancement. Because the interactions

compound. and disorder are both important in the description of the Mi
transition, it has remained an essentially unsolved problem.
V1. DISCUSSION AND CONCLUSIONS We assert that the Mott-Anderson transition can be just as

well investigated in FeSi as the classic semiconducting sys-

The experimental results presented in this paper taken astams, since our data convincingly demonstrate that the same
whole reveal an insulator to metal transition for an Al con-many-body physics determines the critical behavior.
centration of 3.3¢1.1)x10?° cm 3. This is 2—3 orders of In summary, we have carried out a systematic investiga-
magnitude larger than the critical densities in Si:P and Ge:Skion of the transition from insulator to metal by carrier dop-
of 3.87x10% and 1.5<10' cm 3, respectively’* We  ing the Kondo insulator FeSi. We find a metal-insulator tran-
have found no evidence that other types of order, such asition which is extraordinarily similar to that found in the
superconducting, charge, or magnetic, appear nearby. Thgassic semiconductors. It is surprising that the MI transition
metal that results upon Al doping has a carrier mass which ifn a system where strong Coulomb effects dominate the be-
nearly two orders of magnitude larger than that found inhavior of the pure insulating system is quantitatively similar
doped Si and G& Furthermore, when we examine the low- to that in the more conventional semiconductors. Our results
temperature data in detail we find a MI transition that issuggest that many of the properties of systems near the Mi
quantitatively similar to that found in the classic semicon-transition are insensitive to the strength of the Coulomb ef-
ductors. There are only two substantial differences betweefects in the pure insulating parent.
our low-T data and that of doped Si and Ge. The first is the
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