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Magnetic properties of B-FeSj, single crystals
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The results of magnetization and magnetic susceptibility measurements amd p-type B-FeSj single
crystals are presented. The magnetic susceptibility in the studied crystals are determined by the temperature-
independent contribution from the lattice, lattice defects and/or neutral impurities, and by the temperature-
dependent parts due to paramagnetic centers as well as due to the carriers excited thermally at high tempera-
ture. The temperature variation of the paramagnetic terms are in agreement with the Curie-Weiss law. The
values of the Curie-Weiss temperatures, activation energy of the donor and acceptor levels, and the upper
(lower) limit of the density of state electrofinole) effective masses were estimated.

Beta-iron disilicide(B-FeS}) as a direct energy gap semi-  We report now results of magnetizatioM] and mag-
conducting silicidé has received considerable attention as anetic susceptibility(y) measurements omp- and n-type
very attractive material for light detectors, photovoltaic -FeSi single crystals.8-FeSi needlelike crystals were
applicationé and for development of new optoelectronic grown by chemical vapor transpdftThe typical parameters
devices® The recently reported high value of the Hall mobil- of n- andp-type -FeSj single crystals are given in Tables |
ity [at low temperatures the hole mobility is up to 1200 of Refs. 5 and 4, respectively.
cn?/Vs (Ref. 4 and the electron mobility is up to 48 éfi's The magnetization was measured gFtg. 1) and 300 K
(Ref. 5 in single crystals, i.e., up to 25-50 times higher thanin magnetic fields up to 20 000—40 000 Oe using a supercon-
maximum values previously reporf&d] as well as observa- ducting quantum interference devi¢8QUID) magnetome-
tion of the photoconductivity in3-FeS}, (Ref. 9 increased ter. Susceptibility measurements were performed at 3000 Oe
interest in this material and the possibility of its application.in the temperature range of 5-300 K. As the resolution of the

A relatively large number of investigations have beenexperimental technique used did not allow us to investigate
made on the transport and optical propertiegdieS), thin  individual B-FeS}, needlelike single crystals the obtained
films, polycrystalline samples, and single cryst@ee Ref. magnetization and magnetic susceptibility curves represent
1-9 and references thergirbut reports on the magnetic measurements of several similarly oriented alp@dg0] axis
properties are fewer and results obtained are not in conforsingle crystals grown by the same conditions.
mity with one another. Birkholz and Fnauf® measured the The values oM (Fig. 1) are positive and quite small for
magnetic susceptibility of the powdered-metallurgically pre-crystals studied. The temperature dependencies of the mag-
paredB-FeSj, samples. On the base of the results obtainedetic susceptibility are different im- and p-type samples
the conclusion was made that pysé-eSj, shows diamagne- (Fig. 2.
tism at low temperatures. The observed magnetic susceptibiligyT) for a semicon-

According to Ref. 11, Hall effect measurements ofductor is given by?

B-FeSj polycrystalline films indicate thagB-FeSj, behaves B

as a ferromagnetic material at temperatures below 100 K. X(T)=xo+ xp(T) + xc(T), )
Magnetization measurements om-type B-FeSj single  where xo=x1+x,- x1 IS the contribution from the lattice,
crystals show a small positive susceptibility. The analysis of which is temperature independent, is the temperature-
these results show no evidence of a ferromagnetic phasadependent contribution tg from lattice defect¥ and/or
transition mentioned in Ref. 11. any neutral impuritie’s that may be present in the crystgy),
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FIG. 1. Magnetization vs magnetic field.

is the temperature-dependent susceptibility due to paramag-

netic impurities.y, is the magnetic susceptibility due to free

carriers. Therefore the observed temperature variation of the

susceptibility is due to termg,(T) and x.(T). The expres-
sion for &, if only one type of carriers is present, is given
by14’l5

ﬂ) 2 Foydm)
m* FuAn) '

where ug is the Bohr magnetorp is the density of the sub-
stancen is the electror(hole) concentrationg is the Lande
factor of the electrongholeg, m* is the density-of-state
electron (hole) effective massF _q,(7), Fqi(7) are Fermi

2
_Nug
Xc pKT

4 3

2 1
2 ( 2

integrals andy is the reduced Fermi level. The latter could

be determined using the equattbn

n=N,Fyx7), )

where

N,=2(27m*kT/h?)3? (4)

if values ofn andm* are known;N, is the density of states
in the conduction(valence band.
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FIG. 2. Magnetic susceptibility vs temperature.
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Formulas(2), (5), and(6) seem only applicable if the value

of the carriers is not too far from 2, otherwise spin-orbit
effects are important and the susceptibility formula may be
much more complicatet!.

The first term in formulas(2), (5), and (6) in square
brackets(the paramagnetic contributipris due to the fact
that free carriers have an intrinsic magnetic moment and its
relative importance is governed by the value of ¢héactor.

The second term in the square brackeiamagnetic contri-
bution) depends strongly on the effective mass.

The value of they factor is determined 3%

pi 4m*
Xc= h2

(3,”_2n)1/3

(6)

A

_ _ *
9=2 1+ (1=m/m") e 3,724

)

whereE is the energy of electronéoleg from the bottom
(top) of the conductior{valence band,E, is the energy gap,
andA is the spin-orbit splitting. The analysis of experimental
curves of (T) was performed assuming that the observed
temperature dependence gfT) is caused by termg,(T)

and x.(T). In fact, electron paramagnetic resonance was ap-

At low carrier concentration, Boltzmann statistics applies,plied to 8-FeSi, ceramics and revealed a variety of paramag-

and the magnetic susceptibility amounts to

m2
F)

which in the degenerate case changes to

g° 1
4 3

2
Nug

Xe= KT 5

netic centers® We suppose that paramagnetic centers exist
in B-FeS}, single crystals as well as ig-FeS}, ceramics and
these centers could be responsible for the observed tempera-
ture dependence of(T).

Transport measurements on oot and p-type B-FeSjp
single crystals between 30—-300(Refs. 5 and #show ex-
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TABLE |. Parameters of3-FeS} single crystals.

Sample ~Xo A B € -0 NP2y
1077 emu/gOe 10° emuK/gOe 1076 emuk¥ygoe meV K 1020 cm™3

n-type 4+0.2 2.7+0.3 —-1.4+0.1 95+10 100:10 6.5£0.5

p-type 0.8-0.04 1.3-0.1 0.9:0.1 90+10  50+5 3+0.3

trinsic behavior. The electrothole) concentration im-type  formed do not permit us to identify lattice defects and neutral
(p-type) G- FeS%smgIe crystals at room temperature is aboutimpurities as well as to separate their contribution from the
10 cm 2 (10° cm ) decreasing exponentially with de- lattice contribution.
creasing temperature. The value of the activation energy of In the studied samples the dependencigg ¢6 T [where
the donordacceptorsis about 0.08 e\(Ref. 18 [0.10£0.01  , is equal to(x—xo—xc)] in accordance with Eq(8) are
eV (Ref. 4] and mainly determines the temperature variationstraight lines indicating the Curie-Weiss laiig. 3. The
of the carrier concentration in the high-temperature region. values of® and A determined from their intersection with
Using Eq.(1) a fit of our experimental curveg(T) has theT axes and slope, respectively, are in agreement with the
been madey,(T) is determined according to a Curie-Weiss values estimated from a fit of the experimental curves.
law The Curie-Weiss temperature is negative, similar to iron
monosilicide?! and indicates antiferromagnetic interactions
Xp=Al(T-0), (8) in B-FeSj, single crystals. The value &k (see Table)l al-
lows the estimation olepgﬁ in both n- andp-type samples.
where However, our lack of knowledge about the nature of the
» 2 paramagnetic centers does not allow separatiol pfand
A NpMBpeff (9) Pef -
- 3pk The determined value & (Table | is positive(negative
) . ) ] . in p-type (n-type) B-FeSj single crystals. They factor in
is the Cur|e-We|ss temperaturdy, is the concentration of B-FeSi is equal to 2 according to Eq7), if we take into
the magnetlc centergy is the density of 'the materla(in account tha’m’,;/m=1 (Ref. 4 and m; :m:cnllg Therefore,
B-FeSh p=4.93 glcmi, Ref. 20, and p is the effective spin-orbit effects are not important and formu(@s (5), and
number of Bohr magnetons. (6) are applicable. It leads also to the conclusion in accor-

Xc, the magnetic susceptibility due to free carriers, iSqance with Eq(13) that the paramagnetic and diamagnetic
determined by Eq.(5), taking into account that in the

samples studied the electrdhole) gas is nondegenerate

(#<0). Estimation of the reduced Fermi level has been done T T T T T
usmg Eqg. (3), assuming thatm /m=1.0 (Ref. 4 and 20| Type P
m _m* 19
The concentratlon of free electrofisoles is given by sl
N 1/2 € L
= 7 N eXF{ - m_}y (10) 16
whereN ande is the concentration and the activation energy -
of donor (acceptoy levels respectivelyy is the degeneracy g 141
factor[ y=2 (Ref. 4]. >
If we take into account Eqg6) and (10), x.(T) can be 3 ol n
written as £
N Type N
Xe=BT Yexp —e/2kT), (11) 2 tor
where Ta
= osf
2 1/ 2
_ B NV g 1 m
BW(?“) Z[Z 5( ) - ool A
The experimental curveg T) for n- andp-type samples can
be fitted satisfactorily, using Egkl), (8), and(11) andy,, A, 04
0, B, ande as adjustable parametdisig. 2). The latter are N S S N S N —
presented in Table I. 0 50 100 150 200
The values ofy, are different inn- and p-type samples T (K)

probably due to a difference of lattice defect concentration
and/or neutral impurities. However, the measurements per- FIG. 3. Dependence of ¢ vs temperature.
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terms forn- and p-type B-FeSj are of the same order of -15.0 ——7
magnitude. However, taking into account the sigrBofthe
absolute value of the diamagnetic term is somewhat higher
or smaller than the paramagnetic term nr and p-type

: - -15.5
samples, respectively. The latter indicates that values aj the
factor and/om* do not coincide fon- andp-type samples.
Assuming that in samples studied the differencg fiactor is
-16.0 |-

smaller than differences im* and values of thg factor are
close to 2, the uppeflower) limit of m*/m in n-type (p-
type) B-FeSj could be estimated assuming that the term in
square brackets of Eq12) is equal to zero. The obtained -16.5
value ofm*/m is about 0.6 which is in reasonable agreement &~
with previous estimates of the density of states of the elec-:,_
tron (hole) effective mass(my/m=0.8"" m%/m=0.8" 2 70k
my5/m=1.0 (Ref. 4]. £ '
The plot Iny TY* vs 1/T is linear in the high-temperature
region(Fig. 4), where an exponential increase of the electron
(hole) concentration takes place mtype (p-type) samples,
according to the temperature-dependent Hall coeffiéiént.
Its slope permits us to determine the value of the ddnor
ceptopy level activation energy in agreement with E41l). -18.0 I
The obtained value as well as the value estimated as an ad-
justable parameter to fit the susceptibility measurements, are

-17.5 |

in agreement and equal to 0.096.010 eV(0.09+0.01 eV 185 P R TR SR
and close to those derived from transport measurements 0.003  0.004  0.005 0006  0.007  0.008
[0.08 eV (Ref. 1§ and 0.09-0.11 eV\Ref. 4 is the activa- T1 (K'1)

tion energy of the donors and acceptors, respectjv8igme

deviation from good linearity observed in the dependence of

In x. T vs 1T (Fig. 4) as well as in dependence ofy}/vs FIG. 4. Dependence of . T** vs 11T.
T andM vs H (Fig. 1, fields up to about 4000 @eould be

caused by quite small values bf and in samples studied The temperature variation of the paramagnetic terms are in

as well as by the resolution of the used technique. agreement with the Curie-Weiss law. The values of the
In conclusion, the magnetic susceptibility in- and  cyrie-Weiss temperatures, activation energy of the donor and

p-type B-FeSh single crystals is determined by the acceptor levels, and the uppéowen limit of the density of

temperature-independent contribution from the lattice, latticgate electrorthole) effective masses were estimated.
defects and/or neutral impurities, and by the temperature-

dependent parts due to paramagnetic centers as well as due toThe authors are indebted to Professor J. Cisowski and Dr.
the carriers excited thermally in the high-temperature regionlL. Brossard for useful discussion.
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