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Band parameters of FeSi single crystals determined by magnetic measurements
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The results of magnetization and magnetic-susceptibility measurements on FeSi single crystals are pre-
sented. The temperature dependence of the magnetic susceptibility in the range 5–300 K could be explained by
contribution from the temperature-dependent parts due to paramagnetic centers and due to the carriers excited
thermally in the intrinsic conductivity region. It is shown that the contribution to magnetic susceptibility of
FeSi from single-occupied Anderson localized states is negligible. The values of the Curie-Weiss temperatures,
an energy gap, as well as density-of-states effective mass were estimated.@S0163-1829~97!05213-2#
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FeSi is a nonmagnetic narrow gap semiconductor w
unusual features1 and might represent the firstd-electron ma-
terial exhibiting Kondo-lattice behavior.2,3 Band-structure
calculations of FeSi predicted an indirect semiconduct
gap of 100–110 meV,4,5 and a value of a carrier effectiv
massm* /m of the order of 5–10.4,6 The resistivity6,8 and
optical-conductivity6 measurements indicate a gap«g of
about 54,7 60 meV.6,8 A satisfactory fit of the susceptibility
data was obtained using a fairly wide range of parameters
meV,«g,130 meV and 0,Bw,65 meV ~whereBw is a
bandwidth!.9 The photoemission spectra of FeSi indicate
surprisingly small gap of less than 5 meV.10

Reports on the value ofm* /m are fewer and the result
obtained are also not in conformity with one another. T
value of m* /m was estimated using the Mott criterio
~m* /m<5.7!,11 as well as on the base of optical-conductiv
measurements~m* /m550!,6 and data of the maximum mag
netic susceptibility ~m* /m580–135!.12 Investigation of
magnetic susceptibility has proved to be an effective met
for studying the energy spectrum of electrons and holes
semiconductor and can give information on its ba
structure.13

We report now on the results of the determination of
FeSi band parameters using the magnetization (M ) and the
magnetic-susceptibility~x! measurements. The samples we
cut from FeSi monocrystalline undoped ingots grown by
Czochralski technique.14 The technological parameters we
similar for all ingots, but silicon loss from the melt durin
crystal growth could lead to some differences in defects c
centration in the samples studied. The magnetization
measured at 5 and 300 K in magnetic fieldsB up to 50 K G
by using a superconducting quantum interference de
550163-1829/97/55~13!/8056~4!/$10.00
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magnetometer. Susceptibility measurements were perfor
at 1 K G in the temperature range of 5–300 K.

The magnetization~Fig. 1! is positive in the crystal stud
ied. Magnetization measurements yielded a linear beha
in fields up to about 20 K G and deviation from linearity

FIG. 1. Magnetization vs magnetic field.
8056 © 1997 The American Physical Society
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TABLE I. Parameters of FeSi single crystals.

Samplex A B Mo To «g
0 2u Np

1027 emu/g G 1025 K/g G 1026emu k1/4/g G emu/g K MeV K 1020 cm23 m* /m

1 3.18 15.1 2.0 0.0035 9.5 71 11 0.89a 1.23b 31
2 1.65 13.7 1.94 0 8.6 70 10 0.83a 1.16b 31
5 21.6 13.4 1.77 0.006 10.2 68 12 0.75a 1.13b 30

aEstimated from Eq.~1!.
bEstimated from Eq.~5!.
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higher magnetic fields~Fig. 1!. The dependence ofM (B)
was analyzed on the basis of Eq.~1!

M ~B!5M01
NpgSmB

r
Bs~x!, ~1!

where

Bs~x!5
2S11

2S
cothF ~2S11!x

2S G2
1

2S
cothS x

2SD ,
x5

gSmB

k~T1T0!
B,

with Np the concentration of the paramagnetic centers,g is
the Lande’ factor,S is the spin of the paramagnetic cente
mB is the Bohr magneton,r is the density, andBs(x) is the
Brillouin function.15

A satisfactory fit of theM (B) dependence could b
achieved forS55/2 ~Fig. 1!. The value ofS55/2 is attribut-
able to Fe31 ions. The estimated value of Np is about 1020

cm23 ~Table I!. The latter as well as the value estimated
Schlesingeret al.6 is much higher~40–100 times! than that
reported by Huntet al.11 The observed very small but non
zero value ofM0 ~sample 1, sample 5; Table I! indicate their
weak ferromagnetic behavior.16

The value of the magnetic susceptibility decreases w
increasing temperature~by a factor of 2.5–4!, shows a mini-
mum at about 90–100 K and a strong increase~a few times!
up to room temperature~Fig. 2!. This is in agreement with
the literature data.1,6,8

The observed magnetic susceptibilityx(T) in the case of
a semiconductor is given by17

x~T!5x01xp~T!1xc~T!, ~2!

wherex05x l1xn . xl is the contribution from the lattice
which is temperature independent.xn is the temperature
independent contribution to the magnetic susceptibility fr
lattice defects18 and/or any neutral impurities.19 xp is the
temperature-dependent susceptibility due to paramagn
impurities.xc is the magnetic susceptibility due to free ca
riers.

Analyses ofx(T) were performed assuming that the o
served temperature dependences of the susceptibility
caused by the termsxp(T) and xc(T). Transport measure
ments on our FeSi single crystals in the temperature rang
1.5–300 K show intrinsic conductivity in the high
temperature region~T.100 K!. The value of the gap ob
tained ~5065 meV! is close to those found in Refs. 6–
Using Eq.~2! a fit of our experimental curvesx(T) has been
made.xp(T) is determined according to a Curie-Weiss la
,
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xp5A/~T2u!, ~3!

where

A5
NpmB

2peff
2

3rk
, peff

2 5g2S~S11!. ~4!

u is the Curie-Weiss temperature,r is the density of the
material ~for FeSi r56.15 g/cm3, Ref. 20!, and peff is the
effective number of Bohr magnetons.

In the region of the intrinsic conductivityxc is determined
as22

xc5
nmB

2

3rkT F62S m

mn*
D 22S m

mp*
D 2G , ~5!

wheremn* (mp* ) is the density-of-states electron~hole! ef-
fective mass. The value of theg factor is assumed to be
equal to 2 for both types of the charge carriers.22

The concentration of free electrons~holes! is given by23

n5
~2kT!3/2~mn*mp* !3/4

4p3/2\3 expF2
«g
2kTG , ~6!

FIG. 2. Magnetic susceptibility vs temperature.
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where«g5« g
02aT, « g

0 is the energy gap value at 0 K. I
we take into account Eqs.~5! and~6!, xc(T) could be written
as

xc5BT1/2 exp~2«g
0/2kT!, ~7!

where

B5
~2k!1/2~m* /m!3/2m3/2mB

2

p3/2\3r F32S m

m* D
2GexpS a

2kD ,
~8!

assuming thatmn*5mp*5m* .12

The experimental curvesx(T) for samples studied could
be satisfactorily fitted, using Eqs.~2!, ~3!, and~7! with x0, A,
u, B, and« g

0 as adjustable parameters~Fig. 2!. The latter are
presented in Table I. The values ofx0 are different in
samples studied probably due to differences in the conc
tration of lattice defects and/or neutral impurities. Howev
the measurements performed do not permit us to iden
lattice defects and neutral impurities as well as to sepa
their contribution from the lattice contribution.

The dependences 1/xp vs T @where xp is equal to
~x2x02xc!# in accordance with Eq.~3! are straight lines
indicating the Curie-Weiss law~Fig. 3!. The values ofu and
A determined from their intersection~along T axes! and
slope, respectively, are in agreement with the values e
mated from the fitting of the experimental curves. The Cur
Weiss temperature is negative as well as in Ref. 8~u5210
K! and Ref. 21~u5225 K! and indicate antiferromagneti
interactions in FeSi crystals. The value ofA permits us to
estimateNp assuming thatS55/2. The obtained value ofNp
is in satisfactory agreement with that estimated from Eq.~1!
~Table I!.

FIG. 3. Dependence ofxp vs temperature.
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It is worth mentioning that the Kamimura-Kurob
mechanism,8 which takes into account the intrasite intera
tions between the Anderson-localized electrons, was use
explain the low-temperature Curie-Weiss behavior in Fe
Our calculations~see the Appendix! show that the contribu-
tion to the magnetic susceptibility from the single-occupi
Anderson-localized states in our FeSi samples is negligib

m* /m was estimated using Eq.~8!. The coefficienta was
taken equal to 231024 eV/K taking into account that the ga
@60 meV~Refs. 6 and 8!# disappear entirely near 300 K.6 The
obtained value ofm* /m is about 31~Table I! which is lower
than the value reported by Schlesingeret al. @m*550 m
~Ref. 6!# and much higher than those of Ref. 11 as well
the theoretically estimated value ofm* /m.4,6 The plot of
ln~xcT

21/2! vs 1/T yields straight lines in the high
temperature region~Fig. 4!, where exponential increase o
the electron~hole! concentration takes place. Its slope pe
mits us to determine the value of« g

0 in agreement with Eq.
~7!. The obtained value as well as the value estimated a
adjustable parameter to fit the susceptibility measureme
are in agreement, and equal to 70 meV and close to th
determined on the base of the transport measurements.6–8,14

In conclusion, the temperature dependence ofx in the
range of 5–300 K could be explained by the contributi
from the temperature-dependent parts due to paramag
centers and due to the carriers excited thermally in the int
sic conductivity region. The contribution to magnetic susce
tibility of FeSi from single-occupied Anderson localize
states is negligible. The values ofu, « g

0, andm* /m were
estimated.

APPENDIX

According to the Kamimura model24 at low temperatures
the single-occupied Anderson-localized states~Ns is the con-

FIG. 4. Dependence ofxcT
21/2 vs 1/T.
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centration per unit volumeV! give rise to Curie-type mag
netic susceptibilityxs5mB

2Ns /rkT.
At ^U&/W^0.3,Ns'N^U&/W, whereN is the concentra-

tion of localized states,W is the width of the Anderson ban
with nonzero density of localized states~DOS! and ^U& is
the correlation energy, or the energy of interaction of t
electrons at one site, averaged over the width of the And
son band. Hence the Curie constantA5mB

2N^U&/rk.
To calculatê U& we use
~i! the model of the DOS proposed in Ref. 25~symmetric

nonzero DOS inside the gap, constant within stripeD«, and
decreasing outsideD« down to zero at the edge of the gap!;

~ii ! the energy dependence of the localization radiuj
following from the results of Ref. 25:

j~«!5H const,
«g
2

<«<
«g1D«

2

F «g2D«

2~«g2«!G
n

,
«g1D«

2
<«<«g ;

~iii ! the result of Kamimura24

U~«!;1/j3~«!.

Then we get

U~«!5Umax3H 1,
«g
2

<«<
«g1D«

2

F2~«g2«!

«g2D« G3n

,
«g1D«

2
<«<«g.
nd

o-
ev

D

,

y

Z.

ii,

d

,

r-

For the average value we obtain

^U&5
2

«g
E

«g/2

«g
U~«!d«5Umax

D«

«g
F11

1

3n11 S 12
D«

«g
D G

and for the Curie constant

A5
mB
2Nt

kr

N

Nt

Umax

«g

D«

«g
F11

1

3n11 S 12
D«

«g
D G ,

whereNt51.931022 cm23 is the concentration of atoms i
FeSi. Taking into account thatm B

2Nt/kr51.931023 emu K/
g G and values ofD«, «g , and n according to Ref. 25 are
equal to 7.5 meV, 60 meV, and 0.75, respectively, we obt

A53.0431024
N

Nt

Umax

«g
~emu K/g G!.

The experimental value for sample 5 isA51.3431024

emu/g G~Table I!. The value ofN is aboutNd , the concen-
tration of defects. Hence, to achieve agreement we hav
assume thatNd'Nt and Umax'«g . Both assumptions are
contradictive by themselves, meaning enormous amoun
defects in FeSi and no electrons in localized states inside
gap. In real conditions,Nd!Nt ~at least 0.1–0.01! and
Umax!«g . According to Ref. 25 Umax517 K, so
Umax/«g'0.024. This means that the calculated value ofA is
lower than the experimental value at least by three order
magnitude. Therefore, the contribution to the magnetic s
ceptibility of FeSi from single-occupied Anderson-localize
states is negligible.
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