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Singlet Semiconductor to Ferromagnetic Metal Transition in FeSi
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Adding the local Coulomb repulsion to the local density approximation, the so-called LDA1 U
scheme, leads us to predict a first order transition from a singlet semiconductor to ferromagnetic
in FeSi with increasing magnetic field. Extensions to finite temperature lead to the interpretation
the anomalous behavior at room temperature and zero field arises from proximity to the critical p
of this transition. This critical point at a finite field may be accessible in currently available magn
fields.

PACS numbers: 75.30.Kz, 71.30.+h, 75.10.Lp
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FeSi displays an unusual crossover from a singlet se
conducting ground state with a narrow band gap to
metal with an enhanced spin susceptibility and a Cur
Weiss temperature dependence in the vicinity of roo
temperature [1]. Various models have been put forw
to explain this behavior, starting with the very narro
band description of Jaccarinoet al. [2]. Takahashi and
Moriya [3] proposed a nearly ferromagnetic semico
ductor model, predicting thermally induced spin fluctu
tions which were subsequently confirmed experimenta
[4]. Recently, models based on treating FeSi as a tr
sition metal analog of the Kondo insulators found
heavy-fermion–rare-earth systems have been much
cussed [5,6].

Electronic structure calculations using a local dens
approximation (LDA) by Mattheiss and Hamann [7] co
rectly account for the narrow gap semiconducting grou
state but more is required to explain the anomalous
havior. In this Letter we report calculations based on
LDA 1 U scheme, a generalization of the LDA metho
introduced by Anisimovet al. [8,9] to include the in-
fluence of local Coulomb interactions on the electron
structure and magnetic properties of real systems in
mean-field approximation. Our key result is the pred
tion of a first-order transition in an external magnetic fie
B to a metallic ferromagnet with a magnetic moment
1mByFe. Using an approximate finite temperature gen
alization we find this singlet semiconductor to ferroma
netic metal transition line ends at a critical pointsTc, Bcd
with Tc around room temperature. While we cannot p
dict Bc accurately, we are led to propose that the crosso
observed in zero field arises through proximity to this cri
cal point and that this critical point may be accessible
high field measurements.

The main idea of the LDA1 U method is that
the LDA gives a good approximation for the avera
Coulomb energy ofd-d interactions,Eav , as a function of
the total number ofd electrons,N ­

P
ms nms , where
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nms is the occupancy of a particulardms orbital

Eav ­
1
2 UNsN 2 1d 2

1
4

JNsN 2 2d . (1)

But LDA does not properly describe the full Coulomb an
exchange interactions betweend electrons in the samed
shell. So Anisimovet al. [8,9] suggested to subtractEav

from the LDA total energy functional and to add orbita
and spin-dependent contributions to obtain the exact
the mean-field approximation) formula

E ­ ELDA 2 Eav 1
1
2

X
m,m0,s

Umm0nmsnm02s

1
1
2

X
mfim0,m0,s

sUmm0 2 Jmm0dnmsnm0s . (2)

Taking the derivative with respect tonms gives the
orbital-dependent one-electron potential

Vmss$rd ­ VLDAs$rd 1
X
m0

sUmm0 2 Ueffdnm02s

1
X

m0fim

sUmm0 2 Jmm0 2 Ueffdnms

1 Ueff

µ
1
2

2 nms

∂
2

1
4

J , (3)

with Ueff ­ U 2
1
2 J.

The Coulomb and exchange matricesUmm0 and Jmm0

are expressed through the integrals over products of th
spherical harmonics and screened Coulomb and excha
parametersU andJ [8,9].

A nontrivial problem is what value of the screene
Coulomb interactionU to use. For insulators such a
late-transition-metal oxides a good approximation is
calculate static screening of thed-d intrashell Coulomb
interaction in a supercell LDA calculation [10]. But ifd
electrons themselves are enough delocalized to take
in the screening, dynamical screening occurs—a diffic
© 1996 The American Physical Society 1735
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problem that can be treated, e.g., in theGW approxi-
mation [11].

Dynamical screening is clearly essential for metal
systems, e.g., the statically screenedU for Fe metal is
ø6 eV [9], which is certainly too large. The empirica
values forU chosen to give an agreement with expe
ment in Fe lie between 1 and 2 eV [12]. FeSi is a sem
conductor but with a very small band gap, so the value
U should lie between these extremes. (Note, if dynam
cal screening is explicitly included as in the exact soluti
for a finite cluster [13] then the value ofU which gives
agreement with experiment is quite large;*4 eV.)

If we set U ­ 0, our method becomes equivalent
standard LDA. In Fig. 1(a) the density of states (DO
obtained withU ­ 0 is shown. It is quite close to the
results of previous LDA calculations [7]. The Ston
parameterI is not strong enough to produce a magne
state and the only stable solution is nonmagnetic.
one increasesU above the critical valueUc ­ 3.2 eV,
a metastable magnetic solution appears with a mom
per Fe site ofm ­ 1mB. The nonmagnetic solution is
still present with a total energyø0.3 eVyFe lower. For
U . 4.6 eV the magnetic state is lower in energy and
becomes the ground state.

FIG. 1. Density of states (DOS) from LDA1 U calculations.
The Fermi energy,EF , is the zero of energy. (a) Nonmagnet
state withU ­ 0; (b) majority and minority spin bands in a
ferromagnetic state with a moment of1mByFe.
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We also performed so-called “fixed spin momen
calculations for the total energy, Eq. (2), as a functi
of the momentm per Fe (Fig. 2). ForU , Uc there
is only one local minimum corresponding tom ­ 0.
Near m ø 1mB there is only a bend in the curve bu
no minimum. ForU * 3.4 eV a second local minimum
appears but it lies higher in energy. However, forU ­
5.4 eV, this minimum atm ø 1mB is clearly lower than
the nonmagnetic one.

On Fig. 1(b) the DOS of the magnetic solution wit
U ­ 3.4 eV is presented. One can see whym ø 1mB.
The nonmagnetic DOS [Fig. 1(a)] has a peak just abo
the Fermi level,EF, contains 2 electrons per spin per un
cell which is separated from the remaining higher ener
states. In the magnetic solution [Fig. 1(b)] this peak
fully occupied for the majority spin giving a total momen
of 4mB per unit cell containing 4 Fe atoms.

In contrast to the transition metal oxides where thed
bands are well separated from lower lying O 2p bands,

FIG. 2. Total energy as a function of the spin mome
msmByFed with various values ofU.
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FIG. 3. (a) Density of states of the model band structure;
phase diagram in the (T,B) plane.

FeSi has very broad common Fe 3d–Si 3p bands. So the
formal valence and relevantdn configuration of the Fe ion
are not obvious. To resolve this question one has to l
at the dispersion curveseskd (Fig. 2 and Fig. 3 in [7]).
At the high-symmetryR point of the Brillouin zone the
lowest levels are 4-degenerate Si 3s states at29 eV, and
4-degenerate Si 3p states at26 eV. Next come two 8-
degenerate levels of Fe 3d origin belowEF at 23 eV and
at 21 eV, respectively, and one 4-degenerate level als
Fe 3d origin just aboveEF . The bands of Si 3p–Fe 4s,4p
origin all are higher in energy.

We suggest the following interpretation. Si 3s bands
do not cross with other bands and are filled. Si 3p or-
bitals form occupied bonding and unoccupied antibond
d

b)

ok

of

g

bands (the latter are in the same manifold with Fe 4s,4p
derived bands). The filled bonding Si 3p band contains
8 electrons per 4 Si atoms in a cell, that correspond to
neutral Si atom (3s23p2 and formal Si valence 0). The
Fe atom is also neutral (3d8 and formal valence 0). The
point group symmetry of the Fe site isC3 (Bravais lattice
is cubic) and the 3d levels split into two 2-degenerate an
one nondegenerate levels as seen at theR-point which has
the total symmetry of the lattice. Crudely speaking, Fe
is a neutral Fe impurity in crystal Si (this analogy is n
completely valid as Si 3p and Fe 3d bands are separate
only nearR and are strongly mixed elsewhere).

This interpretation disagrees with the Kondo-insula
hypothesis [5] which requires a local 3d level hybridizing
with s,plevels at the Fermi energy. Instead a form of hi
spin–low spin transition in the 3d bands of the Fe ions
is suggested, similar in spirit to the models of Ref. [3
Note the high spin state with a moment of only1mByFe
is not compatible with a local ionic description but is
consequence of the band structure as discussed above

The second local minimum inEgsmd leads to a first
order transition in an external magnetic field. Althoug
the momentsm ­ 1mByFed of the ferromagnet is insensi
tive, the critical fieldBc of the transition is very sensitive
to U; e.g., forU ­ 3.4 eV (see Fig. 2),Bc is very large
s,103 Td, but for U $ 4.6 eV, Bc ­ 0 and the magnetic
solution is the most stable. It is not possible to make
accuratea priori estimate ofBc. Instead we resort to sim
pler models guided by thea priori calculations and adjus
the model parameters to agree with the measured spin
ceptibility xsT d and specific heatCpsTd.

We use a rectangular form (widthW) for both the
electron (conduction) and hole (valence) DOS separa
by a gap 2D. Each band contains one state per
including spin. At finite temperatureT and magnetic field
B we use an approximate Landau form for the free ener
FfT , Bg ­
X
t,s

Z
deNsed se 2 gmBBsdnt,ssed 2

1
2

Im2 2
1
2

Vr2

1 T
X
t,s

Z
deNsed hnt,s sed lnfnt,ssedg 1 f1 2 nt,ssedg lnf1 2 nt,ssedgj . (4)
The subscriptst s­e, hd denote the bands ands s­
61d spin. The last term describes the interactions
terms of two Landau parametersI andV, associated with
magnetizationm, and density of excited electrons an
holesr,

m ­
Z

de Nsed
X
t

fnt,1sed 2 nt,2sedg,

r ­
Z

de Nsed
X
s

fne,ssed 1 nh,ssedg . (5)

If only the exchange interactions are included thenI ­ V .
In FeSi we expectI ø V but allow a small difference
between I and V in our fitting procedure. FsT , Bd is
in
minimized with respect to the occupation numbersnt,ssed
andsm, rd.

At T ­ 0, there is a first order transition with in-
creasingB between a singlet semiconductorsm ­ r ­ 0d
and a fully polarized statesm ­ r ­ 1d identical to the
LDA 1 U calculations, at a valueB ­ Bcs0d given by

gmBBcs0d ­ D 1 f1 2 2N0sI 1 V dgy4N0 . (6)

The line of first order transitions atT . 0 ends in a
critical point sTc, Bcd. We calculatedxsT d, and the
electronic entropySsT d (second term in Eq. (4)) and
CpsT d and adjusted the parameters (I, V, D, and W) to
1737
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fit the data atB ­ 0 by Jaccarinoet al. [2], as shown
in Figs. 4 and 5. Reasonable fits require small values
BcsTd so that the critical point is near the specific he
peak atB ­ 0. The parametersI ­ 0.07 eV and V ­
0.075 eV, together withg ­ 2 and a narrower bandwidth
W s­1y8 eVd and band gaps2D ­ 40 meVd than in the
LDA band structure lead toBcs0d ­ 170 T. The line of
first order transitions [Fig. 3(b)] is essentially at consta
B and ends at a critical pointsTc ­ 280 K, Bc ­ 170 Td.
Note in the real band structure the ferromagnetic st
is metallic leading to a semiconductor-metal transition
constantB with increasingT thereby loweringBc.

The fits to xsTd and CpsT d are reasonable. Note
Jaccarinoet al. [2] achieved a better fit toxsTd with
a simple 2-level model, but used an arbitraryg factor
of g ­ 3.92 (not g ­ 2) roughly equivalent to a strong
exchange enhancements,4d. Similarly the fits with model
bandstructures similar to Fig. 3(a) by Mandruset al. and
Saleset al. [6] include enhancements,4. Our fits offer
a new interpretation of the anomalousxsTd andCpsT d in
FeSi. The proximity to a critical point of a semiconduct
to metal transition in thesT , Bd plane is the origin of the
anomalous behavior. Alternatively, even atB ­ 0 there
is a strong renormalization of the band gap due to
attraction between thermally excited electrons and ho
leading to a crossover to an exchange enhanced met
state.

In conclusion, LDA1 U calculations predict a first or-
der low spin–high spin transition from a singlet sem
conductor to a metallic ferromagnet in FeSi in a stro
magnetic field. The critical point may be accessible
magnetic fields,100 T and experiments would be mos
welcome.

FIG. 4. Spin susceptibilityxsT d from this calculation and
from experiment (Ref. [2]).
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FIG. 5. The electronic part of the specific heat,CpsT d plotted
asCpyT vs T. Experimental data points are from Ref. [2].
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