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We present a comprehensive series of electrical trangpmmtiuctivity, magnetoresistance, and Hall effect
thermodynamidspecific heat, magnetic susceptibility, and magnetizatiand optical(reflectivity) measure-
ments in varying temperature ranges between 0.05 and 330 K on high-quality FeSi single crystals grown by
vapor transport. The entire set of data can consistently be described with the usual relatidesfapensated
n type) semiconductor if an unconventional band structure is assumed. Compared to the results of mean-field
band-structure calculations, the height of the peaks in the total density of states around the energy gap is
considerably enhanced, implying enhanced effective masses. Most likely correlation effects are the source of
these features. At very low temperatures we encounter metallic behavior. A low concentration of correlated
itinerant charge carriers coexists with interacting magnetic momg®@4.63-18207)05043-1

[. INTRODUCTION ing two symmetric tight-binding band&he iron d band$
with a Hubbard termU acting within each band indepen-

The cubic B20-type intermetallic compound FeSi, also dently and with a moment independent hybridization. While
frequently referred to ag-FeSi, has been known since de- for U=0 the ground state consists of doubly occupied states
cades for its unusual thermodynamic properties at highn the lower hybridized band, fdd — o double occupancy is
temperature$? Above 100 K, the magnetic susceptibility avoided. Related to this approach is a local-density-
rises rapidly with increasing temperature, passes through approximation (LDA} U band-structure calculation for
maximum at approximately 500 K, and obeys a Curie-WeissFeSi*® The anomalous behavior of the magnetic susceptibil-
type behavior at higher temperatures. Neutron diffraction, ity and the specific heat of FeSi is claimed to be due to the
295i NMR,* and ®Fe Massbauet studies excluded, how- proximity of a singlet semiconductor to ferromagnetic-metal
ever, the onset of an antiferromagnetic order below 500 K. Aransition in FeSi. It has, however, been argidedat results
similarly anomalous behavior was observed for the specifisimilar to LDA+ U results are obtained if temperature de-
heat? Its electronic component was reported to have a broagendences are included in the LDA band-structure calcula-
peak at around 200 K, which is roughly the temperaturdions.
where the magnetic susceptibility increases most steeply A central issue of all these models is the origin and the
with temperature. value of the energy gap in FeSi, a topic which has been

The theoretical interpretation of these observations readdressed in a number of LDA band-structure
mains controversial. A number of different approaches havealculations:>~1° All these reports give essentially the same
been suggested to explain these high-temperature propertigssults. The Fermi energy of FeSi is situated in a gap of the
of FeSi. A first approach uses a theory of itinerant-electrorelectronic excitation spectrum. The minimum-energy gap is
magnetism where FeSi is described as a nearly ferromagnetiedirect and between 0.05 and 0.11 eV, the minimum direct
semiconductor, the thermal and magnetic properties of whickyap is approximately 0.14 eV. The calculated gap value is
are strongly influenced by spin fluctuations with strongly quite sensitive to small variations in the atomic positions of
temperature-dependent amplitudeSA second attempt calls Fe and Si. As a result of several valence-band maxima and
upon a Kondo-lattice descriptidhl® In this picture, the conduction-band minima occurring within a few meV of the
high-temperature magnetism is thought to arise from localgap edges, the total electronic density of std®OS) rises
ized magnetic moments of Fe, which are not Kondo compenrapidly on both sides of the gap. The gap is surrounded by
sated above a certain critical temperature. This interpretatiotwo extremely narrow peaks of only approximately 50-meV
is of particular interest because of possible relations betweewidth, mostly formed by Fe @ states. These two peaks ap-
correlatedd- and f-electron systems. A third approach con- pear as particularly pronounced in Refs. 17 and 18. The peak
siders the concept of intermediate valehtewhere the above the gap is part of a wider structure of several 100-meV
ground state is claimed to ba@®Fe’" hybridized with Si,  width. Fu, Krijn, and Doniacl remarked that the dominat-
leading to spin zerdthe orbital momentum is quenched ing 3d character of the states around the gap is not what one
and the lowest excited state i§Fe'" hybridized with Si, would expect in a Kondo-insulator, where the gap results
with spin 2. The high-temperature magnetic behavior is thusfrom a hybridization of localized @ electrons with itinerant
explained by a thermally induced intermediate valence of Fe or p electrons. On the other hand, Mattheiss and Harfrann
in FeSi. Yet another approathdescribes FeSi with a two- claimed that from their band-structure calculations they
band Hubbard model in the limit of large dimensions assume€ould not distinguish between a Kondo insulator and an en-
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hanced spin-fluctuation model. Experimental gap valuetow concentration of itinerant charge carriers, a scenario in-
given in the literatureé®?°~?4range between 50 and 80 meV terestingper se

when extracted from electrical conductivity measurements,
and between 60 and 100 meV when derived from magnetic-
susceptibility and optical-reflectivity measurements, overall
in relatively good agreement with the results of the above- We have measured the electrical resistivity, magnetoresis-
mentioned calculations. It is known that LDA calculations tance, Hall effect, specific heat, magnetic susceptibility, and
usually underestimate the energy-gap value, but this notorieptical reflectivity in varying temperature ranges between
ous “band-gap problem” does not seem to appear in the case.05 and 330 K on single-crystalline samples of FeSi. All
of FeSi. Jarlbor§f argued that this might be related to the transport measurements were made using the same crystal
gap occurring in the middle of the Fed®and in FeSi, and (which we will refer to as No. L For the specific-heat,

not between two different bands. This special feature of FeSinagnetic-susceptibility, and optical-reflectivity measure-
would also lead to an increase rather than the usual decreag¥ents we used another crystal from the same batch to which
of the gap width with pressuré as was indeed recently we will refer as No. 2. Both samples were grown by vapor
observed experimentally by Bauet al?® transport. The extremely high ratio of low temperature to

The relevance of all these mean-field band-structure recoom temperature resistivity of approximately<a0° for
sults for the real electronic structure of FeSi continues to béNo. 1 may be interpreted as an indication for a low defect
a topic of debate, however. Mattheiss and Hamann pointegoncentration and a very high sample quality.
out'® that, according to exact diagonalization studies on
small many-body model systerfisthe exact ground state is
the analytic continuation of the noninteracting state, and that
therefore the mean-field bands should be a relevant starting We used several x-ray techniques to characterize our
point for FeSi. Many-body effects can lead to an extremesamples. In an energy dispersive x-ray microanalfsisX)
renormalization of the LDA bandwidths, but only to a mod- of No. 2 we detected, besides Fe and Si, only spurious
erate renormalization of the LDA gap. amounts of Cu, which are, most likely, due to backscattering

The relatively large amount of theoretical work aiming atfrom the microscope walls. We could not detect any foreign
explaining the high-temperature properties of FeSi is to b@hase, i.e., inclusions which are chemically different from
contrasted with much less theoretical work considering thé€Si and which are larger than approximatelyrh in diam-
low-temperature properties. These are often thought to beter are unlikely to be present in the sample.
impurity dominated and therefore of little interest. We be- We analyzed a third crystaNo. 3) from the same batch
lieve, however, that low-temperature properties can, even igs crystals Nos. 1 and 2 by powder diffraction at room tem-
impurity influenced obecausehey are impurity influenced, perature. Using an internal Si standard, the lattice constant
play an important role in clarifying the physical characteris-was refined toa=4.4880(5) A at room temperature. FeSi
tics of FeSi. One example of a theoretical attempt to describerystallizes with the cubic space gro#2,3 and Fe and Si
such areal physical system is the “dirty Kondo insulator” atoms are located at the special sit@)4,u,u. Fixing the
description of Schlottmanfi=?° In it, the effect of Kondo Fe and Si occupancy factor to 1.0, a Rietveld refinement
holes, i.e., of missind or d electrons at a given site, on the Yyields, for the four equivalent Fe positionga=y/a=z/a
DOS of a Kondo insulator is discussed and several low=0.13712), and, for the four equivalent Si positions/a
temperature properties are predicted. Also JarlBdig,the  =y/a=2z/a=0.8423). If we fix only the Fe occupancy fac-
framework of anab initio spin-polarized band theory for tor to 1.0 and refine the Si occupancy factor, we find a
e-FeSi, provided helpful indications on the expected influ-slightly better agreement with the experimental diffraction
ence of impurities on low-temperature properties. He pointgattern. We then obtain a Si occupancy factor of (88%he
out that a local magnetic field, induced around a magneti¢e positions ak/a=y/a=z/a=0.1392), and the Sposi-
impurity in FeSi, can lead to spin polarization and a closingtions at x/a=y/a=z/a=0.8452). The corresponding
of the gap. This subsequently enhances the field becausample stoichiometry is thus EgSi;_s with 0.01<6
electrons from the minority valence band are transferred ta<0.04. The smallest value is just the maximum allowed
the majority conduction band, a process which is most prosilicon deficiency within the previously established FeSi ho-
nounced at low temperatures where the sharp rise in the DO®ogeneity rangé® For the highers values we would have to
on both sides of the gap is not thermally smeared out. As assume that locally some Fe rich phase exists. We analyzed
consequence, a sizable magnetic halo will be created arourtis crystal(No. 3) by x-ray diffraction using the precession
the impurity site. method prior to grinding it for the powder diffraction mea-

In order to establish a reliable data base we have made surement. It consisted of at least four crystallites. Some of
comprehensive series of electrical transport, thermodynamithe excess Fe might, for example, have been situated at the
and optical measurements on high-quality single-crystallingrain boundaries.

FeSi samples below room temperature. All our experimental Also crystal Nos. 1 and 2 were investigated by x-ray dif-
results are compatible with a description of FeSi being draction using the precession method. Each of them consists
semiconductor with an unconventional band structure, inof at least two intergrown crystallites. The central region of
volving two narrow DOS peaks around the gap with an ex-crystal No. 1, which was investigated in the transport mea-
tremely high total DOS and considerably enhanced effectivsurements, is, however, essentially single crystalline.
masses. At temperatures below 1 K, FeSi enters a metallic The implications of these structural investigations can be
state in which interacting magnetic moments coexist with asummarized as follows. Since FeSi is a cubic compound,

II. SAMPLES AND EXPERIMENT

A. Structural characterization
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intergrown crystals are expected to have very similar physi- 10% errrr———rrr—— T
cal bulk properties as single crystals. Only in samples con- -
sisting of many intergrown crystallites, grain boundaries 10-1

might considerably influence intrinsic properties such as the
spin susceptibility or the specific heat. Small deviations from

the ideal 1:1 stoichiometry of Fe and Si are very difficult if —— 102E 0 pomooomar g
not impossible to determine experimentally. The improved é 1r
fit resulting from the Rietveld refinement when adjusting the == 107 §§ f
occupancy factor of one of the constituents could also be due = §:4
to the additional fit parameter. Therefore, one has to be ex- 104 §_5 a
tremely cautious when comparing results obtained from dif- 6l
ferent samples, especially when synthesized by different 10-5 ~l

methods. 107
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Sample No. 1 was contacted with six gold wires using FIG. 1. Temperature variation of the electrical resistivityf
silver epoxy. The resistivity was measured between 0.07 anHeSi sample No. 1. The inset showsl In(p)/d In(T)
300 K using a standard four-wire low-frequency ac tech-=(dp/p)/(dT/T).
nique. The magnetoresistance and the Hall effect were mea-

sured between 0.05 and 55 K by applying a dc current inF|R down to zero frequency the reflectivity was extrapolated
external magnetic field$d of different magnitude up to  wjth the Hagen-Rubens law between 300 and 100 K and to a

moH=7 T. The magnetoresistance was measured in the S@onstant value for the spectra monitored below 4% K.
called transverse configuration, that is, the magnetic induc-

tion B was perpendicular to the electrical curréniThe cur-
rent values were always checked to be in the ohmic regime.  Ill. EXPERIMENTAL RESULTS AND ANALYSIS
The magnetoresistance MR was extracted from the voltage

i i AT t
V, measured along the current direction, the Hall voltslge ranspor

from the transversé.e., perpendicular té and B) voltage In Fig. 1 we show the temperature dependence of the
V,, considering that MR is an even function BfandV,, is  resistivity p on a double-logarithmic plot. The resistivity at
an odd function oB. room temperature is, with 1650} cm, well within the range

The specific heat of sample No. 2 was measured betwee®f 140—-280 () cm previously reported for FeSi single
0.06 and 35 K using a relaxation-type technique, and the agrystals>**?*>**Upon lowering the temperaturp,increases
magnetic susceptibility of the same sample was measurddy more than five orders of magnitude to 54)&m at 0.07
between 0.05 ah1 K by aconventional mutual-inductance K. In the inset of Fig. 1 we showd In(p)/dIn(T)
technique at a frequency of 420 Hz. Between 2 and 330 K=(dp/p)/(dT/T) as a function ofT. The temperature deriva-
we measured the dc susceptibility using a moving-sampléve of p is negative over the whole covered temperature
superconducting quantum interference device magnetometgignge. Above 200 Kp depends only weakly off, but in-

The absolute value of the ac susceptibility was determinegreases by more than three orders of magnitude between 200
by matching the data to that of the dc susceptibility. In ad-and 30 K. The subsequent trend to saturation is followed by
dition, we measured the dc magnetization of sample No. 1 it second steep rise pfbetween approximately 15 and 5 K.
external magnetic fields up f@,H=5 T at various tempera- At very low temperatures(T) tends to saturate. Below 0.3
tures between 1.9 and 11 K. K, p=po—AT? with p=0.590 m andA=0.27Q mK?

The reflectivity spectrun®(w) of sample No. 2 was mea- is an adequate description of the data. The saturatiqif Of
sured as a function of temperature between 10 and 300 ko a finite valuep, at very low temperatures is reflected in
over a very broad frequency spectral range, extending frorthe trendd In(p)/d In(T)—0 asT—0.
the far infrared FIR) up to the ultraviolefUV), i.e., from 15 In Fig. 2 we present the magnetoresistance data in the
to 1 cm 1. We made use of four different spectrometers.form MR=[R(7T)—R(0)]/R(0) between 0.05 and 55 K.
The FIR spectral range was covered with a Bruker IFS113MR(T) is negative over practically the whole temperature
Fourier interferometer with an Hg arc light source and arange, reaching a maximum absolute value of approximately
He-cooled silicon bolometer detector. A fast scanningl2% around 7 K. Only between 30 and 45 K, is a small
Bruker interferometer IFS48PC, a home-made spectrometgositive MR observed. Examples of isothermal NBR(
based on a Zeiss monochromator, and a commercial McPhegurves will be shown and analyzed in Sec. IV B.
son spectrometer were employed in the mid-infrafemd- The Hall effect was measured at several fixed tempera-
IR), visible, and UV spectral range, respectively. Belowtures between 1.5 and 55 K in external magnetic fieldsp
5000 cm'%, a gold mirror was used as reference. Moreoverto B=u,H=7 T, and at different temperatures between 0.1
the specimen was polished in order to obtain a suitable andnd 1 K at up to 2 TOnly in two relatively narrow tempera-
shiny optical surface. The optical conductivity,(w) was  ture ranges, namely, between 30 and 55 K and between 4 and
obtained from Kramers-Kronig transformations applied to10 K, is the Hall resistivitypy =Vyd/l approximately a lin-
the measured optical reflectivity. Appropriate extrapolationsear function ofB, i.e., py=RyB, whered is the sample
were used above our highest-frequency limit, while from thethickness andRy the Hall coefficient. They(B) curves in
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FIG. 2. Temperature dependence of the magnetoresistance MR

FIG. 4. Some representative Hall resistivity vs external mag-

=[R(B)—R(0)]/R(0) of FeSi sample No. 1 measured in an exter- netic inductionB = u,H isotherms measured on FeSi sample No. 1.

nal magnetic fieldH corresponding t8=uH=7 T.

these two regimes are shown in Fig. 3. The corresponding
Ry(T) values are shown later in Fig. @5. Between 30 and
55 K, Ry is positive, and between 4 and 10 R,, is nega-
tive. In the transition regime between 10 and 304, be-
haves chaotically, and no reliable determinationRpf was
possible. Below 4 Kp(B) reveals pronounced nonlineari-
ties, as shown in Fig. 4, and below 1 K, the transverse volt-
ageV,(B) displays a hysteretic field dependence, as is shown
in Fig. 5.

For the analysis of the nonlineat,(B) curves, we con-
sider the Hall effect due to two kinds of charge carriers, and
the anomalous Hall effect due to the magnetic properties of

where
R]_O'i'f' RzO’%
== 3]
)
RiR2
0102
m= (Ri+Ry), (4)
Og
0'0:0'1+(72. (5)

the material. The field dependence of the Hall coefficient in a
two-band model can be written in the fottm

Here o; andR; are the conductivity and the Hall coefficient

of theith band(i=1, and 2, andR, andR,, are the Hall

coefficients at zero and infinit®, respectively. Bothr; and
R; are assumed to be independentBoin this model, i.e.,

single-band effects are neglected.
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FIG. 3. Hall resistivity py; vs external magnetic inductioB
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= uoH isotherms of FeSi sample No. 1. The dots are the data FIG. 5. Transverse voltag¥,; normalized to[V,(+2T)+V,

points, and the lines are the best linear fits accordingpto
=RyB. Curves with negative slope from bottom to top=4.0,

(—2T)]/2 vs external magnetic inductioB=uoH at different
fixed temperatures bel1l K measured on FeSi sample No. 1. The

5.5,6.3,7.1, 8.0, and 10.0 K. Curves with positive slope from top toarrows indicate the direction in which the magnetic figldwas

bottom: T=29.9, 34.9, 39.7, 44.7, 49.7, and 54.7 K.

varied.
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FIG. 6. Some representative isotherms of the Hall coefficient FIG. 7. MagnetizatioM of FeSi sample No. 1 as a function of
Ry=pn/B as a function of the external magnetic inductisn  the external magnetic inductic® at different fixed temperatures.
= uoH of FeSi sample No. 1. The curves are best fits of the pre-The curves are a guide to the eye.
sented data to Ed1).

(>100) ** The normal Hall coefficienR, is negative, over

Some representativie,(B) curves together with the fits the entire temperature range from 1 to 8 K. The correspond-
of Eq. (1) are shown in Fig. 6. Using Eq¢2)—(5) and in-  ing charge-carrier density varies betweerf'lahd 16> m~3
serting the obtained fit parameteRg, R.,., andu, as well as  below 4 K, and increases to approximately 50°* m™2 at 8
the measured zero-field conductivity, from Fig. 1, we cal- K, which is slightly smaller than what is found from linear
culated the zero-field conductivities,, the Hall mobilities ~fits to py(B) (cf. Fig. 3. The Hall mobility is between 10°
i, and the Hall coefficient®; of both sets of charge carri- and 102 m*V~ts™,
ers. We find thatr,<o,~0g, p1<pp,~1 m?V 1s? and In the absence of magnetization data.below 1.9 K we
|IR;|<R,~100 n#C™%, corresponding to approximately estimated the charge-carrier density in this temperature re-
10" m~2 (positive charge carriers. The total conductivity gime from the slopes of the,(B) curves atB>1.25T.

o, is dictated by band 1 because its higher charge-carriefhis is a valid procedure provided that, at these tempera-
concentration overcompensates for its lower mobi”ty_tureS,M (B) tends to saturate to a constant value at moderate
Within this two-band analysis the appearance of a hysteresfields. For all temperatureécf. Fig. 5), we find negative

in the Hall effect belw 1 K remains unexplained. It indi- slopes consistent with an electron density of approximately
cates, instead, that magnetic moments are involved, causirg< 107 m~2,

a contribution related to the anomalous Hall contribution.

The anomalous Hall effect arises from the spin-orbit cou- B. Specific heat
pling between localized moments and itinerant electrons The t tre d q f th ific heat i i
which produces an extra electric field with the same orienta- € temperature dependence of the Specific heat IS pre
tion as that induced by the Lorentz force in the normal Ha”sented in Fig. 9 on a double-logarithmic diagram. Except
effect. The Hall resistivity of such a material can be written

a§2133 6X10'3 T T T T T T T T T T T T T T T T T 1T
pr(B)=RoB+RsuoM(B), 6 5x107 . -
L - |
whereR, andR; are the normal and spontaneous Hall coef- 4x103k " . .
ficients, respectivelyyg is the vacuum permeability, ard =) | . 161K 1
the sample’s volume magnetization. c Sl 0w o 327K N
In Fig. 7 we show several isothermal field dependences “'53"10 e 360K
between 1.9 and 11 K of the magnetizatibh(B) of the - ) o 396K l
sample that was used for the Hall effect measurements. All ~ 2x10°F o © T
M(B) curves were measured by first increasing and then I © o ]
decreasin@. The curves are completely reversible. Fitting 1x103 . 3
the p(B) data to Eq. 6 by using the experimental values of L e . 3 .
M (B) gives, at best, only approximate agreement, as may be QT P
seen in Fig. 8. The ratioRsuoM)/(RgB) in low B fields, a 0.0 0.5 B 1‘[91,] = 2.0

measure of the importance of the anomalous Hall effect, in-
creases only slightly from approximately 1.&K to approxi- FIG. 8. Selected isotherms of the Hall resistivity vs external
mately 2 at 2 K. Values ofRsuoM)/(RoB) of the order of  magnetic inductiorB= uoH of FeSi sample No. 1. The curves are
1 are between values typical for ferromagnetic semiconducsest fits according to Eg6). For each temperature, an interpolation
tors (<1) and values typical for ferromagnetic metals between the experimentd (B) curves of Fig. 7 was used.
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FIG. 9. Temperature variation of the specific h€at of FeSi FIG. 10. Temperature variation of the magnetic susceptibyity

sample No. 2. The solid curve is a best fit to the experimental dat&f FeSi sample No. 2. The fit according to E§) is shown as the
according to Eq(7). The dotted curve corresponds to the contribu- solid curve. The dotted, dashed, and dash-dotted curves correspond
tion of the yT+ BT3+ 6T5 term, the dashed curve to Schottky t© the first, second, and third term of E@®), respectively.

anomaly 1, and the dash-dotted curve to Schottky anomaly 2.

C, C,

T-0, T-0,

X= %exp(—TolT)-f— (8)

below 0.2 K, it can reasonably well be described by the sum
of the common low-temperature electronic and lattice contri-
butions and two Schottky anomalies resulting from excita-The fit is shown in Fig. 10 as a solid curve. The fit param-
tions within two different two-level systems with interlevel eters are c=1.8 K, T,=670K, C;=8.0mK, 0=

energy separations ¢GT; andkgT,, respectively, i.e., —870 mK, C,=0.26 mK, and ®,=+34 mK. The first
Curie-Weiss term with a negative value 6f is consistent
(T /T)?2 expT,/T with predominantly antiferromagnetically coupled moments
Cp=7yT+pBT3+ 6T +a i uni ie-Wei i
p— Y 1 (1+expT,/T)? of 0.26ug/FeSi unit, and the second Curie-Weiss term with
) a positive value o is consistent with predominantly ferro-
(T2/T)“ expT,/T 7 magnetically coupled moments of 005/FeSi unit. Most
a (1+expT,/T)? ° @) likely the moments arise from uncompensated iron. Assum-

ing that due to the low symmetryCg) of the Fe sites in
The fit according to this relation is shown as a solid curve inFeSi, the angular momentum of the Fe ions is quenched, i.e.,
Fig. 9. The fit parameters arg=1.1x10"3 Jmol 1K 2, L=0 andJ=S, and that the Fe moments may be considered
B=9.1x10 6 JImolrtK % 6=1.1x108JImol*K % a;  as noninteracting with their environment, i.g;=2, the
=9.2x10" 3 Jmolrt K, T,=6.8 K, a,=1.1 configurationsd’Fe", d®Fe&’*, andd®Fe** lead to the ionic
X10°2Jmol*K™, and T,=0.95K. From the low- magnetic moments of 38, 4.9ug, and 5.%g, respec-
temperature lattice contributiofT3, we calculate a Debye tively. For d’Fe’, for example,C, thus corresponds to a
temperature®, =377 K distinctly higher than the Debye moment density of 2.0410°°m™3 and C, to 6.75
temperaturéd ;=314 K calculated from the the elastic con- X 10% m~3.
stantsc,; andc,, measured at room temperatdreThe en-
tropy releases corresponding to the Schottky anomalies are
AS;=6.3mImoltK ! andAS,=7.9 mImoltK™1 e,
approximately 0.11% and 0.14% two-level centers per FeSi Figure 11 presents the reflectiviy and the optical con-

unit, respectively. Possible reasons for the excess speciffiuctivity oy for some significant temperatures. As described
heat below 0.2 K are discussed below. below, the overall temperature dependence and the most

prominent absorptions are in agreement with our previous
investigation of a single crystal grown in antimony fifx,
and of a polycrystalline specimen of pure F&SDur results

In Fig. 10 the temperature dependence of the magnetiare similar to those obtained by other grodp&-*°The most
susceptibility y is shown on a double-logarithmic plot. As striking feature is the strong temperature dependence of
previously establishedy decreases from 330 to 90 K, and R(w) in the FIR spectral range, where the reflectivity
rises again at lower temperatures. Our high-temperaflire (changes from a metallic behavior at temperatures above 100
>90 K) susceptibility data compare well with published K by tending toward 100% fow— 0, to that of an insulator
x(T) data on both poly-crystalline and single-crystalline below 40 K. This can also easily be recognized on plots of
FeSi>*919-2138 good description ofy(T) over the whole the optical conductivityo(»). As the temperature de-
temperature range is obtained by the sum of a thermally asreases, the low-frequency limit of;(w) drops continu-
tivated contribution and two Curie-Weiss-type contributions,ously and, below 40 K, it is vanishing small, typical of insu-
ie. lators. Figure 1(b) reveals that the Drude component of

D. Optical reflectivity

C. Magnetic susceptibility
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4000 ——rrrrrr———— T — FIG. 12. Model density of states first proposed by Jaccarino
i (b) et al. (Ref. 2 to fit the high-temperaturg(T) data of FeSi within a
i “metallic-paramagnetism” model.
— 3000 -
/'é fact, be considered as an approximation of @gfor T<T,.
3 7 If we replace the first term of Eq8) by Eg. (9), and also
% 2000 i allow, in the fitting procedure, the parameters of the Curie-
. Weiss terms to readjust, we find a satisfactory agreement
S ] between calculation and experiment only wiis=1. With
S 1000 L ,5 the g factor fixed to 2 and witiN=4/a%=4.42<10??> cm3
P for the density of Fe ionsT,=740 K (64 me\) and the
[ - ‘. ! ] parameters of the two Curie-Weiss terms remain essentially
ol e Y i i unchanged from those obtained by fitting with E&). For
10! 102 103 104 105 S= 3 and$, no fit of equal quality can be obtained with the
o [em!] factor fixed to 2. Jaccarinet al? reported the best agree-

) . ) o ment forS= 3, whereg=3.92 andT,=750 K, and a some-
FIG. 11. Optical reflectivityR(w) (a) and optical conductivity what poorer agreement fo8=1 with g=2.17 and T,
1(w) (b) of FeSi sample No. 2 at 300, 100 and 10 K. =795 K. Since the physical origin of a strongly enhanged

: . . . . factor within this simple two-level model is not clear, we
o1(w) ascribed to itinerant charge carriers is progre55|vel3{end to favor theS=1 interpretation in this case
guenched down to 100 K, and disappears below 40 K. Sev- The model DOS which Jaccarinet al? uséd in the

eral distinct and narrow modes appear in the FIR frequency - S : : : :

range upon decreasing the temperature to 10 K. We also noﬁita:gitgi;aurr;ggi}fg orpov?iGdlthI/?/ C;F:jmﬁgig'ﬂt g'(gé) 12.
that thg elect.rod_ynamic response .OflE@QSSi with X =pN/W, separated by an energy gap of widty, are in-
=<0.03 is qualitatively and quantitatively similar to that of troduced to approximate the DOS of FeSi in the vicinity of

pure I_:e_Sl, except in _the FIR range, wh_ere the_ INCreasiNghe Fermi levelN is the density of unit cells containing four
metallicity for x>>0.01 is evidenced by an increasing ampli- FeSi units, ang is the total number of states per unit cell.

tude of the low-temperature Drude componght. The Fermi energ\Er is situated in the middle of the gap.
The Pauli susceptibility of this system is readily calculated

IV. DISCUSSION from
A. High-temperature properties
. - Pauli 2 Jf(E,Ee,T)
1. Magnetic susceptibility X (T =—2uoug _ D(E) TdE’
conduction band
First we shall focus on the magnetic susceptibility be- (10

tween 100 and 330 K. Jaccarieoal? noted that their high-

temperature magnetic susceptibility data can be described fhere f(E,E¢,T) is the Fermi function. The factor 2 ac-
two different ways: either by considering a system of freecounts for the fact that holes in the valence band contribute

ions with spin zero in their ground state and sfiin their to x in the same way as electrons in the conduction band. For

: in the State I Bauli ,
excited state, or by invoking metallic spin paramagnetism it - to vanish as’—0, the number of electrons per Fe atom

; 2
two extremely narrow bands separated by a small energ§}as t0 be an even number. Jaccargtal” reported good
agreement of this expression with thgifT) data only in the

ap.

J pl'he “free-ion-like” model provides the equation limit W< Eg. They fixed the_number of electrons to two per
Fe atom, i.e., in our notatiop=8. More recently other

Ng?udmo S(S+1)(25+1) authoré™*! employed the same model DOS and reported

(9  good agreement with a non-negligible bandwidt¥, in
agreement with our results if we fix=16. In fact, the Pauli

The first term in Eq.(8), i.e., ¢/T exp(—=Ty/T), which ac- paramagnetism resulting from two rectangular DOS features

counts for the high-temperature contributiony¢T) can, in  is compatible with they(T) data of FeSi, including the data

XT T 3kgT 2S+1+expTo/T'
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and an analogous relation for the density of states in the
valence band®,(E). A high value ofm, (andm,) leads to a
sharply rising DOS near the gap. For simplicity we assumed
m.=m, , so that the Fermi energy lies in the middle of the
gap. We further introduce the effective-mass ratind
=m./mg and m} =m,/mq, wherem, is the free-electron
mass.

The dashed curve in Fig. 13 is the fit which is obtained if,
instead of the rectangular DOS of Fig. 12, two parabolic
bands characterized byy =m} are used. They(T) data
were fitted only below 250 K. At higher temperatures the
parabolic bands fail to describe the experimental data, as
expected from the above-mentioned arguments. The corre-
0 100 200 300 sponding fit parameters are also given in TabitINo. 2).

T [K] The assumption of different DOS shapes changes the abso-
lute value of the gapTy=1130 K (97 me\) for rectangular

FIG. 13. Temperature dependence of the magnetic susceptibilitpOS peaks td ;=870 K (75 me\) for parabolic bands. For
x of FeSi sample No. 2. The open circles are the experimental datghe effective-mass ratio, the second fit yietd§=195. It is
points. _The solid and dashed curves represent the fit Nos. 1 and 2 surprising that, except at very high temperatures, para-
respectively, of Table I. bolic bands with extremely high effective masses give simi-

lar results as the rectangular DOS peaks.
above room temperatufé*® only if p=16, i.e., only if The effective massn, entering Eq.(11) is a so-called
there are four itinerant electrons per Fe site. The fit to ouglensity-of-states effective mass which characterizes the total
data is shown as a solid curve in Fig. 13 and the fit paramdensity of states but not necessarily that of a single valley of
eters are given in Table(fit No. 1). The constant density of the conduction band. In the case whereonduction-band

states of the two bands iB(E)=435 states/unit cell/eV. minima with effective massn, occur at symmetrical points
Band-structure calculatiohs'®>~*°predict a peak in the DOS  of the Brillouin zoné?

just above the gap of approximately 13 states/unit cell/eV,
i.e., more than a factor 30 less. me=v?*m, . (12)
The model DOS depicted in Fig. 12 captures two impor-.. . .
tant features, namely, fhat the twogpeaks (?n both sides (F))f thS'm'Iarly’ i two separate be_lnd§ c.);h,g]aﬂﬁ‘l andmy, are
energy gap are narrow, and that they have sharp edges. T ggenerate in energy at their minirfia,
narrow width of the peaks is only important at very high
temperatures, where the lower baigper bangstarts to be
considerably depletedilled), and where the probability of a Band-structure calculations indicate that this type of consid-
thermal excitation to energies above the upper band is nadration is of particular importance in the case of FeSi. Not
negligible. The sharp edges are particularly important abnly do we face high valley degeneraciesbut we also
lower temperatures. Here the infinite slope of the rectangulanotice several conduction-bandvalence-band minima
DOS should be replaced by the more physical assumption dmaxima to occur within a few meV of the gap edge, such
parabolic bands with renormalized curvature. Hence we alsthat, at high temperatures, they are essentially degenerate.
fitted the x(T) data with two parabolic bands, with the den- Assuming for each of these mininimmaxima the same ef-
sity of states in the conduction band, fective massm,(m,) we estimate from the band-structure
results of Ref. 15 the density-of-states effective massgs
=13m, andm,=21m,.

10° 4

%SI

104

— 3/2 3/2\2/3
mc_(mnl +mn2) ' (13)

D.(E)=2 . (2m°)3/2(E Ec) Y2 (12)
¢ (2m)° | #* o 2. Electrical conductivity and Hall effect
Next we analyze the electrical conductivity between ap-
U M : proximately 30 and 300 K, which we identify as the tempera-
No. 2 to Eq.(8) with its first term replaced by the high-temperature o ange of intrinsic conduction. We have calculated the
Pauli susceptibility of Eq(10). Fit No. 1 uses the model DOS of o, ctivity using the rectangular DOS model of Fig. 12,
Fig. 12, i.e., two rectangular DOS peaks described by the params vich was previously done by Mandrie al*! and Sales

etersTg, Ty, andp. Fit No. 2 uses two parabolic bands described et al?! For simplicity, we first assume the same mobility for
by the parameter§, andm; . The temperature range in which the h ) | % thy, duction bands. 6= . — 3(/1
x(T) data were fitted is denoted as theange. The value marked U'€ Val€Nce and the conduction banas, k&= up= ., an

TABLE |. Results of the fits of they(T) data of FeSi sample

with an asterisk was kept fixed during the fitting procedpr&V is we have
the DOS of the rectangular peaks.
- o=2eun with nzf D(E)f(E) dE.
Fit No. Trange Ty (K) Ty (K) p p/W (states/eVicell mg conduction band
14
1 <330 K 1130 425 18 435 4
2 <250 K 870 195 It is clear that fits to the conductivity are more ambiguous

than fits to x(T), because of the dependence wfon the
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TABLE II. Results of the fits of ther(T) data of FeSi sample No. 1 to E(l4). Fit No. 1 uses two
rectangular DOS peaks described by the paramétgrsTy,, andp, Fit No. 2 uses two parabolic bands
described by the parametéfg andmy}, . The mobility u=aT* introduces the parametesisand «, but in the
case of two parabolic bands* *? anda are not linearly independent, and were therefore fitted together. The
temperature range in which the(T) data were fitted is denoted dsrange. The values marked with an
asterisk were kept fixed during the fitting procedure.

Fit No. T range Tg(K) TwK p amKV?is?h o am¥m?Kev-is?)
1 >100 K 785 425 16 0.45 1.3
2 50 K<T<140 K 650 1.3 1940

mobility. A reasonable first choice for the temperature de-not for y, as is predicted by band-structure calculatibhs!
pendence oju is a power-law dependenge=aT™ “ which  or that we have spin and charge gaps of different width. As
introduces two additional parameters. We obtain a very googve will show below, our optical data favor the first explana-
fit with Ty=815 K, =1.59,a=0.77 nfK¥?Vv~1s™% and tion.

Tw=425 K, which was fixed to the value obtained in our For a description of the conductivity consistent also with
x(T) fit (fit No. 1 of Table ). An equally good fit, shown as our Hall-effect measurements, we have to drop the restriction
a solid curve in Fig. 14, is obtained if in addition we fix of equal mobilitiesu, and u, adopted in Eq(14), this in
a=1.5 (fit No. 1 of Table I), which is the exponent of order to account for the nonvanishing Hall coefficient in the
acoustic-phonon scattering also introduced in the calculaintrinsic regime. In Fig. 15 we present the conductivit§T)
tions of Refs. 21, 37, and 41. On the other hand, no satisfa@nd the itinerant charge carrier concentration(T)

tory agreement can be obtained if we fix the gap width to the
value Tg=1130 K obtained in oury(T) fit (fit No. 1 of
Table |). This suggests that, within the same model, the gap

SL

relevant for the conductivity is smaller than the gap relevant 10 3
for the susceptibility. . 7

We also fitted ther(T) data with two parabolic bands and — 10 3 3
their density of states in the conduction band represented by "= 33 .
Eqg. (11). The result is shown as a dashed curve in Fig. 14 C}E 10 3 3
and the parameters are given in Tabldfil No. 2). As for = F ]
x(T), assuming parabolic bands again fails to describe the 102;' ______________________ 3
experimental data at the highest temperatures. FiXingo u 1
the value obtained for thg(T) fit with parabolic bandsfit 10'g 3
No. 2 of Table ) gives unsatisfactory agreement with the o (@
data, indicating that the energy gaps effectivefando are 109 e

again not the same, thus supporting the conclusion from the 1027 —
comparison of they(T) anda(T) fits using two rectangular

DOS peaks mentioned above. Possible explanations are that s[5 1025 i
either the smallest gap is an indirect gap relevantdfdout o= EE
' = 24 1
L B B B e I e g10255_210 ]
5 I ) i
6x10 j .Q—éﬁ j0% [ _;
i . ¥ A
] [ i
— I 102 3 E
= 4x10° - = E ) E
E | S ®
S i 1022 -
- 10! 107
b L
2x10° |- T [K]
i FIG. 15. Double-logarithmic plots dfa) the electrical conduc-
i tivity o and of (b) the charge carrier concentration=1/(|Ry|e)
i ~ . . . taken from Fig. 3, both measured on FeSi sample NoR/1.is
0 S0 100 10 200 20 300 positive atT>20 K and negative af<10 K. The solid and dashed
T [K] curves represent the fits explained in the text. The inset shows the

result of fits of Eq.(20) to the o(T) data in the extrinsic regime.
FIG. 14. Temperature dependence of the conductiviof FeSi  The donor and acceptor concentratidhsandN,, shown as open
sample No. 1. The open circles are the experimental data pointsind full circles, respectively, and the donor enekgyare given as
The solid and dashed curves represent the fit Nos. 1 and 2, respeg-function of the effective-mass ratio of the conduction bamjd
tively, of Table II. =m,/mg, which was kept fixed during each fit.
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=1/(|Ry|e) (taken from Fig. 3 on double-logarithmic plots. et al?? For polycrystalline FeSi, the difference of the energy-
The overall behavior ofo(T) and n(T) is quite similar, gap values extracted from optics and fror(iT) is much less
which indicates that the temperature dependence isf es- pronounced’

sentially due to the temperature dependence of the charge- An important issue concerns the redistribution of the
carrier concentration, the temperature dependence of the mBissing spectral weight below the gap. In our data, that spec-
bility playing a minor role. The conductivity and the inverse tral weight is essentially recovered at a frequeney

Hall coefficient of an intrinsic semiconductor &te ~4wq, where 0g=770 cmi* is the gap excitation fre-
quency, i.e., there is no need for an integrationrgfw) to
Tin=€(mn+ tp)Nin (15  very high frequencies in order to satisfy the spectral-weight

sum rule. In our previous optical investigatf6rof an FeSi

and single crystal grown in antimony flux, the same conclusion
1 1 o tu was offe(ed. However, the redi.stribution. of the.spectral
——e— 1 "Pp_ (16)  Wweight still remains a controversial experimental issue. In
Ru,  TH Mp— Hn fact, our conclusion is at variance with claims based on pre-
with viously reported optical results on FESRecent Raman-

scattering studies of Fe8ref. 49 reveal an abrupt suppres-

makaT\ 32 E sion of low-frequency electronic Raman scattering below
( 0 32) 1/2( _ _g) (17) <250 K. Even though this might be more consistent with
2mh 2kgT correlation-gap models than with a conventional band-gap
FuAx) is the Fermi-Dirac integral of orde}, which ap- description, t_he electronic spectral weight which .is Iqst at
proaches forx<0 the classical value exg( Assuming low frequencies because of the charge24gﬁp, is primarily re-

- -a _ ; covered within the energy range<3wy .~
Fnp=anpT “ and for the Hall factor;=1, we obtain In the high-frequency spectral range above the gap, we

— * 3/2
Nin= 2mn

o recognize a broad absorption at about 1 eV, and two less

1 - (ap—an,)T ™ (18 intensive ones at approximately 6 and 10 eV. There is a good
_— agreement with the spectra of Ref. 38, where the measure-
RHm ments were extended up to 30 eV. The absorption at 6 and 10

) eV is ascribed to electronic interband transitions, in rather
A good fit of Eq. (18) to the data between 30 and S5 K good agreement with band-structure calculatibié. The
with a=1.5 is possible, and yieldsa,—a,=0.38 feature at about 1 eV is incompatible with the band-structure

m? K32y -tst, For o(T) we use the fit that was shown as calculations, and was suggested to be induced by strong spin
a dashed curve in Fig. 14, and that we replotted as a soligorrelations®

curve in Fig. 1%a). The fit parameters arg,=56 meV and,

since now w=(pnt pp)l2, my 3/2(an+ap)/2 B. Intermediate-temperature properties

=1940 nf K¥2v~1s71 (fit No. 2 of Table I). Using these Here we focus on the properties at temperatures between
results and Eq(16), we calculaten(T) = 1/(|Ry|e), whichis  approximately 4 and 30 K, which turn out to be dominated
shown as a solid curve in Fig. (5. by defects. We start with an analysis of the conductivity and

the Hall-effect data. As shown in Fig. 15, thgT) and
n(T)=1/(|Ry|e) data below approximately 30 K cannot be
The most relevant feature of the electrodynamic responsaccounted for with a band structure of an intrinsic semicon-
of FeSi is the MIR absorption at 770 ¢rh(95 me\), which  ductor(e.g., two parabolic bangisnd one has to assume the
is associated with a semiconductor-type g&and-structure  presence of donors and/or acceptors. Bhand R, data in
calculationd®7 predict a value for the direct gap of 140 this so-called extrinsic regime can be well described using a
meV, only in an order-of-magnitude agreement with experi-simple model for a partially compensatedtype semicon-
ment. The gap value derived from our optical data compareguctor. Donor levels with a concentratidfy are situated at
relatively well with the gap value extracted from fits pfT) an energykEy below the conduction-band edd@g , and ac-
to the “metallic-paramagnetism” model described ab¢@&  ceptor levels with a concentratioN, lie well below the
meV for rectangular DOS peaks, 75 meV for parabolicFermilevelEg, but at otherwise arbitrary energy. Additional
band3, but is considerably larger than the gap energy exdonor states which lie well belo are allowed, but will
tracted from fits ofo(T) to the same modeb8 and 56 meV  have no bearing on the solution of the problem since they all
for rectangular DOS peaks and for parabolic bands, respecetain their electrons. This situation was analyzed in detail in
tively). This is an indication that the smallest gap relevant forRef. 42, for the case of parabolic conduction and valence
transport measurements is an indirect gap, and that the direbinds. In the casEr—E.<1.3kgT, an analytical solution
gap has the same width for both charge and spin excitationsf the problem is possible, and yields, for the carrier concen-
in agreement with the findings of Salesal?! and Mihalik  tration in the conduction band,

3. Reflectivity and optical conductivity

2N¢Ngig

N, exp Eq4 \/ N, expEql? 4(N.+CNy) Ny exp Eq
keT Ne = CNir kgT kgT

n ex—
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with
mpkg T\ %2
Ngir=Ng— Nag, Nc=2(m) , C=0.27. (19
In the extrinsic regime,
Tex= €tnNex (20)
and
1 1
qex: e Nex (21

Usingry=1, as above, this leads ta.,,/(1/Ry)ex= un - The
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The Schottky anomaly oC,(T) with a maximum at ap-
proximatey 3 K shown in Fig. 9, which is compatible with
excitations within two-level states of the concentration 4.8
X 10?° m~2 separated bkgT;=0.59 meV, may be identi-
fied as excitations between the donor states and the conduc-
tion band. The interlevel separati6pT, agrees reasonably
well with the donor binding energl4=0.69 meV, and the
two-level state density with the donor densiftyy=1

X 10°* m~2 found for m* =7.3, particularly in view of the
relatively crude approximations made in the analysis of both
C, and of o andn. Even so, we would like to mention that

a better agreement can be obtained by assuming a higher
effective-mass ratio, e.gmjy =100, corresponding tdEy

measured values of/(1/Ry) are roughly constant in the =0.59 meV andNy=4.3x10?> m3. In all, it seems justi-
extrinsic temperature regime, and a corresponding fit yieldfied to associate this Schottky anomaly with electronic exci-

wn=28.6x10"* m?V 1s1 The fit of EQ.(20) to the o(T)

tations from energetically well-defined donor states into the

data between 4 and 16 K, shown as a dashed curve in Figonduction band.

15(a), does not allow us to determine all fit parametis
N,, Eq, andm, in a unique way. Therefore, we fixed, in
the fitting procedure, and determinéd;, N,, andE, as

functions ofm,,. The results are shown in the inset of Fig.

15. With decreasingn; =m, /mq, E4 increases slightly, and
we go over from a strongly to a less compensateype
semiconductor. The carrier concentratios 1/(|Ry|€e), cal-
culated from ther(T) fit and the value ofx,, given above, is
shown as a dashed curve in Fig.(hb

As has been elaborated in Sec. IV A, is the effective

The temperature dependence of the magnetic susceptibil-
ity at intermediate temperatures may also be described by
invoking the doped-semiconductor scenario. The moment
densities compatible with the Curie-Weiss-type contribution
in this temperature range are higher than the donor and ac-
ceptor densities discussed above, which can be explained as
follows. If we assume that, depending on coordination, Fe
defects with different ionization states exist, we may expect
that only those defects with energies close to the conduction-
band(valence-bandedge act as donofsicceptory but that

mass relevant for the conductivity, because in a semicondu@ll ionized Fe defects in different ionization configurations
tor with valley degeneracy the conductivity effective mass contribute to the Curie-Weiss-type behavior. If Fe acts as a
is equal to the effective mass associated with a single valleydonor, another estimate of the effective mass can be made by
According to our discussion of the density-of-statesreplacing the 13.6 eV in Eq22) by the ionization energy of

effective-mass rationy =195 in Sec. IV A 1, we would ex-
pect a conductivity effective-mass rati); of the order of

free Fe,E,=7.87 eV which, together with the inset of Fig.
15 results inm* =12, E4=0.64 meV,Ng=2.0x 10?* m™3,

10, as will be confirmed by some cross-checks to be outlinedndN,=1.6x 10?* m™3,

below.
If we associate the donor states at the en&gpelow the

In a previous optical investigatiéh of an FeSi single
crystal grown in antimony flux evidence of a broad maxi-

conduction-band edge with impurity states in a semiconducmum of o,(w) in the spectral range around 10 Chn
tor, their energy may be calculated within the simple hydro-(=1 meV) was found, a feature that could be associated with

gen model

*

mn
Ed= 5 X 13.6 eV.
€eff

(22

The relevant dielectric constarts is the static dielectric

constant ep=€;(w—0), which we determined from our

optical data to be 380. Frorgy(m?) in the inset of Fig.
15, and Eq.(22), we obtainmj =7.3 andE4=0.69 meV.
With this effective-mass ratio we further find\y
=1x10*m3 and N,=7x102 m3 Likewise we may
now calculate the mobilities in the intrinsic range,=<
wp=100T[K])"¥2m?V~1s%. The concentratiorNy=1

the optical excitation of electrons from donor levelsEat
into the conduction band.

We thus have a good deal of evidence of a conductivity
effective-mass ratio of the order of 10 rather than of the
order of 1, as predicted by band-structure calculations. From
the band structure given by Mattheiss and HamZnwe
extracted, by using crude parabolic fits in narrow regions
around the valence-band maximum along ifR line and
the conduction-band minimum along thé line, the ratios
m;~1.7 andmg ~0.7.

The electron mobilityu,, in the extrinsic regime of the
order of 10 crAV 1s™1, is extremely low, two orders of
magnitude lower than in doped Ge at the same donor con-

X 10?* m~3 corresponds to approximately one donor per 4centration. In the following we show that further evidence of
x 10* FeSi units, or 25 ppm. Such a low concentration ofthe charge carriers having low mobilities in this temperature
defects could easily result from local fluctuations in the rela‘ange is indicated by our magnetoresistance data.

tive concentrations of Fe and Si in FeSi or from a slight Si

deficiency.
Further evidence of electronic states at a small en&igy

As was shown in Fig. 2, the magnetoresistance MR at 7 T
is negative between 0.05 and 30 K, an indication of the im-
portance of quantum interference effects, which are the cru-

of the order of 1 meV or less below the conduction-bandcial process leading to weak localization in weakly disor-
edge is provided by the experimental data of the specificlered electronic systems. Ou(T) data give no additional
heat, the magnetic susceptibility, and the optical reflectivityindications for weak localization. The strong temperature de-



56 LOW-TEMPERATURE TRANSPORT, THERMODYNAMIC. . . 12 927

in terms of a compensatatitype semiconductor presented
above accounts for the data®Bt4 K. Below 4 K, the data
deviate toward a higher conductivity than is expected from
an extension of the fit of Eq20) to lower temperatures, as is
shown in Fig. 1%a). We ascribe the excess conductivity to
originate in an additional conduction channel, resulting in

o= O'ex+ O add- (23)

Ac [(Qm) ]

Considering our description of the electrical transport out-
lined above,o .44 is identified as being due to conduction
amongthe donor levels, contrary .., which describes the

L _ conduction by electrons thermally activated from the donor

15 ) ) ) . ) L. levels to the conduction band. Conduction among donor lev-
2 4 6 8 els is generally referred to as impurity or defect conduction.
B [T] Depending on the donor or impurity concentration, different

conduction mechanisms have been identiffedhile at low
concentrations electron transport is thought to occur by hop-
fing, higher concentrations allow for metallic conduction.
Both features are usually identified by characteristic tem-
perature dependences afT). In both cases the semicon-
pendence otr due to the variation of the charge carrier con- ductor has to be partially compensated, i.es;N), /Ng<1,
centration probably overshadows the small expected corregince otherwise the donor levels would be all filled or all
tions in o(T). The expression for the magnetoresistance inempty atT— 0. Our p,g=1/0,44data cannot be described by

the case of weak localizatitt*’involves an inelastic relax- 4 hopping-type temperature depend@hce
ation timer; and a relaxation time for the spin-orbit scatter-
ing 75, as parameters. A second important contribution to the p=poexp(To/T)P, (24)
magnetoresistance in weakly disordered systems is the inter-
action between electrons. An attractive interaction leads to Aut rather by
negative contribution to MR, a repulsive interaction to a
positve one. The magnetoresistance in case of p=po—AT? (25)
interaction&>*8 consists of an orbital part containing the in-
teraction constang(B,T,Eg) and of a spin part containing
the screening parameter for the Coulomb interacfonin
addition, the diffusion constar? enters as a fit parameter.
We used analytic expressions of the relevant fornfdigfo
fit our data. Since all the magnetic field correctiaksp to nY%a,=0.25 (26)
the resistivity are proportional to the zero-field resistivity '
itself, it is adequate to fiho=—Ap/p?. Some representa- with the effective Bohr radius
tive Ao (B) curves at temperatures between 4 and 40 K are
shown in Fig. 16, together with the obtained fits. The contri-
butions of weak localization and of the orbital part of the
electron-electron interaction have to be taken into account to
obtain good agreement. In Table Il we give the obtained fitFor n=Ngy=10?* m~3, which corresponds ten} =7.3, we
parameters at several temperatures. The order of magnitudétainag=25 A or e.«/m!=47. Usinge.4=380, as above,
of these values seems to be reasonable. Since we do not ha¥sults inmy; <8. The Mott criterion is thus indeed fulfilled,
to do with a simple single-band metal but with a doped semiand we can assume that tNg donor levels form a metallic
conductor, the situation is very complex, and a more detailegmpurity band. In this scenario we have to attribute an ex-
analysis of these results is beyond the scope of this paper.tremely narrow bandwidth to this impurity band. Since the
energyE4~0.6 meV may unambiguously be identified from
o(T) [see Fig. 18], the impurity band is expected to be

Finally we discuss our experimental results for FeSi atharrower or at most equal to this energy. We would like to
very low temperatures. The interpretation of the conductivitymention in this connection that extremely narrow impurity
bands can result from renormalization effects in correlated
insulators.

The donor concentratioNy=10** m~3, which corre-
sponds to 25 ppm, is orders of magnitude lower than the
Kondo hole concentration of 9.9% given by Schlottmann and

FIG. 16. MagnetoconductivitA o= o (B)—a(B=0) of FeSi
sample No. 1 as a function of the external magnetic inducHon
= uoH at different temperatures. The curves are fits according t
the model described in the text.

below 0.3 K. In order to estimate whether the formation of a
metallic band from oulNy donor levels is a reasonable sce-
nario, we may use Mott’s criterion for the metal-insulator
transition in an impurity band,

€eff
aBzm—ixo.53 A. (27)

n

3

C. Low-temperature properties

TABLE Ill. Parameters of the fits oA o(B) at different tem-
peratures.

T (K D (cntls) 7i (P9 Tso (P9 Te (K)

40 15 0.1 0.5 4 x10* Hellbergf® as an upper bound for a dirty Kondo insulator to
10 6.5 0.3 3.3 1.810 become a metal. Whether the appearance of metallic behav-
5 2.5 0.5 0.%x10 ior might alternatively be explained by a very small overlap

of the valence and the conduction band—a local closing of
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L L A B AL AL characteristic temperature may be indicative of the very nar-
03: 0.59 g TR ol row resonance of correlated electron states.TAt0.1 K,
. 0.58 Py = 0,59 Qm | Cp(T) may be approximated by
g 057 A =027 QmK2 ] * - Cpo=1T, (29)
= " 3056 ] 1
é}a 07r e . 3 - with y=5.1 mJ mol* K2, The power-law dependence of
= : ® o] 1 paad T) and the linear-inF contribution to the specific heat
B 0540 . a—— 1 are indications for a metallic ground state. The density of
0.00 0.05 0.10 0.15 0.20 0.25 .
< 7 K o l states extracted fromp=5.1 mJ mol'* K2 is 8.7 states/eV/
061 . ] cell. Together with the density of itinerant electrons esti-
i o | mated from the Hall-effect measurementsp~2
I o* 1 X 10?2 m~3, an effective-mass ratio of approximately 900 is
N e e derived, suggesting that the metallic ground state is highly
0.0 0.5 1.0 1.5 2.0 2.5 3.0 correlated. In fact, the low-temperature behaviopgf{T)
T [K] andC,(T) described above is reminiscent of what is encoun-

tered in single-impurity Kondo systems. The dominant con-
tribution to the magnetic susceptibility between 100 and 1 K
has a Curie-Weiss-type form, with a negative valuedpfa
behavior that is typically observed in Kondo systems above
the gap of FeSi in the vicinity of magnetic impurities was the Kondo temperature. AB— 0 the susceptibility saturates
proposed by Jarlbot§—cannot be answered here. in systems where a full moment compensation by conduction
As T—0, Ng— N, electrons are expected to be present inelectrons is possible. Oyyg(T) data, however, diverge as
the impurity band. The charge-carrier concentration below I'— 0, which indicates that the ground state is not fully spin
K extracted from our Hall-effect data is approximately 2 compensated. Also, the hysteresis in the Hall effect below 1
X10?m™3 For mf=7.3, we have Nyg—N,~3 Kindicates that the ground state of FeSi is not a simple one.
x 107 m~3, and smaller values for higher effective-mass ra-Part of the magnetic moments must be interacting to explain
tios. Form*=10, N,/Ng=1 within the error bars of the this phenomenon. On the other hand, there are also magnetic
o(T) fit. The electron density derived from the Hall-effect moments which remain paramagnetic down to at least 50
measurements belol K is thus compatible with our inter- MK, as inferred from they(T) data. Such a mixed ground
pretation of the transport data at higher temperatures. state is also observed in semimagnetic semiconductors, see
In F|g 17 we ShOV\padd as a function of temperature for €.0., Ref. 52. It seems that due to disorder and a low concen-
T<3 K. Upon |0wering the temperaturpaddﬁrst decreaseS, tration of itinerant Charge Carl’iers, the Competition between
then passes through a minimum at approximately 1 K, andhe various interaction mechanisms cannot clearly be re-
finally increases again. Below 0.3 K=p,—AT? is an ad-  Solved.
equate description of the data, as shown in the inset of Fig.
17. In view of pg=0.590 m the parameter A

=0.27Q mK™2is extremely large. . . .
The low temperature part of the specific heat is replotted We have established a comprehensive data base for Fesi,

P forming measurements of the conductivity at tempera-

in Fig. 18. The Schottky-type anomaly corresponds to afer o

entropy release from approximately 0.1% two-level centers4¢S between 0.07 and 300 K, the specific heat between 0.05
per FeSi unit with an energy separation of 0.95 K. This IOWand 35 K, the magnetic susceptibility between 0.05 and 330

FIG. 17. Resistivityp,gq= Lloaqq VS temperaturd, evaluated as
explained in the text.

V. SUMMARY AND CONCLUSION

Cp [mJmol K]

’}/:

5.1 mJmol"1K2

11

[N T R N T T T N O T 2 Y Y 2 Y

oo
(==

FIG. 18. Specific hea€, of FeSi sample No. 2 as a function of

temperaturel’ below 1 K.

0.4
T [K]

—_
<

K, the optical reflectivity between 10 and 300 K in the spec-
tral range from 15 to 10cm™ 1, the magnetoresistance at 7 T
between 0.07 and 300 K, the magnetoresistance and Hall
effect in varying fields upd 7 T between 2 and 55 K and
between 0.07 and 55 K, respectively, and the magnetization
in varying fields up® 5 T between 1.9 and 11 K. For all
measurements, two single-crystalline samples were used
which were grown by vapor transport during the same run
and which were characterized by EDX and x-ray diffraction
to be of high structural and chemical quality.

We tried to establish a physical picture for FeSi which is
consistent with all these data, arriving at the following sce-
nario. FeSi is a semiconductor with an unconventional band
structure. The relevant energy gap is surrounded by pro-
nounced peaks in the total DOS with a width of several 10
meV and a height of several 100 states/eV/cell. Each of the
peaks contains four states per Fe site. The density-of-states
effective-mass ratio characterizing the total DOS is of the
order of 100. There appears to be an indirect gap relevant for
electrical-transport measurements of 55-70 meV, and a
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slightly larger direct gap of 75 to 100 meV for both chargetemperature intrinsic-semiconductor description finds its ex-
and spin excitations. The precise value of the gap width detension to lower temperatures in the assumption of
pends on the precise shape of the assumed DOS. The cospproximately 1&-m~2 donor levels situated less than 1
ductivity effective mass ratio, characterizing the curvature inmeV below the conduction-band edge, and of a slightly
k space of the conduction bartgalence bandat the energy |ower acceptor concentration. These “impurities” are most
minimum (maximum), is of the order of 10. likely coordinational defects in the perfect FeSi structure that
A comparison with local-density-approximation band- might be related to a slight Si deficiency. Acceptors and
structure calculations shows that the qualitative agreement ignized donors carry magnetic moments. While the mobility
good, but that significant discrepancies occur in the absolutgf the charge carriers is compatible with acoustic phonon
values. The peaks in the total DOS next to the gap derivedcattering in the range of intrinsic conduction, it is very low
from experiment are higher by a factor of order 10 but ofj the range of extrinsic conduction, where the charge carri-
similar width, and the energy dispersion around the minimasrs appear to be interacting and weakly localized. At the
(maxima of the conduction bandvalence bandare a factor  |owest temperatures, FeSi exhibits features of a strongly cor-
of order 10 flatter than predicted by the calculations.re|ated metal with a density of itinerant charge carriers of the
Whether these discrepancies are due to correlatiogrder of only 1682 m~3, which coexist with interacting mag-
effects—in particular on-site correlations are not properly acnetic moments. A possible origin of this metallic behavior is

counted for by mean-field calculations—remains in our opin-an impurity band formed out of the donor states, with a spec-
ion a striking open question. The model of Fu and Dontach tacularly narrow band width.

for a strongly correlated insulator yields at least the correct
tendencies, i.e., a flattening of the dispersion of the quasipar-
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the quasiparticle peaks upon increasing the Hubbard correla-
tion energyU. We thank P. Wagli for the EDX investigation and H. Tho-

We also spent considerable effort on the analysis and inmas for technical assistance. One of(uD.) is grateful to
terpretation of the low-temperature properties, which previP. Wachter for generously providing infrastructural support.
ously have frequently been classified as extrinsic and thuRart of this work was financially supported by the Schweiz-
unimportant. Defects can, however, be useful even in anakrischer Nationalfonds zur Faerung der Wissenschaftlichen
ysing intrinsic properties of a semiconductor. The high-Forschung.

1G. Feex, J. Phys. Radiurf, 37 (1938. Yarmoshenko, S. N. Shamin, A. V. Postnikov, S. Uhlenbrock,
2y, Jaccarino, G. K. Wertheim, J. H. Wernick, L. R. Walker, and M. Neumann, Z. W. Lu, B. M. Klein, and Z.-P. Shi, J. Phys.:

S. Arajs, Phys. Rev160, 476 (1967. Condens. Matte¥, 5529(1995.
3H. Watanabe, H. Yamamoto, and K. Ito, J. Phys. Soc. d8n.  8T. Jarlborg, Phys. Rev. B1, 11106(1995.

995 (1963. 19G. E. Grechnev, T. Jarlborg, A. S. Panfilov, M. Peter, and I. V.
4G. K. Wertheim, V. Jaccarino, J. H. Wernick, J. A. Seitchik, H. J.  Svechkarev, Solid State Commudt, 835 (1994.

Williams, and R. C. Sherwood, Phys. Lei8, 89 (19695. 20A. Lacerda, H. Zhang, P. C. Canfield, M. F. Hundley, Z. Fisk, J.
5Y. Takahashi and T. Moriya, J. Phys. Soc. J§6, 1451(1979. D. Thompson, C. L. Seaman, M. B. Maple, and G. Aeppli,
6y, Takahashi, M. Tano, and T. Moriya, J. Magn. Magn. Mater.  Physica B186-188 1043(1993.

31, 329(1983. 21g, C. Sales, E. C. Jones, B. C. Chakoumakos, J. A. Fernandez-
7S, N. Evangelou and D. M. Edwards, J. Physl&;2121(1983. Baca, H. E. Harmon, J. W. Sharp, and E. H. Volckmann, Phys.
8G. Aeppli and Z. Fisk, Comments Condens. Matter Phigs 155 Rev. B50, 8207(1994.

(1992. 22M. Mihalik, M. Timko, P. Samuely, N. Tomawicova-Hud&ova,

97. Schlesinger, Z. Fisk, H.-T. Zhang, M. B. Maple, J. F. DiTusa, P. Szabpand A. A. Menovsky, J. Magn. Magn. Matér57/158

and G. Aeppli, Phys. Rev. Let?1, 1748(1993. 637 (1996.

107, Fisk, J. L. Sarrao, J. D. Thompson, D. Mandrus, M. F. Hund-2*P. Samuely, P. SzabM. Mihalik, N. Hudzova, and A. A. Men-
ley, A. Migliori, B. Bucher, Z. Schlesinger, G. Aeppli, E. ovsky, Physica B18 185(1996.
Bucher, J. F. DiTusa, C. S. Ogleshy, H. R. Ott, P. C. Canfield 2*L. Degiorgi, M. B. Hunt, H. R. Ott, M. Dressel, R. J. Feenstra, G.

and S. E. Brown, Physica B06-207 798 (1995. Gruner, Z. Fisk, and P. Canfield, Europhys. L&8, 341(1994).
1C. M. Varma, Phys. Rev. B0, 9952 (1994). 25E. Bauer, S. Bocelli, R. Hauser, F. Marabelli, and R. Spolenak,
12C. Fu and S. Doniach, Phys. Rev.5, 17 439(1995. Physica B230-232 794 (1997.
18y, 1. Anisimov, S. Y. Ezhov, I. S. Elfimov, . V. Solovyev, and T. 2°R. Jullien and R. M. Martin, Phys. Rev. 86, 6173(1982.

M. Rice, Phys. Rev. Let{76, 1735(1996. 27p . Schlottmann, Phys. Rev. 85, 998(1992.

147, Jarlborg, Phys. Rev. Let7, 3693(1996. 28p_ Schlottmann, J. Appl. Phy5, 7044 (1994).
5. F. Mattheiss and D. R. Hamann, Phys. Rev4RB 13114  2°P. Schlottmann and C. S. Hellberg, J. Appl. Phys, 6414

(1993. (1996.
16C. Fu, M. P. C. M. Krijn, and S. Doniach, Phys. Rev4B, 2219 30M. Hansen and K. AnderkoConstitution of Binary Alloys

(1994. (McGraw-Hill, New York, 1958.

17y, R. Galakhov, E. Z. Kurmaev, V. M. Cherkashenko, Y. M. 3M. B. Hunt, M. A. Chernikov, E. Felder, H. R. Ott, Z. Fisk, and



12 930 S. PASCHENEet al. 56

P. Canfield, Phys. Rev. B0, 14 933(1994. 423, S. Blakemore Semiconductor StatisticPergamon, Oxford,
32E. Arushanov, C. Kloc, H. Hohl, and E. Bucher, J. Appl. Phys.  1962.
75, 5106(1994). 43K. Seeger, Semiconductor PhysicgSpringer-Verlag, Wien,
33R. C. O'Handley, inThe Hall Effect and its Applicationedited 1973.
by C. L. Chien and C. R. WestgatBlenum, New York, 1980 44p. Nyhus, S. L. Cooper, and Z. Fisk, Phys. Rev5B 15 626
p. 417. (1995.
34E. L. Nagaev, inPhysics of Magnetic SemiconductofllR,  “°B. L. Altshuler, A. G. Aronov, A. |. Larkin, and D. E.
Moscow, 1983, pp. 182 and 360. Khmel'nitskii, Zh. Eksp. Teor. Fiz81, 768 (1981 [Sov. Phys.
35G. P. Zinov'eva, L. P. Andreeva, and P. V. Gel'd, Phys. Solid JETP54, 411(1981)].
State23, 711(1974. 46A. Kawabata, Solid State CommuBd4, 431 (1980.
36g, Takagi, H. Yasuoka, S. Ogawa, and J. H. Wernick, J. Phys‘.”A. I. Larkin, Pis’ma Zh. Eksp. Teor. FiZ31, 239 (1980 [JETP
Soc. Jpn50, 2539(1981). Lett. 31, 219(1980].

S7M. A. Chernikov, L. Degiorgi, E. Felder, S. Paschen, A. D. Bi- “®P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phyg, 287
anchi, H. R. Ott, J. L. Sarrao, Z. Fisk, and D. Mandrus, Phys. (1985.
Rev. B56, 1366(1997. 493, C. Ousset, S. Askenazy, H. Rakoto, and J. M. Broto, J. Phys.
%H. Ohta, S. Kimura, E. Kulatov, S. V. Halilov, T. Nanba, M.  (Pari9 46, 2145(1985.
Motokawa, M. Sato, and K. Nagasaka, J. Phys. Soc. 6pn. 50p. v. Baxter, R. Richter, M. L. Trudeau, R. W. Cochrane, and J.

4216(1994. O. Strom-Olsen, J. Phys¢krance 50, 1673(1989.
39A. Damascelli, K. Schulte, D. van der Marel, M thaand A. A.  °'B. I. Shklovskii and A. L. EfrosElectronic Properties of Doped
Menovsky, Physica B30-232 787 (1997). Semiconductor§Springer-Verlag, Berlin, 1984

40E. Bauer, F. Marabelli, and R. Spolengdtivate communication 52R. R. Galazka and J. Kossut, Marrow Gap Semiconductars
41D, Mandrus, J. L. Sarrao, A. Migliori, J. D. Thompson, and Z. edited by W. Zawatzki, Lecture Notes in Physics Vol. 133
Fisk, Phys. Rev. B51, 4763(1995. (Springer-Verlag, Berlin, 1980 p. 245.



