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Ce concentration dependence on the magnetic and transport properties
of Ce doped Si epitaxial films prepared by molecular beam epitaxy

T. Yokota, N. Fujimura,® T. Wada, S. Hamasaki, and T. Ito
Graduate School of Engineering, Osaka Prefecture University, 1-1 Gakuen-cho, Sakai,
Osaka 599-8531, Japan

Diluted magnetic semiconductors, Si:Ce thin films with the Ce concentration below 1.5 at. %, were
prepared by solid source molecular beam epitaxy. Magnetization civi«e for all the samples

show superparamagnetic behaviors at least up to 300 K. Temperature dependence of the magnetic
susceptibility (¢-T) has a cusp, which is ascribed to the spin glass. Temperature dependence of
resistivity (p-T) also has a cusp at around the cusp temperatuge Thcurves. As the amount of
substituted Ce in Si estimated from the lattice constant increases, the cusp temperature also
increases. The amount of substituted Ce in Si is considered to play an important role for the
anomalous magnetic and transport properties.2@?2 American Institute of Physics.
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I. INTRODUCTION magnetic properties. Resistivity and the Hall effect were
measured using the van der Pauw method in the temperature

Semiconductors doped with magnetic elemduiifited range from 4 to 270 K.

magnetic semiconductof®MS)] have been widely studied,
especially for the group llI-V(for example, Mn doped
GaAs and the group I1-VI compound semiconductbfOn Il RESULTS AND DISCUSSION
the other hand, we have been interested in Si based DMS. The si films with the Ce content below 1.5 at. % were
Si:Ce bulk samples and vacuum evaporated films were présiepared at the fixed substrate temperature of 500 °C. The
pared, and various phenomena such as ferromagnetic ordsmposition of the film is estimated from the deposition rate
ing, anomalousp-T behavior, spin glasslike behavior, and of gach material. The thickness of all the samples was fixed
giant magnetoresistance have been obsetveto study the 4t 480 nm. The XRD and TED measurements reveal that all
origin of these anomalous behaviors, the inhomogeneous Mjpe fiims were grown epitaxially on th@01) Si substrate.
crostructure, grain boundaries, defects, and precipitatéphe precipitation of fine-grained CeSi with antiferromag-
should be eliminated and highly Ce doped Si films arenetic nature was observed only in the sample with the Ce
requlred? _ _ _concentration of 1.5 at. %. In other samples, no silicide pre-
In this article, the effects of substituted Ce concentratlor‘bipitation was recognized even by RT-XRD and TED. To
on the magnetic and transport properties of the moleculaggiimate the amount of substitutionally dissolved Ce in Si
beam epitaxy(MBE) deposited Si:Ce films with excellent lattice, d spacing along th€001) direction was measured

crystallinity are discussed. using XRD. Figure 1 shows the change in the lattice
constant along the growth direction against the Ce concen-
Il. EXPERIMENT tration. All the films have expanded lattice due to the substi-

. o . . tution of Ce ions with a larger ionic radius than that of Si. As
Si:Ce epitaxial films were deposited ¢001) Si sub- the Si:0.5 at. % Ce film has the largest lattice constant, it

itratefb%/.a sglg source MI_BEdsysttTJm. S!mulrggnr:e (tJus evaﬁor%'hould contain the largest amount of substituted Ce. In the
lon of St and &€ was carried out by using high-temperalures;.4 5 5; o4 ce film, silicide formation should be responsible

Knudsen cells. The evaporation temperature of Si was fixe :
_for the smaller lattice constant. Based on these crystallo-
as 1450 °C. The cell temperature of the Ce source was var|e8 y

from 1050 to 1150 °C to change the Ce concentration of the
film that yields the Si:Ce films with the Ce concentration

from 0.5 to 1.5 at. %. Surface and cross sectional morpholo- < b

gies were evaluated by field emission type scanning electron T‘f [

microscope. The structural analysis of the films was per- ‘é " | sa o °
formed within situ reflection high energy electron diffrac- "L

tion, conventional x-ray diffractiofXRD: operated at 30 kV, 5 Substrate
40 mA), rotation target type x-ray diffractio(RT-XRD: op- :

erated at 50 kV, 200 mA transmission electron microscope § 0'_5 0.9 1.5
and transmission electron diffractigiED). Superconduct- & Ce concentration(%)

ing quantum interference device was used for evaluating the
FIG. 1. Change in the lattice constaat,along the growth direction against

the Ce concentration estimated from XRD patterha.indicates the strain
¥Electronic mail: fuim@ams.osakafu-u.ac.jp along the growth direction.
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FIG. 4. Temperature dependence of resistivity of SiCe thin films in the

FIG. 2. Magnetization curves of Si:Ce thin films with various Ce Concen_temperature range from 70 to 270 K.

trations measured at 2 K.

. . . ricated by conventional vapor deposition was 3G iell
graphic evaluations, Fhe. lattice cpnstant seems t.o represedipstituted Ce in Si and the elimination of defects should be
the amount of substitutionally dissolved Geffective Ce effective for increasing the cusp temperature. Figure 4 shows
conten. the temperature dependence of the electrical resistigit¥

'zj'g“rg 2 sr;lowhs th‘M'T curvs'sb.of thgge samples' Me3" 4t these samples. Resistivity of Si:Ce 1.5 at. % exponentially
sured at 2 K. All the samples exhibit positive magnetizationj, .reases and is well fitted to the T curve calculated with

Si:0.5 at. % Ce with the largest lattice constant has the Iargesat]e experimentally measured carrier concentration at room

magnetization. The smallest saturated magnetization of Si:%mperature. On the other hand, others exhibit degenerated
1.5 at. % implies that silicide formation does not affect the g .o nductor likep-T behaviors. Furthermore, all of the

positive magnetization. The magnetic susceptibility of all theF_T curves feature a cusp near the cusp temperature in the

samples at the applied magnetic field below 0.05 T is large : : :

thanpthe paramaggetic mo?nent of the3Cdree ion calcu- ’ T curves. BY increasing the effectm_e Ce content, and
. S ) - thereby increasing the carrier concentration, the shape of the

lated using the Brillouin function. So as to examine the mag

< behavi fullv. th q q ‘cusps observed iy-T and p-T curves become indistinct.
hetic be avior more caretu y the temperature epenaence qi,q magnetic properties suggest that a spin glasslike inter-
the magnetic susceptibilityxtT) at the magnetic field of

action occur in all of the samplésThen the cusp in thg-T

0.05 T was examined as in Fig. 3. The difference between th(‘?urves could be attributed to the frozen state of the dispersed

experimental and theoretically calculated paramagnetic Su%’pin The cusp in the-T curves originates from the spin

cept|b_|||ty as mentioned just above becomgs _Iarger with 'Nfluctuations just above the spin-freezing temperature. An al-
creasing the measurement temperature. It indicates that filmg, /e explanation to the spin-glass is a blocking phenom-
have absupe;poaﬁmsghnetlchn?]ture. All she curves h:ve @  ena like that observed in dispersed ferromagnetic particulate
cusp above - Although the cusp temperature decreasgg,q g8 |n any case, the magnetic moment decreases below

Wit,h increasing the Ce C(_)ncentration, the_re is a positive "Cthe cusp temperature, which increases with the effective Ce
lationship between them if we use the lattice str@dim, see .ot Sjlicide formation does not seem to play a role in
Fig. 1) instead of the Ce concentration, which indicates suby, o agnetic properties. To reveal the relationship between
stituted Ce contenteffective Ce conteft Since the cusp e magnetic property and the transport properties, magne-
temperature of previously reported Si:0.5 at. % Ce film fab'toresistance(MR) was measured in Fig. 5. In all samples,
distinct magnetoresistance is not observed above the cusp
temperature. However, positive MR is observed below cusp

2.6 temperature and the largest MR ratio was obtained in the 0.5
r ) at. % Ce sample. The positive MR ratio exceeding 20% was
il N recognized at the magnetic field within 0.1 T, which corre-
e By
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FIG. 3. Temperature dependence of the magnetic susceptibility of Si:Ce thifIG. 5. Magnetoresistance of Si:0.5 at. % Ce, which exhibits the largest
films measured at 0.05 T. magnetization. Measurement was performed at 100 K.
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