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Band parameters of FeSi single crystals determined by magnetic measurements

E. Arushanov
Laboratoire de Physique des Solides, Service National des Champs tidpgisePulse, INSA, Complexe Scientifique de Rangueil,
31077 Toulouse Cedex, France;
Faculty of Physics, University of Konstanz, P.O. Box 5560, D-78434, Konstanz, Germany;
and Institute of Applied Physics, Academy of Sciences of Moldova, 277028 Kishinev, Moldova

M. Respaud, J. M. Broto, J. Leotin, and S. Askenazy
Laboratoire de Physique des Solides, Service National des Champs filagrsePulse, INSA, Complexe Scientifique de Rangueil,
31077 Toulouse Cedex, France

Ch. Kloc and E. Bucher
Faculty of Physics, University of Konstanz, P.O. Box 5560, D-78434, Konstanz, Germany

K. Lisunov
Institute of Applied Physics, Academy of Sciences of Moldova, 277028 Kishinev, Moldova
(Received 17 September 1996

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 estifgi&63-18207)05213-3

FeSi is a nonmagnetic narrow gap semiconductor withmagnetometer. Susceptibility measurements were performed
unusual featurésand might represent the firdtelectron ma- at 1 K G in the temperature range of 5-300 K.
terial exhibiting Kondo-lattice behavidr Band-structure The magnetizatioriFig. 1) is positive in the crystal stud-
calculations of FeSi predicted an indirect semiconductinged. Magnetization measurements yielded a linear behavior
gap of 100-110 meV® and a value of a carrier effective in fields up to about 20 K G and deviation from linearity in
massm*/m of the order of 5-16:° The resistivity"® and
optical-conductivity measurements indicate a gag of
about 547 60 meV®8 A satisfactory fit of the susceptibility
data was obtained using a fairly wide range of parameters: 80
meV<ey<130 meV and &B,<65 meV (whereB,, is a
bandwidth.® The photoemission spectra of FeSi indicates a
surprisingly small gap of less than 5 mé¥.

Reports on the value ah*/m are fewer and the results
obtained are also not in conformity with one another. The
value of m*/m was estimated using the Mott criterion
(m*/m=5.7),** as well as on the base of optical-conductivity
measurementsn* /m=50),® and data of the maximum mag-
netic susceptibility (m*/m=80-135.12 Investigation of
magnetic susceptibility has proved to be an effective method
for studying the energy spectrum of electrons and holes in a
semiconductor and can give information on its band
structure*®

We report now on the results of the determination of the
FeSi band parameters using the magnetizath) and the
magnetic-susceptibilityy) measurements. The samples were
cut from FeSi monocrystalline undoped ingots grown by the
Czochralski techniqu¥ The technological parameters were

M (emu/g)

similar for all ingots, but silicon loss from the melt during 0.0 . 1 . 1

crystal growth could lead to some differences in defects con- 0 2 4 6
centration in the samples studied. The magnetization was H(T)

measured at 5 and 300 K in magnetic fieRlsip to 50 K G '

by using a superconducting quantum interference device FIG. 1. Magnetization vs magnetic field.
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TABLE |. Parameters of FeSi single crystals.

Sampley A B Mo To ey —0 N,
1077emu/g G 10°KigG 10%muigG emulyg K Mev K 18°cm™3 m*/m
1 3.18 15.1 2.0 0.0035 95 71 11 0%891.23 31
2 1.65 13.7 1.94 0 86 70 10 0331.16 31
5 21.6 134 1.77 0.006 10.2 68 12 075112 30

8 stimated from Eq(1).
bEstimated from Eq(5).

higher magnetic fieId:{Fig. 1. The dependence d¥1(B) Xp=Al(T—0), 3
was analyzed on the basis of E4)
where
. NpgSMB
M(B)=Mg+ ———— Bq(x), (1) NoudPZe
A=—1—, Per=9°S(S+1). 4
3pk
where
25+1 (2S+1)x 1 X 0 is the Curie-Weiss temperaturp, is the density of the
By(X)= coti-{ - — cotr( —) material (for FeSi p=6.15 g/cmi, Ref. 20, and p is the
25 2S5 2S5 2S5 effective number of Bohr magnetons.
In the region of the intrinsic conductivity, is determined
x= gSILLB B a 2
K(T+Tg)
. : . . nu m\2 [ m)?
with N, the concentration of the paramagnetic centgrs —_B s | | [ = (5)
p . . R XC 3 kT * * 1
the Lande’ factorS is the spin of the paramagnetic center, p my mp

g is the Bohr magnetory is the density, and4(x) is the
Brillouin function®

A satisfactory fit of theM(B) dependence could be
achieved forS=5/2 (Fig. 1). The value 0fS=5/2 is attribut-
able to F&" ions. The estimated value of Np is abou40
cm 3 (Table ). The latter as well as the value estimated by

wheremy (m7) is the density-of-states electrghole) ef-
fective mass. The value of thg factor is assumed to be
equal to 2 for both types of the charge carriérs.

The concentration of free electrofisoles is given by®

312( ok o\ 3/4
Schlesingetet al® is much higher(40—100 timesthan that n= (2kT) (3?1“ ;np) F{— g , (6)
reported by Hunet al!! The observed very small but non- 479 2kT

zero value oM, (sample 1, sample 5; Tablgihdicate their

weak ferromagnetic behavidf. 1.2x10°

The value of the magnetic susceptibility decreases with
increasing temperatur®y a factor of 2.5-% shows a mini-
mum at about 90—100 K and a strong incre@séew time$
up to room temperaturérig. 2). This is in agreement with 1.0x10°%
the literature dat&®®
The observed magnetic susceptibilggT) in the case of
a semiconductor is given

X(T):XO+Xp(T)+Xc(T): 2

where xo=x,+xn- X iS the contribution from the lattice,
which is temperature independeny, is the temperature-
independent contribution to the magnetic susceptibility from
lattice defect® and/or any neutral impuritie's. Xp is the
temperature-dependent susceptibility due to paramagnetic
impurities. x. is the magnetic susceptibility due to free car- 40x106
riers.

Analyses ofy(T) were performed assuming that the ob-
served temperature dependences of the susceptibility are
caused by the termg,(T) and x(T). Transport measure- 2 0x106
ments on our FeSi single crystals in the temperature range of
1.5-300 K show intrinsic conductivity in the high- I S T T S T
temperature regioiT>100 K). The value of the gap ob- 0 50 100 150 200 250 300
tained (505 meV) is close to those found in Refs. 6-8. T (K)
Using Eg.(2) a fit of our experimental curveg(T) has been
made.x(T) is determined according to a Curie-Weiss law FIG. 2. Magnetic susceptibility vs temperature.
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FIG. 3. Dependence of, vs temperature. FIG. 4. Dependence of . T Y2 vs 1.

It is worth mentioning that the Kamimura-Kurobe
mechanisnf, which takes into account the intrasite interac-
tions between the Anderson-localized electrons, was used to
explain the low-temperature Curie-Weiss behavior in FeSi.
Our calculationgsee the Appendijxshow that the contribu-
tion to the magnetic susceptibility from the single-occupied
Anderson-localized states in our FeSi samples is negligible.

m*/m was estimated using E¢B). The coefficientr was
o taken equal to 210~ * eV/K taking into account that the gap
ex;{ _) , [60 meV(Refs. 6 and § disappear entirely near 300KThe

obtained value of*/m is about 31(Table ) which is lower

(8)  than the value reported by Schlesinggral. [m*=50 m
. * " . 12 (Ref. 6] and much higher than those of Ref. 11 as well as

assuming thamy =mp =m*. _ the theoretically estimated value af*/m.*® The plot of

The_ experl_me_ntal cur\_/eg(T) for samples stu_d|ed could |n(XCT—1/2) vs 1T yields straight lines in the high-
be satisfactorily fitted, using Ea&), (3), and(7) with xo, A, temperature regiofiFig. 4), where exponential increase of
6, B, ande4 as adjustable parametefsig. 2). The latter are  the electron(hole) concentration takes place. Its slope per-
presented in Table I. The values qf are different in  mits us to determine the value ef in agreement with Eg.
samples studied probably due to differences in the concenz). The obtained value as well as the value estimated as an
tration of lattice defects and/or neutral impurities. However,adjustable parameter to fit the susceptibility measurements,
the measurements performed do not permit us to identifiare in agreement, and equal to 70 meV and close to those
lattice defects and neutral impurities as well as to separatdetermined on the base of the transport measurerfigits.
their contribution from the lattice contribution. In conclusion, the temperature dependenceyah the

The dependences x4 vs T [where y, is equal to range of 5-300 K could be explained by the contribution
(x—xo—xc)] in accordance with Eq(3) are straight lines from the temperature-dependent parts due to paramagnetic
indicating the Curie-Weiss la{Fig. 3. The values o and  centers and due to the carriers excited thermally in the intrin-
A determined from their intersectiofalong T axes and  sic conductivity region. The contribution to magnetic suscep-
slope, respectively, are in agreement with the values esttibility of FeSi from single-occupied Anderson localized
mated from the fitting of the experimental curves. The Curiestates is negligible. The values &f 88, and m*/m were
Weiss temperature is negative as well as in Ref98—-10  estimated.

K) and Ref. 21(#=—25 K) and indicate antiferromagnetic

whereeg=eg—aT, g is the energy gap value at O K. If
we take into account Eqé5) and(6), x.(T) could be written
as

Xo=BT 2 exp(—&J/2KT), 7
where

( 2k) 1/2( m* /m)3/2m3/2MZB

m2
=S o[

interactions in FeSi crystals. The value Afpermits us to APPENDIX
estimateN,, assuming tha8=5/2. The obtained value &,
is in satisfactory agreement with that estimated from &g. According to the Kamimura mod®@lat low temperatures

(Table ). the single-occupied Anderson-localized statesis the con-
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centration per unit volum&) give rise to Curie-type mag- For the average value we obtain
netic susceptibilityys= u3Ng/pkT.

At (U)/W(0.3Ns~N(U)/W, whereN is the concentra- (U):E fsg U(s)ds=U Az {14_ 1 (1_f)
tion of localized statesV is the width of the Anderson band &g Jey2 meax 3v+1 &g
with nonzero density of localized statéBOS) and(U) is
the correlation energy, or the energy of interaction of two
electrons at one site, averaged over thze width of the Ander- 22Ny N U Ae 1
son band. Hence the Curie constént ugN(U)/pk. A= — —

3v+1

To calculate(U) we use

(i) the model of the DOS proposed in Ref. @ymmetric ~ whereN,=1.9x10? cm™ 3 is the concentration of atoms in
nonzero DOS inside the gap, constant within stidge and ~ FeSi. Taking into account that3N,/kp=1.9x10"2 emu K/
decreasing outsidAe down to zero at the edge of the gap g G and values ofde, &4, and v according to Ref. 25 are

(ii) the energy dependence of the localization radjus equal to 7.5 meV, 60 meV, and 0.75, respectively, we obtain
following from the results of Ref. 25:

&g
and for the Curie constant

1+

As)
1__

&g

ko N; &4 &g

— 4 N Umax
e e +As A=3.04x10 N—S—(emu KigG.
const, f’sss 92 t &g
&(e)= The experimental value for sample 5 As=1.34x10*
gq—Ae gqg+Ae )
9 i <e<s,: emu/g G(Table I). The value ofN is aboutN,, the concen-
2(eg—e) 2 9 tration of defects. Hence, to achieve agreement we have to
(iii) the result of Kamimur¥ assume thaNdmNt and U o~ - Both assumptions are
contradictive by themselves, meaning enormous amount of
U(e)~1/€3(e). defects in FeSi and no electrons in localized states inside the
gap. In real conditionsNy<N, (at least 0.1-0.0land
Then we get Umax<eg. According to Ref. 25 Up,=17 K, so
s s +Ag Uma/eg~0.024. This means that the calculated valué\.a$
1, ?ggag g > lower than the experimental value at least by three orders of
U(8)=U nmX 3 magnitude. Therefore, the contribution to the magnetic sus-
2(eg—e) egtAe <g<s ceptibility of FeSi from single-occupied Anderson-localized
gg—Ae | 2 9 states is negligible.
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