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Magnetic and magnetotransport properties of a magnetic semiconductor, Si:Ce films, were
investigated. The as-deposited films exhibitype conduction due to their amorphous nature, with

a temperature dependence of the resistivity- 1) like a normal semiconductor with diamagnetic
properties. By annealing at 973 K, the conduction and the magnetic susceptibility change to the
p-type and become positive, respectively. The change in the magnetic susceptyHity &t a low
magnetic field of 750 Oe against the measurement temperature exhibits spin-glasslike behavior
showing a cusp around 38 KT'§). Thep—T curve increases exponentially from 273 K to 35 K, and
then drastically decreases by three orders of magnitude below 33 K. Afgve the
magnetoresistance behavior at a magnetic field below 0.5 T can be understood as that of a
semiconductor caused by the Lorentz force. Belbyy on the other hand, an extremely large
magnetoresistance, which can not be explained by a Lorentz force alone, is observ2d03©
American Institute of Physics[DOI: 10.1063/1.1559436

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

The amorphous Si:Ce films were deposited(®00 Si
substrates by a conventional vacuum evaporation system us-
ing two EB guns. Silicon(with a purity of 99.9999% and
cerium(99.99% were coevaporated at a growth pressure of
”_V,I (e.g., _3Mn—doped CdTe, . elc. cornpo.und 2x 107 Torr. The deposition rates of Si and Ce were indi-
semlcond.uctc?ré. We hgye also bgen mteregted In S"pasec\/idually measured using thickness monitors. The composi-
DMS, which is a promising material, especially for micro- j5 of the films was evaluated by Rutherford backscattering.
electronics applications. In Ce-doped Si bulk samples, variThe thickness of the films measured by arstepped was
ous phenomena, such as antiferromagnetism, heavy fermiogptained as 1200 nm. Since the as-deposited films were
type transport behavior, and ferromagnetic ordering haV%morphous in structure, annealing was performed in a
been observetiThese bulk samples, however, have a poly-yacuum of 1.0¢ 10~ Torr. Auger electron spectroscopy was
crystalline structure with second phases such asSp@nd  ysed to detect the impurities. The structure of the films was
CeSi at the grain boundary that makes the investigation of iteyaluated by conventional x-ray diffractip(KRD) Shimazu
real magnetic and electrical properties difficult. To overcomexpD-3A], high power XRD (Rigaku: RINT-1500, four-
such a structural issue, Si:Ce films were prepared using erystal XRD (Philips X' Pert-MRD), and transmission elec-
vacuum evaporation system with electron-bedB) guns.  tron microscopy (TEM) JOEL-JEM-2000FXI]; we also in-
Since the depositions were performed at a relatively lowestigated using transmission electron diffracti®&D). The
temperature of 400 °C to achieve films with high Ce concenimagnetic properties were evaluated using a superconducting
tration, the as-deposited films were amorphous and showedguantum interference device. The resistivity and the Hall ef-
semiconductorlikep—T behavior with then-type conduction fect were measured using the Van der Pauw method at tem-
and a diamagnetic behavior. By annealing at 973 K, the conperatures ranging from 2 to 300 K. The magnetoresistance
duction type changed to the-type, and anomalies ig—T  (MR) was replotted from current-voltage~<V) measure-
andp—T curves appearetiAlthough the annealed films had ments using a two-probe configuration at the elevated ap-
epitaxial structure and no silicide precipitation was recog-Plied magnetic field at field up to 5 T.
nized, a large number of defects, such as stacking faults and
microtwins, were introduced during the solid phase epitaxialll. RESULTS AND DISCUSSION

6
growth. Si films having a Ce concentration ranging from 0.03 to

In the present' article, .the magnet'lc gnd the magn€s 3 at. % were prepared at a deposition temperature of
totransport properties of solid phase epitaxially grown SlCe4oooC. Although all samples behaved similarly in the mag-

films were carefully examined. The structure-relevant pheyatic and the magnetotransport properties, anomalies in these

Semiconductors doped with a magnetic elenjeiitted
magnetic semiconductof®MS)] have been widely studied,
especially for the IlI-V(e.g., Mn-doped GaAsand the

nomena are discussed. properties were most obvious in Si:0.3 at. % Ce films. There-
fore, this article focuses on films at a Ce concentration of 0.3

dElectronic mail: fujim@ams.osakafu-u.ac.jp at. %. The as-deposited film showaetype conduction due

0021-8979/2003/93(7)/4045/4/$20.00 4045 © 2003 American Institute of Physics

Downloaded 25 Aug 2010 to 133.68.192.95. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



4046 J. Appl. Phys., Vol. 93, No. 7, 1 April 2003 Yokota, Fujimura, and Ito

m@.oz 3 @750 Oe
Q
a
So.08 2 650, (@)
3 % o
o o0,
E 0.94 5 .
P O
0.90
0 100 200 300
Temperature (K)
~ 1.0
o
©c 0.8 @1!‘;bI§Oe
G 0.6/
3
e 0.4
X 0.2
= 0
0 100 200 300
Temperature (K)

FIG. 3. Temperature dependence of magnetic susceptibility measured at the

o SRS v » magnetic field of 750 O¢a) and 15 kOe(b), respectively.
: ' &,
R »
’ ;,. P for 10 h, respectively. All the diffraction spots in the TED

':Eg i — patterns were identified as being due to Si, and there are

: pia . streaks through each of the 400 and 200 Si reciprocal lattice

S 4 points due to the existence of stacking faults. The extra spots

FIG. 1. TED pattern(a) and the bright-field images of TEMp) from the ~ from microtwins were also observed. The dark regions

solid-state epitaxially grown Si: 0.3 at. % Ce. widely dispersed in the sample with a diameter of around 10

nm were observed in TEM. The dark-field image of TED

reveals that the dark regions observed in TEM correspond to
to its gmorphous nature. A normal _semiconductorlﬁke‘_l’ the defects dispersed in the sample. TED, TEM, and XRD
behavior was observed. Diamagnetism due to the existencgdies suggest that the epitaxially grown Si:Ce film contains
of the amorphous Si fllm.and the. Si substrate was recogpidely dispersed defected regiotidark regions in TEM
nized. In order to crystallize the film, the sample was anith g higher Ce concentration probably due to the preferen-
nealed in the temperature range of 773 to 1273 K in &jg dissolution of Ce to the defected regions. Since no sili-
vacuum of 110" Torr. By annealing above 873 K, we ¢ide formation such as CeShas been recognized even by
confirmed solid phase epitaxial growth with expanded latticexrp and TED analyses, the defected regions were consid-
constant using XRD and TED. The sample annealed at thged tg be Ce-doped Si with a high Ce concentration.
973 K for 10 h had the highest carrier density and magneti- Figure 2 shows thél—H curve of the Si:0.3 at. % Ce
zation. No silicide formation such as Ce®Refs. 7-9was  fjjm annealed at 973 K. The measurement was performed at
recognized even by detailed analysis of TED in the samplg g k. The magnetization curve has a steep slope below 0.1 T.
annealed below 1273 K. Figuregal and Xb) show the  This superparamagneticlike behadfbran be observed at
TEM and TED from the Si:0.3 at. % Ce annealed at 973 Kigast up to 300 K. These results indicate the existence of
dispersed defected regions with a composition different from
that of the matrix. Since the silicide precipitation and other
3t @0K ferromagnetic precipitation were not confirmed by detailed
analyses by TEM, TED, and AES, each dispersed defected
2 o region containing a larger amount of Ce is assumed to have
1
0

o ferromagnetic coupling leading to superparamagnetic behav-
ior. Since theM —H curve at the magnetic field above 0.1 T
shows linear magnetization behavior, the sample has not only
a superparamagnetic component but also a paramagnetic
ol o component. Therefore, we performgd-T measurements
o with low (750 Og and high(1.5 kOg magnetic fields. Fig-
o ure Ja) shows they—T behavior measured at 750 Oe that
=3t should correspond to the magnetic behavior of the superpara-
6.0 _4'.0 _2'.0 0 2'_0 4.'0 6.0 magnetic. component. The-T curve has a cusp gt arounq
Applied Magnetic Field (T) _38 K. T_hlslmagnetlc property suggests that_ a spin-glasslike
interactiort* occurs among the defected regions. As the ap-
FIG. 2. Magnetization curve of epitaxial Si: 0.3 at. % Ce measured at 10 Kplied magnetic field increases, the shape of the cusp in the

Magnetization (emu/g)
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the y—T curve measured at the magnetic field of 15 kOe.
This x—T behavior against the applied magnetic field isFIG.5. MR measured &) 70 K and(b) 30 K. Solid line corresponds to the
identical to that observed in a spin glé%s. curve proportional to the square of the magnetic field.
Figure 4 shows the resistivity change against the inverse
temperature. The solid line shows the theoretically calculated

resistivity using ionized impurity and acoustic phonon scat-;l,_g,’ respectlvely. The solid Imedm F'%‘ o correspﬁnds to the.
tering in a doped semiconductSrThe experimentally mea- liting curve using a square dependence on the magnetic

sured resistivity exponentially increases until 35 K with de—ﬁeld' The magnetic field was applied perpendicular to the

creasing temperature and then it decreases by three orders &t ent dwectlon. Both exhibit symmetric positive magneti-
magnitude followed by an abrupt increase at the temperatw%atlon b_ehawor. _The MR measured at ?QFKQ‘ .5@] shows

between 35 and 33 K. Above 35 K, the resistivity change iSquadratlc behavior at a low magnetlc field \_N|th|n 03T th_at
well fitted by the calculated result. Below 35 K, however, the'S no.rmally observed in semmpnductors .W'th a low carrier
p—T behavior cannot be explained only by the carrier scatdensity, and the Lorentz force is responsible for the positive

tering mechanism normally used for doped semiconductorgﬂR', This resglt IS consistent with t.hp—T. behavior as-
because of the appearance of cusp inghd behavior. suming that spins dissolved in the Si matrix are not conse-
Considering the existence of the spin-frozen state, thguentlal for the transport abovk . W'th,a decreas.mg mea-
p—T behavior with a cusp becomes understandable. In thgure.ment temperature, the magnetic field range in which the
temperature rang&>T,, as the carrier transport occurs in MR is proportlon_al to the square of a magnetic field becomes
the Si matrix with a smaller amount of Ce as compared with?/e": Approaching thefy, the MR ratio becomes larger,

the defected regions, there should be little effect of spin?rObany due to the effect of spin fluctuatioifsg. Sb)]. At

dissolved in the Si matrix, which exhibit paramagnetism, on? higher magnetic field, the positive MR seems to be sup-

the carrier transport. The resistivity is also not affected by thepressed by the effect of magnetic ordering n the Si matrix.
spins at dispersed defected regions with a higher Ce concen- Below _Tg' however, the MR behavior drast|cglly ,
tration, which are responsible for the superparamagnetisnﬁ:.hanges' Figure 6 shows the MR measured at 10 K, which is
The field-cooled5 T) p—T curve at abovd y is identical to
that without the external magnetic field, and it also supports

the aforementioned speculation. At a temperature just above _— 35
T4, however, these defected regions begin to interact with B 30} @10K %
each other and to affect the—T behavior. Below 35 K, S & g
therefore, the curve begins to deviate from the normal semi- =% 25 g @ @
conductorlike behavior, and the resistivity abruptly increases =20
: S 5y

after just a few degrees of temperature change, due to the = 15l o2 g
magnetic fluctuatiof among the defected regions with a § o
ferromagnetic positive coupling. Each region then begins to = 10t °
make a frozen statespin glassjust belowT, that is respon- é 5| §
sible for the drastic drop of the resistivity. =

Judging from these speculations, since large MR is ex- ot

pected belowTy, we carefully investigated the temperature
dependence of the MR at arouiig. Figures %a) and §b)
show the MR curves measured at 70 K, which is higher than
T4, and at 30 K, which is almost the same temperature as FIG. 6. MR measured at 10 K.
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1.6 10K recognized. Therefore, the positive magnetic interaction in

1.4} @FC each defected region is considered to be due to its high Ce
R o concentration. If the regions with a high Ce concentration
= 1.2 0 © %%“’%% were uniformly spread in the whole sample, a ferromagnetic
%10 & % Si:Ce may be obtained.
=081, 3 o8 IV. CONCLUSIONS
' o
20.6 %% g?o‘b@ Anomalous magnetotransport behavior of a solid phase
0.4} X epitaxially grown Si:0.3 at. % Ce film has been observed.
0.2 The magnetic susceptibility against the measurement tem-
< i perature at the low magnetic fiel@50 Og exhibits spin-
> 0 glasslike behavior showing a cusp at around 38 K. The tem-

6.0 4020 0 2.0 4.0 6.0
Applied Magnetic Field (T)

FIG. 7. MR field-cooled at 5 T measured at 10 K.

perature dependence of resistivity of the film also has a cusp
at 33 K. The cusp in the—T curve originates from the spin
fluctuations just above the spin-freezing temperature and fol-
lowing spin-glass formation. BeloW,, a very large MR
which exceeds 3000% is recognized. The defected regions
with a high Ce concentration are responsible for these mag-
much lower thanT,. The measurement was performed at anetic and magnetotransport properties.

magnetic field up tgo 5T. Avery large MR, exceeding 3000%,
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