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Electronic structure and properties of pure and dopede-FeSi from ab initio local-density theory
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Local-density calculations of the electronic structure of FeSi, FeSi12xAl x , and Fe12xIrxSi systems in the
B20 structure are presented. Pure FeSi has a semiconducting gap of 6 mRy at 0 K. Effects of temperature~T!
in terms of electronic and vibrational excitations are included. Various measurable properties, such as magnetic
susceptibilityx(T), electronic specific heatC(T), thermoelectric powerS(T), relative variations in resistivity
r(T), and peak positions in the density of states~DOS! are calculated. The feedback from vibrational disorder
onto the electronic structure is found to be essential for a good description of most properties, although the
results forS(T) in undoped FeSi can be described up to about 150 K without considerations of disorder. Above
this T, only the filling of the gap due to disorder accompanied by exchange enhancement, can explain the large
susceptiblity. The overall good agreement with experimental data for most properties in doped and pure FeSi
suggests that this system is well described by local-density approximation even at large T. Doped FeSi can be
described quite well from rigid-band shifts of the Fermi energy on the DOS of pure FeSi. Spin polarization in
Ir-doped FeSi leads to a semimetallic magnetic state at low T.@S0163-1829~99!07123-4#
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I. INTRODUCTION

The FeSi system has been much studied since the e
work of Jaccarinoet al.,1 which showed that the magnet
susceptibility and specific heat have unusually strong te
perature~T! dependence. A renewed interest in this mate
is reflected in the large number of experimental and theo
ical works that have been published in the last few years.2–16

Part of the interest is technological. A large thermopowe
combination with low resistivity and thermal conductivity o
a semiconductor, could be exploited in form of a Peltier
frigerator. Experimental studies indicate that FeSi has o
mal properties for this in the temperature range near 100
although they are not large enough for practic
applications.11 But most studies deal with the physics
FeSi, to find the reasons for its unusual properties. Much
the discussion concerns the properties at high T, where m
properties cannot be explained by traditional means. At
T, resistivity r(T) and optical measurements agree w
band theory in that FeSi is a very narrow gap semiconduc
whereas the opinions diverge on what happens at larg
~from ;150 K and above!. Most properties indicate tha
FeSi is metallic and exchange enhanced at large T, wh
seem incompatible with the gap being 4-7 mRy as obtai
from the band results based on the local-density approxi
tion ~LDA !.2–7 Some recent works propose that FeSi is e
otic in the sense that it cannot be described by LDA at la
T, because of strong correlation, Kondo screening or M
localization.5–7

Optical data agree well with LDA bands and show a g
of about 5 mRy atT50, but this gap disappears already
about 200 K.8 This work claimed also that there is a ‘‘miss
ing intensity’’ so that the total intensity in the filled gap
large T, was not compensated by the intensity from ab
gap in the low-T data. This conclusion was later refuted
new measurements by Degiorgiet al.,9 although the unusua
disappearence of the gap made these authors propose a
localization. The optical data cannot be explained in sim
PRB 590163-1829/99/59~23!/15002~11!/$15.00
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terms of normal transition probabilities using the LDA ba
structure, and this inspired Fuet al.6 to propose that strong
correlation in the form of Kondo-like excitations causes d
order of the band structure. The large value ofx and C at
large T can be modeled by very large and narrow density
state ~DOS!-peaks on both sides of the gap,1,10 but such
peaks need to be much larger than, and are incompa
with, what is found from band theory.2

On the other hand, many properties at low T as well as
doped FeSi agree well with the band results. In addition
the resistivity and optical data as mentioned earlier, the m
sured thermopower11 is very well reproduced by Boltzman
theory using LDA bands for slight hole doping.4 Moreover,
the pressure dependence of the magnetic susceptibility
been found to follow the calculated variation of the ba
gap.3 Recent studies of doped FeSi conclude likewise t
low-T properties are well described by LDA results, while
larger T the systems look more like what is typically seen
Kondo insulators with heavy mass features.12

A different picture of the FeSi system comes from LD
calculations which consider thermal disorder.13,14 The effec-
tive DOS atEF increases more rapidly with T than what
obtained from a Fermi-Dirac smearing only. The calcula
x(T) is in satisfactory agreement with experiment in th
case,14 and the band filling is simply a result of the therm
disorder. The DOS peaks near the gap become broad
and fill gradually the gap, much like what has been obser
in angular resolved photoemission15 and optical
measurements.8,9 Qualitatively, the effect of disorder on
many DOS-dependent properties, is similar to the effect
Fermi-Dirac smearing. But the temperature scale has to
redefined. This is exemplified by the T variation of the qua
rupole splitting on Fe, when it is interpreted via a Ferm
Dirac smearing of the DOS determined for the ordered
tice; a good fit to experiment was found when t
temperature scale was renormalized by a factor of 10.5

At very low T it is likely that impurities play a role in
determining the properties of pure FeSi, for instance in
15 002 ©1999 The American Physical Society
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often seen upturn inx at the lowest T. Measurements o
x, C, andr below about 10 K, show anomalies, which c
be interpreted in terms of Anderson-localization of impur
states.16

The purpose of this paper is to investigate how the e
tronic structure and various properties are affected by
thermal disorder and doping. Part of these results have b
published in shortened form,4,13,14while here more complete
results are presented. Further, new results of Al- and
doped FeSi are presented, as well as a more detailed des
tion of the methods of calculation.

II. METHODS OF CALCULATION

A. Electronic structure

The cubic compounde-FeSi has eight atoms per unit ce
and its crystal structure is B20, which can be viewed a
distorted rocksalt structure.2 The structure is fairly close
packed with a ‘‘touching sphere’’ volume ratio of 62 perce
compared to 64 percent for bcc. For the band calculations
use the self-consistent, semirelativistic, linear muffin-tin
bital ~LMTO! method17 with LDA potentials.18 The basis set
included up tof states for the 8-atom unit cell. Superce
calculations with 64 atoms/cell~where the basic cell is
doubled in thex, y, andz direction! includeds, p, andd states
in the direct basis, while thef states were included only in
the 3-center terms. The calculations contain the so-ca
‘‘combined correction’’ terms to the overlaping spheres, b
no other nonspherical potential corrections are included.

The use of standard LMTO in this paper is motivated
the fact that none of the studied properties require a ‘‘fu
potential’’ method. Calculations of elastic constants in b
and fcc metals including full-potential corrections, based
calculations of differences in total energies for different d
tortions, showed that these corrections were essential fo
value of the elastic constants, but the effect on the DOS
hardly visible.19 This fact is comforting here, where DOS
related properties are studied. The substantial gain in c
putational speed using standard LMTO instead of a f
potential method is essential when large super cells are t
studied~with a sufficient number ofk points!, since super
cells are needed to avoid short-range periodicity for dis
dered cases, and for studies of dilute impurity concen
tions.

T-dependent electronic excitations are included via
Fermi-Dirac function.20 The tetrahedron method is used f
thek space integrations, using 343 and 64k points in 1/8th of
the Brillouin Zone for the small and large unit cell, respe
tively. Many k points are needed to describe the sharp pe
in the DOS near the gap. Band crossings are not taken
account, and this explains why the DOS from the two u
cells are not identical for the ordered structure. The D
from the 64-atom cell shows some additional ‘‘noise’’
some energies, but the gap~and the DOS near to it! is iden-
tical as it should. The stable behavior of the DOS in the g
region, for varying numbers ofk points and of basis size, i
important because the properties that are studied in this p
depend directly on the DOS near the gap. No calculation
the effective mass from the second derivative of the b
dispersion has been attempted because of the problem w
limited k point mesh.
-
e
en

r-
rip-

a

t
e

-

d
t

-
c
n
-
he
is

-
-
be

r-
-

e

-
ks
to
it
S

p

er
f
d

h a

Three compositions with doped FeSi were consider
Fe4Si3Al, Fe32Si31Al, and Fe31IrSi32, using one Ir~or Al!
impurity atom per Fe~or Si! site in cells of totally 8 or 64
atoms. The lattice constants were the same as for pure F
and no lattice relaxation around the impurity atoms was c
sidered.

Two methods for the calculation of the exchange e
hancementS are employed. Spin-polarized, self-consiste
calculations are done for the 8-atom cells including the
plied magnetic fieldH which gives the enhancement (S) of
the susceptibility. The enhancement is defined as the r
between the self-consistent exchange splitting atEF and the
magnetic-field energy.21 This ratio can be different at differ
entk points and for different bands, while here it is sufficie
to know the Fermi surface average ofS. Since the Fe-d DOS
is the dominant DOS character near the gap~see later! it is
convenient to calculate this average from the exchange s
ting of the logarithmic derivative of the radiald-wave
function.4 This value agrees well with the more complicat
calculation of the Fermi-surface average of the excha
splitting. This is easily understood from the fact that t
exchange splitting of the potential, probed by thed-wave
function atEF , determines the band splittings. In cases w
disorder there are differences in the exchange splitting of
logarithmic derivative of thed waves, so that one can defin
a local S value. There are smaller variations of the loc
DOS, and the relative variations of local DOS andS values
are quite consistent with the relation betweenS and the DOS
in Eq. ~1!, given below. Further, it turns out that the e
change splitting of the bands atEF is close to the Fe-site
average of the localS values, as is expected from a pertu
bative calculation where the contribution from Si sites
almost nonexistent because of their very low DOS.

The other method to calculate exchange enhanceme
via the Stoner factorS̄ as obtained from the paramagnet
bands. This method assumes frozen potential conditions
is less accurate than the fully self-consistent method. But
results are usually quite good and largely sufficient for
qualitative understanding of magnetic properties, and
method is very simple. Therefore, we will base much of t
discussion of near magnetic properties on the simple Sto
model, and here we use the method for calculatingS̄ for
compounds.22 The relation betweenS and S̄ is

S51/~12S̄!, ~1!

whereS̄ is proportional to the DOS,N. This method is based
on the assumptions of a spacially uniform exchange splitti
and that only kinetic and exchange energies contribute. H
ever, in some situations also the Coulomb ene
contributes,23 and the exchange splitting in compounds is
general not uniform in each atom type, which explains w
the Stoner model can be less precise than the first met
Fully self-consistent, spin-polarized calculations could not
made for all 64-atom cases, while in the computationa
simpler case of 8 atoms/cell it was possible to compare
results from the two methods. In the following, when w
quote a value ofS it is the exchange enhancement calcula
by the first method. When it has been determined viaS̄ and
Eq. ~1!, it is explicitly pointed out. The term ‘‘Stoner en
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15 004 PRB 59T. JARLBORG
hancement’’ refers to ‘‘exchange enhancement’’ when us
the Stoner model for its estimation.

The electron-phonon coupling,l, is calculated in the rigid
muffin-tin approximation~RMTA! for compounds.24 This
gives the dipole contribution to the coupling, and even if t
DOS atEF is large in the case of doping or disorder,l will
never be very large. This is because the DOS is domina
by Fe-d only. For instance, in the regions just below
above the gap, whereEF is located for interesting doping
concentrations, the percentages ofs, p, d, andf character on
Fe are 1, 3, 95, and 1 in FeSi, while in bcc Nb their perce
ages atEF are 3, 20, 73, and 4. This makes products l
Np•Nd andNd•Nf larger in Nb than in FeSi, even when th
total DOS per atom is similar. Such producs determine
dipolar electronic contribution tol, andl in doped FeSi will
not become as large as in Nb. Owing to the weak ionicity
this material, it is not likely that the monopole contributio
to l should be important.

The DOS and Fermi velocitiyvF are calculated using th
tetrahedron integration method for thek-space summation
This permits calculations of the transport properties such
resistivity r(T) and thermopowerS(T) within Boltzmann
theory.25 The resistivity is the inverse of the conductivi
s(T)

s~T!5e2tE N~E,T!vF
2~E,T!F2

] f ~E,EF ,T!

]E GdE, ~2!

whereN is the DOS,vF is the Fermi velocity,f the Fermi-
Dirac function,e is the electron charge, andt is the scatter-
ing lifetime. t is assumed to be a constant, and since
amplitude is unknown we calculate only relative variatio
of r due to variations in DOS andvF . In the expression for
the thermopower,t is cancelled so that an absolute value c
be calculated.

S~T!5etT21E ~E2EF!N~E,T!vF
2~E,T!

3F2
] f ~E,EF ,T!

]E GdE/s~T!. ~3!

The meaning of the T dependence in the DOS~andvF) will
be explained in the next section, where changes inN(E) due
to thermal disorder are considered. In principle, one sho
have a smooth, continous evolution of this T dependen
However, only a limited number disordered configuratio
can be considered because of the large computational e
and there will be statistical fluctuations in the T depende
of transport properties andx, when these properties are ca
culated from sets of varying disorders. Therefore, we pres
often results that are based on a fixed DOS, and the effec
disorder are discussed qualitatively.

B. Thermal disorder

An interesting range of T is when a large part of t
phonon spectrum has been occupied, so that acoustic as
as optical modes are present. The phonon spectrum ca
obtained by a diagonalization of the dynamical matrix for
q vectors, giving phonon energies and phonon wave vec
at all sites. However, the primary interest for the feedba
g
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onto the electronic structure is due to the amplitudes of
brations rather than the phonon energies. Therefore, one
proceed more simply and avoid a full phonon calculation,
considering the vibrational energy of individual sites.

The harmonic approximation considers a parabolic pot
tial well for atomic vibrations. The potential energyU
50.5Ku2 is characterized by a force constantK, whereu is
the displacement, and the kinetic energy is 0.5M (du/dt)2.
The sum of time averages of these two energies is cons
Ku2. Putting this equal to the thermal energykBT, and add-
ing three such oscillators~three-dimensions! give 3kBT
5Ku2, where u25ux

21uy
21uz

2 . The relation between the
averagedu and T becomes

^u2&53kBT/K, ~4!

where the force constantK5Mv2 depends on the average
phonon spectrum rather than on the Debye frequencyvD .
This relation can be obtained from the high-T expansion
the proper phonon relations as long as one character
force constant is representative for the vibrations, and as l
as T is small enough so that the movements of neighbo
atoms are uncorrelated.26 It is also known that this leads to
Gaussian distribution function foru with a certain mean-
square displacements25^u2&.

g~u!5S 1

2ps2D 3/2

e2u2/2s2
. ~5!

The next term in the high-T expansion for^u2& is only 1
36

of the first term at T equal to the Debye temperature (QD),
and 1

9 at T5 1
2 QD . Therefore, Eq.~4! is a reasonable ap

proximation even at quite low T, but not at very low T whe
only acoustic modes are occupied.

Thus, for intermediate T, we base the estimates ofu ands
on this simple scheme. The force constant is expresse
terms of QD @K5M (kBQD /\)2# and QD5cAa0B/M ,
where c is a structure-dependent constant. By taking in
account that the calculated bulk modulusB is larger than that
for most transition metals and assumimg thatc is universal,
one can estimate thatK is larger than in typical transition
metals. From this we estimateK to be about 10 eV/Å2. This
is consistent with a Debye temperature of 313 K,16 and a
reduced FeSi mass. An uncertainy of;20% inK is possible
and it will rescale the temperature by the same amount.

Thermal disorder is introduced in the LMTO calculatio
within the unit cells containing 8 or 64 atoms, where all sit
become nonequivalent as soon as disorder is introdu
Each atomic position in the unit cell is given a random d
placement~but totally following the Gaussian distribution! in
terms of direction and amplitude. The averageds2 is calcu-
lated from all positions and T is defined from Eq.~4!. Each
disordered configuration represents a ‘‘snapshot’’ of the
namical thermal disorder. The assumptions of Bo
Oppenheimer conditions of fast electronic and slo
vibrational-relaxation times, are likely to be valid, since t
lattice stiffness of FeSi is rather normal and since the res
do not depend on very slow electron relaxations. In ot
words, it is assumed that there is sufficient time for se
consistent electronic relaxation during the vibrational evo
tion in time. The self-consistent calculations include the el
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tronic excitations given by the Fermi-Dirac distribution, b
as was shown in Ref. 4 electronic excitations provide onl
partial explanation of the T-dependent properties of FeS

Effects of disorder within small unit cells with differen
disordered configurations can be somewhat different in t
details, even if the averaged^u2& parameter is the same. Th
is because of the differences in local configurations, an
can lead to variations of the details in the DOS. A mo
stable DOS at a given T can be composed from the supe
sition of the DOS from several isothermal configurations,
from the DOS of a much larger unit cell. The 64-atom c
culations are very slow because of self consistency, and
spin-polarized calculations at different T and applied m
netic field were attemped for that reason. But since the c
ing of the gap is similar in the nonmagnetic DOS functio
from 64-atom and~configuration averaged! 8-atom cases
one can be confident that the essential physics is descr
within the 8-atom cells.

FIG. 1. The bands of ordered FeSi near the gap plotted alo
few symmetry directions in the Brillouin zone. Note that the ban
at ‘‘G ’’ are calculated at ak point not exactly at~0,0,0!.

FIG. 2. Paramagnetic density of states of FeSi~64 atoms per
cell! without disorder~thin line!, with disorder corresponding to
temperature of about 250 K~broken line!, and with disorder of
about 450 K~bold line!. The energy is relative toEF .
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III. RESULTS

Many results of the physical properties which rely on se
consistent spin-polarized band results are quantitatively
termined for a given ideal structure. However, these res
should be compared to experimental results, measured
doped FeSi at various temperatures. Therefore, in orde
understand real cases, we sometimes need to extrapolat
results to non-optimal doping, using rigid band assumptio
with or without effects of thermal disorder. The discussion
magnetic properties are sometimes based on the St
model, which is useful but less accurate than a fully se
consistent, spin-polarized calculation. Therefore, it should
noted that the result sections contain first results for ideali
super cells, but also contain a discussion of what is proba
for other doping concentrations. These discussions are
ported by the theoretical models rather than being quan
tively determined in all cases.

A. Band structure and density of states

The bands and the gap of FeSi atT50 ~no disorder! are
very similar to those published earlier using differe
methods.2–7 In Fig. 1 is shown the bands near the gap
undistorted FeSi along some directions. The band disp
sions are very similar to those of the augmented spher
wave ~ASW! method.6 Also the full potential linear aug-
mented plane wave~LAPW! bands of Ref. 2 are very simila
except for a relative shift of two states atG of the order 0.2
eV belowEF , compared to the ASW or LMTO. Quantitativ
differences for the properties from this should be limite
since the differences in bands are localized to one part of
zone and not affecting the gap value. The calculated lat
constanta054.43 Å is found at the minimum of the tota
energyETOT .4 This is about 1% smaller than the experime
tal lattice constant. The bulk modulusB at a0 is calculated to
be 2.2 MBars, which is considerably larger than the exp
mental value, 1.3 MBars.27 The gapEg is indirect, ranging
from 6.1 mRy at a lattice constant of 0.98a0 to 5.7 mRy at
1.02 a0. This agrees well with Fuet al.6 and Mattheiss and
Hamann2 who obtainedEg50.11 eV ~8 mRy! with the
ASW and LAPW band methods, respectively, and w
Christensenet al.5 who obtained 0.1 eV using LMTO. The
latter work noted only minor changes in the gap struct
when so-called ‘‘full-potential’’ LMTO calculations were
performed instead of standard LMTO. The fact that t
‘‘full-potential’’ gap is similar to the otherEg , which are
based on MT-type potentials,2,4,6,7 shows that nonspherica
potentials corrections are relatively small in the B20 stru
ture. This fact and the good agreement with the experime
gap are fortunate facts, since the computational requirem
of supercell calculations with a full-potental code wou
have been very large and since the gap value is importan
determining the T scale for many properties. The atom
sphere radii are here 0.328•a0 for Fe and 0.29•a0 for Si.
This gives only small discontinuities of the potential at t
limits of the spheres, but as has been noted earlier,4,6 the gap
is not sensitive to changes of sphere radii.

It can be noted that calculated band gaps in typical se
conductors like Si or GaAs are much underestimated
LDA. In such materials thel character is different below
and above the gap, so that there is a radial change of s
from below to above the gap. As was noted above, the Fd
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character is very dominating on both sides of the gap in F
It might be that this similarity between an occupied grou
state below the gap and an excited state above, is esse
for a good LDA gap value. The widening of the gap wi
pressure is uncommon. This can be understood from the
that the gap is in the middle of the Fe-d band. Since the band
width is increasing with applied pressure it is expected t
Eg increases as well. The value ofd ln Eg /d ln V is 25.9
from LMTO, which agrees roughly with the observed valu3

The DOS functions for ordered and disordered pure F
are shown in Fig. 2. The disorder is introduced as descri
above in the 64-atom unit cells, corresponding to a certain
The DOS of disordered configurations in the smaller cell c
be found in Refs. 14 and 20. The different results permit
to conclude that at a disorder corresponding to about 250
the gap is closed but still visible as a dip in the DOS.
about 450 K no trace of the gap can be seen in the DOS.
process of gap filling is essential for explaining the prop
ties of FeSi.14 Thermal effects due to the Fermi-Dirac smea
ing only, are insufficient to explain the transition of Fe
from a semiconductor at low T, to an exchange enhan
paramagnetic metal at;300 K. The DOS on both sides o
the gap is dominated by the Fe-d states. The percentage o
Fe-d in the total DOS varies from 85-95 % in the immedia
neighborhood below and above the gap. For a case
strong disorder the DOS atEF is about 19 states/FeSi/Ry o
which 16 is from Fe-d. This means that even if there is
sensitivity to variations in T, there are no strong char
transfers between Si and Fe sites, nor charge localiza
within Fe, as T is changing. However, fluctuations due
differences in local disorder make the charges to vary am
different Fe sites.

Figures 3 and 4 show the DOS of pure FeSi, Fe4Si3Al,
Fe32Si31Al, and Fe31IrSi32. The effect of doping is fairly well
described by rigid-band shifts ofEF , but some details differ
Replacing a Si with Al appears to close the gap more t
when an Ir replaces an iron site. The peaks in the DOS
both sides of the gap are intact despite doping andN(EF)
changes rapidly with small doping concentrations. The

FIG. 3. Paramagnetic density of states of ordered Fe32Si32 ~thin
line!, Fe31IrSi32 ~bold line!, and Fe32Si31Al ~broken line!. The en-
ergy is relative to the gap center, so that the positions ofEF are
indicated by the vertical-broken line for Fe32Si31Al, by the vertical
line for Fe31IrSi32 , and is at zero energy for Fe32Si32.
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rivative of the DOS is so large that it is even difficult t
extract very precise values ofN(EF). The Stoner criterion
for a magnetic instability is roughly situated at 90 states
normal unit cell per Ry, so that the peak above the gap
clearly within the magnetic limit, while the peak for hol
doping is just on the verge of it.

The calculated band filling and broadening of the hi
peak of the DOS just below the gap are in good agreem
with optical measurements.8,9 The optical conductivity
showed that the gap, which is clearly visible and in agr
ment with the calculated gap for lowT, is essentially filled
up at T;250 K. From the different disordered configur
tions we conclude that the complete filling of the gap ha
pens around 300 K. This difference between theory and
tical measurements is quite acceptable in view of the way
disorder is defined via an averaged force constant.

The peak below the gap is very narrow,;3 mRy.
Angular-resolved photo emission~ARPES! has been able to
identify a narrow band just below the gap, which contribu
to this peak.15 It was even possible to observe a T-depend
broadening of this peak. The DOS peak below the gap is 3
mRy wide for the ordered case. This compares well with
bandwidth for an optimal angle in the high-resolutio
ARPES of 2–3 mRy, which is observed to disappear
widen to at least 10 mRy at 275 K.15 By selecting one angle
in ARPES it is possible to focus on one single band a
thereby obtain a smaller bandwidth than in the DOS. Nev
theless, the peak in the calculated DOS shows a widenin
higherT, which is consistent with the findings of the ARPE
data.

B. Magnetic properties

First, we discuss the results for pure FeSi. The ba
broadening and the metallization are rather quick as T
proaches 250-300 K. This leads to an exchange enhance
S(T), and the localS(T) ~calculated from the ratio betwee
the local-spin splitting of the potential and the appli
magnetic-field energy! values are widely spread on differen
Fe sites. This can be understood from the spread of lo
disorder—at some sites the disorder is strong and may c

FIG. 4. Paramagnetic density of states of ordered Fe4Si4 ~thin
line! and Fe4Si3Al ~bold line!. The two curves are lined up relativ
to the respective position ofEF .
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an attractive Madelung shift of the potential. The Fermi le
tends to enter into the high DOS above the~normal! gap on
such sites, while on other sitesEF will be at or below the dip
in the DOS. From this one can understand why the Sto
enhancement, which is sensitive to the DOS@cf. Eq. ~1!#,
shows local variations from site to site. A striking examp
of local variations of DOS and enhancements, are the dif
ences on Fe and Si sites. The DOS in disordered~or doped!
FeSi is typically more than a factor 10 larger on Fe than
Si, and the Si moments in spin-polarized cases are alm
zero or slightly negative.4 As a result of this there are larg
differences in local exchange splittings.

The magnetic susceptibilityx can be written as

x~T!5mb
2Ne f f~EF ,T!S~T!. ~6!

The effective DOSNe f f takes into account electronic excita
tions given by the Fermi-Dirac functionf (E,EF ,T)

Ne f f~EF ,T!5E N~E,T!F2
] f ~E,EF ,T!

]E GdE. ~7!

Here EF varies with T so that the number of electrons
conserved, and the band DOSN(E,T) varies with the degree
of disorder at the given T, i.e., the DOS is calculated fo
disordered lattice. IfN(E,0) is the DOS for T50, i.e., for a
perfect lattice, andS(T) is 1 ~no exchange enhancemen!,
x(T) increases from zero to about 3mB

2/eV at 400 K, as in
the full line of Fig. 5. The broken line in Fig. 5 is the resu
if N(E) is given by the DOS model of Ref. 10~two rectan-
gular DOS functions, 5-mRy wide, 880-states/Ry/cell hig
and separated by a 6-mRy gap!, which is known to reproduce
the experimental results. The peak heights in this model n
to be so large since no exchange enhancement is inclu
Without the effect of DOS smearing and exchange enhan

FIG. 5. Magnetic susceptibilityx for FeSi. The full line is cal-
culated from the ordered DOS with electronic excitations only. T
broken line is the result using the DOS model of Ref. 10, wh
closely reproduces the experimental susceptibility. Calculations
ing the DOS from nine different disordered configurations~corre-
sponding to different T! using 8-atom cells, but without theS(T)
factors, are shown as circles. The results including the excha
enhancementsS(T) from spin-polarized calculations are shown
crosses.
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ment, it is evident that the calculated DOS peaks~for T
50) alone are insufficient to produce the observed susce
bility. As seen in Fig. 4, the peak heights are of the ord
100-200 states/Ry/cell and narrower than in the DOS mo
If now the exchange enhancement is introduced, but
based onN(E,0), x(T) increases from zero at 0 K to about
4.5 mB

2/eV at 400 K.4 If finally the disorder is considered s
that the properN(E,T) functions are used~from different
8-atom cell configurations!, andS(T) is an average over the
enhancements of all Fe atoms~to give the global enhance
ment as explained earlier!, x increases further, as is show
by the crosses in Fig. 5. The susceptibility is now quite clo
to the experimental values.1,10,3 The scattering of different
points reflects the fact that the degree of disorder can
more or less pronounced in a small unit cell even if theu
parameter is the same.

The local S(T) enhancements calculated for the cas
with largest disorder, varies from 3.5 to 6. This is not f
from the enhancement in fcc Palladium~about 7!.21,28 It can
be understood from the large local~para-magnetic! DOS val-
ues, of 11-18 states/Ry/Fe-atom at this large T. This is co
parable to the DOS in many transition metals, like Niobiu
The very rapid variation of the DOS near the gap in~or-
dered! FeSi is extraordinary. Just above the gap it var
from zero to about 50 states/Ry/Fe-atom within 3 mRy.
bcc FeN(EF) is smaller than this peak value, but clear
sufficient to put Fe beyond the limit of infiniteS.28 This fact
is important for an understanding of the unusual increase
Ne f f(E,T) when T is increased, and for the transformation
FeSi from a semiconductor at low T to an exchange
hanced paramagnet above room temperature. If a mode
electron doping is done, so thatEF enters into this high peak
without causing structural instabilities or peak broadening
seems possible to have a ferromagnetic state at low T. T
possibility is investigated via the supercell calculations.

It has been proposed that spin fluctuations are respons
for the large magnetic response at large T,29 and formation of
magnetic moments at high T has been detected from neu
scattering.30 This seems plausible in view of the spaci
spread of Stoner enhancement. The variation of excha
splittings on different Fe sites supports the picture of s
fluctuations, if the disorder is so large that the localS tend to
diverge at some region at some instance. The time scal
such fluctuations would be coupled to vibrational tim
scales, whereas other types of spin fluctuations need no
be related to vibrations. The calculations here did not fi
examples of divergingS or spontaneous magnetization coe
isting with non-magnetic regions within the same unit ce
but it could be expected to see such cases for very la
disorders.

The Stoner factors (S̄) for the three doped cases we
calculated to be 0.35, 0.47, and 1.16, for Fe4Si3Al,
Fe32Si31Al, and Fe31IrSi32, respectively. In the former case
with a small 8-atom unit cell, it was possible to calculateS
directly and compare the results from the two methods
scribed in Sec. II A. In this case the Stoner factor@obtained
by inverting Eq. ~1!# was slightly increased to 0.43. Thi
shows that not only the exchange and kinetic energies sh
determine the Stoner factor, and a full calculation sligh
favors the tendency towards magnetism. Still, even with
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uncertainty of;15% in the calculated Stoner factors for th
larger cells, they predict that Fe31IrSi32, but not Fe32Si31Al,
should have a magnetic transition. In terms of the DOS
transition is likely whenN(EF) per FeSi exceeds about 2
states per Ry. With this limit, it is for Al concentrations o
0.07–0.08 when the DOS peak just below the gap is clos
the required height, that a magnetic transition is most pr
able with hole-doped FeSi. The DOS peak above the ga
higher, making magnetic transitions more likely for electr
doping, if the broadening of the peaks due to strain and
order is small as in the calculations shown here.

The measured magnetic susceptiblity of Fe0.9Ir0.1Si was
presented in Fig. 4 of Ref. 11. It has a similar shape tox(T)
in pure FeSi. However, those data had been corrected fo
assumed paramagnetic iron component corresponding
1.5% Fe, and the raw data were quoted as having a minim
at 120 K, and the amplitude of this minimum was comp
rable with the maximum of the susceptibility of pure FeS
Unfortunately no other details are given concerning the
corrected data. The calculations produce an almost magn
state for this Ir concentration. Rigid bands, using both
FeSi and Fe31IrSi32 DOS, puts the shiftedEF just on the
right-hand side of the high peak above the gap, above or
the Stoner criterion for magnetic order atT50.

A calculation of the susceptibilty needs to take into a
count both Stoner enhancement and thermal disorder, as
concluded for pure FeSi. In the doped case this will be d
ficult, since the magnetic ordering, expressed by a diverg
S(T), is so close, and spin-polarized calculations for seve
disordered configurations are too cumbersome. Some ins
is provided by the evolution ofNe f f(EF ,T). Figure 6 shows
this quantity for Fe0.9Ir0.1Si as function of T, using rigid-band
shifts on the DOS from various disordered cases. No m
mum as a function of T is found when the same DOS is u
over the whole T range. But when the disorder is increas
it first diminishes the DOS and than increases it again,

FIG. 6. Effective DOS atEF for Fe0.9Ir0.1Si obtained from shift-
ing EF to account for the Ir doping. The full and broken lines a
the result using ordered and disordered~about 550 K! structures,
respectively. By using panels corresponding to different interme
ate disorders one obtains the crosses, where vaguely a mini
can found somewhere near 200-300 K. The effective DOS times
Stoner enhancement describes the susceptibilityx(T). Experiments
show a minimum ofx(T) near 120 K~Ref. 11!.
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when Ne f f(EF ,T) is respresented by panels form vario
different disordered cases, as is shown by the crosses in
6, a minimum emerges somewhere around 200–300 K.
scattering of points is a result of the statistical fluctuations
disorder in small cells as mentioned earlier. The appeara
of a minimum can be understood from the position ofEF on
the edge of the peak for this composition, so that smea
will tend to increase the effective DOS only at the highest
The Stoner factor will enhance the structures further. T
tendency towards magnetic ordering is even more p
nounced at intermediate Ir concentrations; atx50.0420.05,
just above the concentration of the 64-atom unit cell, wh
the DOS has its maximum. It is therefore likely that the ra
data mentioned in Ref. 11 represent the intrinsic behavio
Fe0.9Ir0.1Si.

One spin-polarized calculation was done for the Ir-dop
ordered supercell, Fe31IrSi32. The self-consistent calcula
tions are very slow and only fewk points could be used. The
partially converged results indicate that the total magne
moment is able to reach the 1mB that is needed to make th
supercell semimetallic for this composition, so thatEF falls
in the gap for minority spins. This is at low T when the ga
still is sharp. The moment is of the order 0.03mB per Fe
atom. This moment seems very small in view of the reas
ably large Stoner factor, but it can be understood from
fact that the peak in the DOS is so narrow. At larger T, ta
of the DOS will enter the gap and both the majority a
minority Fermi levels are within finite DOS values. The m
ment can remain for some doping concentrations as lon
the peak in the DOS is large.

The local variations of the magnetic moment in the
doped supercell show a clear trend. Near the impurity
Fe-moments are largest, while at the most distant Fe s
the moment is only about a third as large. Similarly, the lo
Fe-DOS values in the nonpolarized results are highest n
the Ir site, while far from it the Fe-DOS values are smalle
The trend for an even larger super cell goes in the direc
of having an electronic structure like undoped FeSi far fro
the impurity site, so that only the region near the impur
would become polarized. As was mentioned above, the r
tive variations of the local moments are larger than for
DOS, which is consistent with the relation between DOS,S̄,
and S, given by Eq.~1!. Further, the similarity of having
local variations of the DOS in disordered pure FeSi and
doped FeSi, supports the idea that spin fluctuations can
coupled to vibrational disorder. However, with the cases
general disorder studied here, the local variations have
long-range correlations as in the case with the dilute im
rity, and the degree of disorder is limited so that no case
spontaneous magnetization are found.

Strong ferromagnetism is found in other transition me
silicides of the same B20 structure. MnSi, for instance, h
large magnetic moments in agreement with spin-polari
band calculations31, and the paramagnetic DOS on Mn
large to make the value ofS̄ larger than one.

Finally a comment should be made about the possibi
of a metamagnetic transition. It has been argued that m
magnetism can occur as a result of strong correlation.7 This
is plausible already from the LDA results, if an applied fie
is able to close the gap at low T, when the DOS peaks
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sharpest.4 The problem is that the applied field has to be ve
strong and that the magnetic state goes away if the fiel
removed, at least according to the LDA calculations. Th
the total energy seems to be lowest for the non-magn
case, with no barrier towards a magnetic one. However, m
netic impurities can provide a field via hybridization, an
this might explain the upturn inx(T) at very low T, that is
found in most FeSi samples. The case of Ir doping as m
tioned above is one example of impurity-induced extend
magnetism, when the impurity play the role of electron d
nor. Magnetic impurities with localized states act differen
via their exchange splitting, and the magnetization is lik
to be localized around the impurity because of the sh
reach of hybridization. At lowT, the role of localized state
in impurities will certainly influence the properties of othe
wise undoped FeSi. This has been investigated experim
tally by Hunt et al.16 A recent experimental work studie
FeSi in extremely high field, up to 450 T, at 77 K.32 No
metamagnetic transition was found, but the conductiv
showed a spectacular increase for one order of magni
when the field was increased from 200 to 450 T. These
sults will be discussed in Sec. III D.

C. Heat capacity

The electronic specific heat is linear in T at low tempe
ture;Ce5gT5(p2/3)kB

2TNe f f(EF ,T)(11l), as long as the
DOS has a weak T dependence. A comparison of the spe
heatCp between FeSi and CoSi revealed an ‘‘anomaly’’
FeSi of about 3-5 J/mol/K above about 200 K. It was a
sumed that the vibrational part ofCp in the two compounds
are identical, so that the difference should be due to e
tronic part only.1,10

The anomaly with respect to CoSi is calculated from
~electronic! kinetic energy,U, as in the model of Ref. 10. A
high T l vanishes26 and one obtains

U5E N~E!E f~E,EF ,T!dE ~8!

and DC(T)5(d/dT)U. ~The DOS of ordered structures a
used, because of the problem of connecting results from
ferent disordered configurations.! The results from the DOS
of the small and large cell, are shown in Fig. 7 together w
a model made to resemble the experimental data in Ref.
although the model parameters are different from the one
that reference. The results follow the model quite well with
maximum not far from;300 K, where the measuredDCp
anomaly has its maximum. At large T it is expected thal
~which probably is small anyway! should decrease,26 and this
should concern the reference system as well. A poss
complication is thatgT for the reference system, CoSi, ma
show a strong nonlinear evolution at high T because of
brational disorder. Indeed, the calculated DOS for C
shows thatEF is situated right at the DOS shoulder about
mRy above the gap, and that the effective DOS tends
increase when the DOS is broadened. However, this is on
qualitative observation; calculations of differences inCp is
difficult and the agreement with experiment shown in Fig
is surprisingly good. If the DOS from a disordered config
is
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ration is used, it will increase the heat capacity more at l
T, while at larger T the result is not so different from what
shown in Fig. 7.

It is worth noting that the DOS model made by Mandr
et al. to fit x(T)-data required higher and wider DOS pea
than the model made to fitDCp(T).10 The spectral weights in
the DOS were 4.4 and 0.8 electrons, respectively. The
ference can be interpreted as if an exchange enhanceme
about 5 is included only inx. This is consistent with our
finding which has an enhancement of this order~cf. Fig. 5! in
x, but is absent in the heat capacity.

The low-T specific heat of doped FeSi12xAl x for x
50.025 and 0.015 was measured by DiTusaet al.12 They
noted a large effective mass of about 14 for the largest d
ing concentration. This was concluded from the largeg of
about 7 and 5 mJ/mol FeK2, for the two concentrations. Th
calculation for the Fe32Si31Al supercell has a DOS of abou
700 states per cell Ry, andl is calculated in RMTA to be 0.2
for a Debye temperature of 313 K, taken from Ref. 16. Rig
band shifts ofEF on the DOS from pure 64 or 8 atom FeS
calculations do not change these estimates much. This g
g54.6 mJ/mol FeK2, which is smaller than what can b
extrapolated from the experimental results. Enhancem
from spin fluctuations could make up for the difference sin
S̄ is quite large. IfEF is adjusted in a rigid-band manner t
account forx50.015 one finds a reduction ofg to about 3
mJ/mol Fe K2 ~instead of 5 experimentally!. Thus, the rela-
tive change ing between the two concentrations is reflect
in the sharp change in DOS between the two cases.
different amplitudes in experiment and theory can be tra
lated into a 30–40 % lowerm* in the theory. Compared to
doping of conventional semiconductors, FeSi is exceptio
because of the high-DOS peaks at the gap edges. Th
reflected in the large band mass of doped FeSi.

D. Transport properties

The thermopower, expressed by the Seebeck cons
S(T) is calculated from the band structure of ordered~very

FIG. 7. Specific heat calculated from the band results for
dered structures as described in the text. The result using the
from the small cell is shown by the circles, and from the 64-at
cell by the crosses. The results are somewhat unstable at low T.
full line is from a DOS model made to reproduce the experimen
points forDCp(T) shown in Ref. 10.
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15 010 PRB 59T. JARLBORG
slightly hole doped! FeSi.4 It agrees very well with experi-
mental data of Saleset al.,11 both concerning amplitudes an
T dependence up to 100–150 K.4 The experiment is for sup
posedly pure FeSi, but the agreement with the calcula
S(T) shown in Fig. 8 suggests that there is a slight h
doping. A slight hole doping~which could even be smalle
than 0.005 holes per cell! is needed to make a shift inEF(T)
from near the top of the valence band at low T, to a lit
below the middle of the gap at high T. Exact stoichiome
implies a smaller shift ofEF(T), sinceEF at T50 would be
just at the middle of the gap, and the amplitude variation
S(T) would be smaller. Doping with electrons makes a lar
difference, sinceEF(T) then shifts downwards from the edg
of the conduction band to just below the midgap, as T
creases, andS(T) takes an opposite shape, as shown in F
8.

The good agreement between experiment and theory
S(T) for T up to;150 K, gives an indication that effects o
vibrational disorder are not very important up to this te
perature, at least not for pure FeSi.S(T) is small and flat for
higher T, and calculations cannot distinguish clearly betw
different disorders.

Experimental data for Ir-doped FeSi withx50.03 show a
completely differentS(T),11 as is expected from an electron
doped case. The calculated result, shown in Fig. 9, using
~ordered! FeSi band withEF moved to account for the elec
tron doping atx50.03,shows a very similar shape as in th
measured curve in Ref. 11, with a minimum
;0.15 mV/K, except for the fact that the temperature sc
is different by a factor 3 roughly. The dip inS(T) is near 300
K, while near 100 experimentally. Qualitatively, it is ex
pected that additional DOS smearing above 100–150 K,
compress the T scale, to agree better with experiment. B
is difficult to put together results from several band stru
tures with different T-dependent disorder, to make a co
nous, quantitative plot of the thermopower. Nevertheless
Fig. 9 is shown the result ofS(T) for x50.1, when it is
collected from several different disordered configuratio

FIG. 8. The calculated Seebeck coefficient for~ordered! FeSi,
where EF has been adjusted for slight hole and electron dopi
respectively. The good agreement between the hole doped cas
the experimental data in Ref. 11, suggests that effects of the
disorder are minor up to 150–200 K.
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each one representative of the corresponding interval in
Despite the scattering of points, it is possible to identify
minimum near 300 K, which is not found in the curve bas
on the T50 bands only~the broken line!. The amplitude
agrees well with experiment, but the minimum is still at to
high T. A possible explanation of this is that non rigid-ba
effects and spin polarization will modify the peak structur
at this relatively high-doping concentration.

A similar trend concerning the peak positions, is obtain
for the resistivityr(T) in Fe12xIrxSi for x50.03, cf. Fig. 10.

,
and
al

FIG. 9. The calculated Seebeck coefficient for ordered and
ordered Fe0.9Ir0.1Si. The band structure is for the 8-atom cell, wi
EF shifted to account for the Ir doping. The broken line is for t
ordered stucture. The crosses showS(T) when it is made up from
different panels with different degree of disorder. Compared to
ordered case, it is seen how the minimum is displaced to lowe
The full line is for the ordered Fe31IrSi32. These results can be
compared with the experimental results shown in Ref. 11
Fe0.97Ir0.03Si: The experimentalS(T) curve starts at 0 at zero tem
perature, decreases to20.11 mV/K at 50 K, has a wide minimum
of about20.14 mV/K near 100 K, goes up towards20.08 mV/K at
150 K, and approches smoothly zero forT>250 K.

FIG. 10. Relative evolution of the resistivity in Fe31Ir Si32 and
Fe0.9Ir0.1Si. In the latter caseEF is shifted to account for the in-
creased Ir-doping. Experimental data in Ref. 11 show a resisti
peak at lower T.
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PRB 59 15 011ELECTRONIC STRUCTURE AND PROPERTIES OF PURE . . .
The experimental peak is found near 90 K,11 while it is near
300 K from the band results. Forx50.1 r(T) is increasing
with T, both in the experiment and the calculation~assuming
a constant life timet), with no maximum within a wide-T
range.

Measurements of the conductivity of hole-dop
FeSi12xAl x with x50.1 has been published by Saleset al.,11

and recently within the concentration rangex5@020.08#,
by DiTusaet al.12 The conductivity has a minimum in the
range 50-100 K whenx exceeds;0.05. The calculated con
ductivity shows the minimum, but again as in the case w
electron doping, the peak position is displaced towa
higher T, when the calculations are based on rigid-ba
shifts of EF on the bands of an ordered structure. An e
ample is shown in Fig. 11.

Figure 12 shows the evolution ofS(T) in Al-doped FeSi,
with and without considerations of thermal disorder. As b
fore, the T scale is compressed by disorder, while the exp
mental peak is found at even lower T for the A
concentrationx50.1.11

Thus, pure FeSi shows very good agreement with exp
ment, while in the doped cases, the T scale is somew
renormalized due to disorder. This can be understood f
the fact thatEF is within the DOS at all T when the dopin
is important. In pure FeSi, the position ofEF is in the gap
and it is not until a certain T that the band edges come c
to it. Therefore, as long asEF is within the gap region, the
properties are not so sensitive to broadening due to disor
With doping, EF is within the DOS even at low T, and
smearing has an immediate effect on the properties. T
often show up as a difference in T scale in measured
calculated transport properties. On the other hand, the ca
lated amplitudes ofS(T) are always in good agreement wi
experiment.

FIG. 11. Relative evolution of the conductivity in FeSi0.9Al0.1

for ordered structure~bold line!, and with disorder of about 250 K
~thin line!. The latter agrees with the experimental data in Ref.
which show a conductivity minimum at about 100 K. The minimu
tends to lower T, and give lower conductivity whenEF is moved
closer to the gap by accounting for 0.019~broken line! and 0.006
~dotted! holes per FeSi. In the case of ordered structure,s tends to
zero atT50 when FeSi is undoped.
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A very recent experimental work of Kudasovet al.32 re-
ports a semiconductor-metal transition in FeSi in ultra-h
magnetic fields. Pulsed fields as high as 450 T could
applied to FeSi at 77 K, with almost no heating. The co
ductivity showed a continous increase of ‘‘approximate
two orders of magnitude in a 450 T field as compared to
zero field.’’ These findings can be compared to what is
pected from the calculated exchange enhancement for
ichiometric, ordered FeSi of Ref. 4. At low T when therm
disorder is limited, practically no low-field exchange e
hancement is expected and even a field of;450 T ~about 2
mRy! cannot overcome a gap of about 6 mRy. However,
findings of Ref. 32 can be understood if the sample
slightly doped and if the zero-point motion is sufficient
large to make the band egdes to extend into the gap. T
there will be some states availiable nearEF to enforce an
applied field by exchange enhancement, and the material
soon approach a closed gap situation as indicated in Re
The conductivity is much enhanced in this situation, co
pared to the almost insulating zero field case. This me
field mechanism for the field-induced conductivity is an
ternative to the explanation via spin fluctuations as w
suggested in Ref. 32, but detailed calculations using Bo
mann theory and band results for different nonstoichiom
ric, disordered cases are needed for a quantitative comp
son with experiment. In any case, the absence of an ab
increase of the conductivity for a particular field in Ref. 3
indicate that the semiconductor-metal transition is contin
and depends on rounded off band-gap edges, rather tha
ing the signature of a metastable transition.

IV. CONCLUSION

In conclusion, we have performed nonmagnetic as wel
spin-polarized band calculations for ordered and disorde
FeSi with different dopings. Various properties are calc
lated from the band results, and the agreement with exp
ment is, in general, very good. Most importantly, it has be
possible to show that the unusual behavior of the susce

,

FIG. 12. The calculated Seebeck coefficient for ordered
disordered FeSi0.9Al0.1. The band structure for the 64-atom supe
cell containing one Al atom was used withEF adjusted to accoun
for the higher Al concentration. It is seen that the effect of disor
is to compress the T scale.
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bility can be described within LDA. Structural disorde
which can be linked to the temperature, leads to a grad
closing of the narrow gap, so that the effective DOS~per Fe!
at the Fermi energy becomes comparable to that of Nb or
for T larger than;400 K. The increased DOS has a dire
impact on the Pauli susceptibilty, and on the exchange
hancement. By taking these effects into account one obt
a x(T) which is of the correct amplitude. This is true for th
heat capacity as well, where no Stoner enhancement en
and the calculation based on the normal DOS reproduces
essential part of the anomaly. The direct observation
bands and DOS in photoemission and optical experime
are consistent with the calculated electronic structure w
disorder is considered. The transport properties are well
scribed, except for what seems to be a somewhat too
tended T scale in the case of doped FeSi. The thermopo
in pure FeSi shows that thermal disorder is not crucial be
;150 K, for this undoped case.

Thus, as a whole we obtain a very satisfactory explana
of the properties of FeSi from LDA, provided that therm
disorder is taken into account. The band calculations areab
initio so the only uncertainty concerns the exact form
disorder. Despite the simplicity of the harmonic model f
nd
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vibrational disorder, the band results lead even to a g
quantitative description of many properties. Future wo
should improve the calculations of the phonon part, a
larger unit cells and/or more disordered configurations
required to achieve less scatter in the calculated results.
such elaborations are not expected to modify the qualita
results very much for intermediate T. The exact behavio
the lowest T, which is not studied here, is delicate becaus
the relative importance of zero-point motion and lowq
phonons. Different types of disorder have some influence
the results, but it is especially the difference between hav
disorder or not, which is most important in this paper. Th
mal disorder is always present above a certain tempera
and the consequencies are particularily striking in FeSi
cause of its sharp DOS features near the narrow gap. T
results imply that no assumptions of strong correlation
needed to explain the properties of FeSi.
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