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The magnetoresistance and magnetic susceptibility (MS) of Si-Ge<B> whiskers have
been determined in the temperature range 4.2-300 K in magnetic fields up to 140 and
4.0 kOe, respectively. The results obtained show two peculiarities: a substantial paramag-
netic contribution to the whisker MS and magnetization, non-linear dependency of mag-
netization on magnetic field. These facts indicate the existence of antiferromagnetic
ordering in the whiskers. The magnetization hysteresis really observed at 4.2 K confirms
the above supposition. Possible reasons of the effect revealed are discussed.

Onpe/e/leHBl MAarHeTOCOIPOTUBJIEHNE W MarHuTHas BocupuuMuusocTs (MB) HuUTeBUIHBIX
kpucraminos (HK) Si-Ge<B> B pguanasome temneparyp 4,2—-300 K B MarHuTHBIX MOJIAX
coorBeTcTBeHHO 10 140 K9 m 4,0 k3. IlonyueHHBIE Pe3yJbTATHl UMEIOT [JBE€ OCOOEHHOCTHU:
napaMarsuTHBIA BKJIag B MB u HaMarHMUeHHOCTh W HeJMHEHHAas 3aBUCUMOCTh HAMATHUYEH-
HOCTH OT MATHUTHOTO MOJsA. OTU (PAKTHI TOBOPAT O MPUCYTCTBUU aHTU(PEPPOMATHUTHOTO
yuopagouenus B8 HK. Habmiogenue rucrepesuca mamaranuennoctu npu 4,2 K moxgreepskmaer
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aTo mpexmnosokeHue. OGCy:KIaI0OTCA BOSMOKHBIE IPUUYNHEI 00HAPYKeHHOTO addeKTa.

Si—Ge solid solution whiskers are used as
sensors of various physical parameters
(temperature, pressure, strain) operating in
wide range of temperatures including cryo-
genic ones [1]. Investigation of magnetic
properties of the whiskers is an actual task
both from practical and fundamental point
of view. On the one hand, the whisker mag-
netic response determines a possibility of
sensor application under magnetic fields.
On the other hand, investigation of mag-
netic susceptibility (MS) allows to improve
knowledge about magnetoresistance and
conduction of the crystals, their behavior
under various external influences, the in-
teraction nature of the effects, etc. Finally,
the whiskers are of interest due to numer-
ous size effects. Among those, there is a
decrease of lattice parameter [2], a shift of
energy bands, luminescence in visible range
arising at decrease of the whisker diameter
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down to less than 1 pm [3], size dependence
of magnetic susceptibility Si whiskers which
differs from that of bulk material [4]. It is
worth to note that magnetization studies of
bulk p-Si were carried out in numerous
works, in particular, in [5—7]. Authors [5]
provided the results of magnetic investiga-
tions of bulk Si doped with B in wide ranges
of impurity concentration, temperature and
magnetic field strength. In particular, it
was shown that magnetic susceptibility of
heavily doped Si samples has negative sign
and depends hardly on temperature in the
4.2—-300 K range. The magnetic susceptibil-
ity and magnetization of strained Si and Ge
single crystals were studied in [6], where it
was shown that the strain changes substan-
tially magnetization of the material. As a
result, field dependences of MS appear,
which were explained by magnetic ordering
of carriers localized on crystal dislocations.

Functional materials, 14, 4, 2007



A.A.Druzhinin et al. /| Magnetoresistance and magnetic ...

Magnetization of silicon [4] and silicon-ger-
manium [7] whiskers was also shown to dif-
fer from that of bulk material. In particu-
lar, the diamagnetic susceptibility value for
whiskers is less than MS of bulk material,
which was explained by existence of param-
agnetic centers therein [4, 7]. However,
these studies were done only at room tem-
peratures. In order to study the nature of
magnetic centers in the whiskers, it is nec-
essary to investigate their magnetic proper-
ties at low temperatures. This work deals
with studies of magnetic properties of
Si;_sGes (x = 0.01-0.05) whiskers with
boron concentrations ~(2—8)-1018 ¢cm™3 near
to the metal-insulator transition (MIT) in
temperature range of 4.2-300 K. In par-
ticular, the magnetoresistance and magnetic
susceptibility of the whiskers were investi-
gated.

Si—Ge whiskers were grown by chemical
transport reaction in a sealed tube [8]. In
quartz tube, the following materials were
loaded: silicon and germanium as growth
materials; gold as the growth initiator;
boron as the dopant and bromine as the
transport agent. Temperature values in the
evaporation zone and crystallization zone
were 1000°C and 700-800°C, respectively.
The investigated whiskers have diameters
ranging from 20 to 50 um. Ge content in
Si;_Ge, whiskers was controlled by micro-
probe analysis and amounted 0.05, while
boron concentrations ng were about (2—
8)-1018 cm™3. To control the whisker con-
tamination, Auger spectroscopy and mass
spectral analysis was used. The analysis re-
sults indicate the absence of any impurities
in the whiskers with concentration exceed-
ing 1014 cm 3. The whisker magnetic sus-
ceptibility was measured by Faraday method
[9] in magnetic fields (0.3—-4.0) kOe in tem-
perature range 4.2—300 K. Before the meas-
urements, samples were formed from the
whiskers using the following way. The
whiskers were packed in cylindrical glass
tubes of 3 mm diameter that were then
filled with beeswax. After that, the glass
tube was removed from the samples. The
experimental results show that magnetic
susceptibility of beeswax is one order of
magnitude lower than that of the whiskers.
Nevertheless, the data were corrected every
time for the magnetic contribution from
beeswax. The measurement error did not ex-
ceed 5 %. The whisker magnetoresistance
was measured in temperature range 4.2—
77 K at magnetic fields of 0 to 14 T
strength.
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Fig. 1. Magnetoresistance of Si-Ge whisker
with boron concentration ng= 2:10'8 ¢m3.
Inset: temperature dependence of the whisker
magnetoresistance. 1-4.2: 2-16.6; 3—21; 4-31.8;
5-37.7; 6-46; 7-57.7; 8-65.3; 9-74.8 K.

Investigations of the whisker magnetore-
sistance show that the dependence of ARz/R
on magnetic field intensity differs substan-
tially for the samples with various dopant
concentrations. In the samples being at the
metal side of MIT with boron concentration
(7-8)-1018 cm™3, the field dependence of
magnetoresistance can be approximated by
exponential law ARp/R-exp(B"), where
n = 0.3. In the samples being at the dielec-
tric side of MIT with boron concentration
(8-5)-1018 cm™3, quadratic dependence of
magnetoresistance on magnetic field inten-
sity ARB/R~B2 was observed. In typical
semiconductor samples with boron concen-
tration ~2.101% em~3, negative magnetore-
sistance (NMR) (Fig. 1) was observed. The
NMR value at T = 20 K amounted 2 %.

The presence of NMR in such samples
can be explained by arising of antiferromag-
netic exchange interaction during hopping con-
duction of holes (with activation energy AE,)
on delocalized states of upper Habbard band
[10]. The temperature increase (T > 30 K) re-
sults in destruction of coupled hole pairs
which results in disappearance of NMR.

The results of Sigg5Gegg5<B> whiskers
magnetic susceptibility measurements, in
particular, field dependences of MS, for cer-
tain fixed temperatures 4.2 K, 77 K and
300 K, are presented in Fig. 2. The whisker
magnetic susceptibility is seen to change the
sign at increase of magnetic field and saturates
in the field exceeding 4 kOe (T = 296 K). It
should be noted that the whisker magnetic
susceptibility differs substantially from
bulk Si-Ge (y=-0.116-10"% at room
temperature). The difference consists in two
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Fig. 2. Field dependences of magnetic suscep-

tibility of Siy¢5Gej p5<B> whiskers at fixed
temperatures I — 4.2 K, 2 — 77 K; 3 — 296 K.

main points: (i) the saturated value y = —0.1-10~
6  for the whiskers is lower than that of
bulk Si-Ge; (ii) strong field dependence
¥(H) is observed in the whiskers, which in-
dicates the presence of magnetic interaction
between centers therein.

Since the magnetization is connected
with the magnetic susceptibility by simple

relationship M = [ydH, it is easy to obtain

the corresponding dependences of M(H).
The result of such mathematical transfor-
mation at room and liquid nitrogen tem-
perature is provided in Fig. 3. The results
in Fig. 3 are likely explained by appearance
of magnetic ordering between the centers in
crystals at low temperatures [4, 7]. This is
apparently supported by observed hysteresis
in the field dependence of magnetization M
at 4.2 K with coercivity about 1 kOe (see
Fig. 3).

Si—Ge solid solution is a diamagnetic ma-
terial with constant (independent of mag-
netic field intensity) magnetic susceptibility
value at room temperature. The whisker MS
peculiarities, in particular, appearance of a
paramagnetic component in MS, indicate
the presence of paramagnetic centers in the
whiskers. The field dependences of y(H) as
well as observed hysteresis at low tempera-
ture can be explained by magnetic-doublet
or exchange interaction between these cen-
ters in the crystals [11].

The above behavior of magnetic suscepti-
bility can be explained by either impurity or
defects present in the whiskers. Let these
two possible reasons be considered.

Si-Ge whiskers were doped during the
growth by B and Au impurities. These two im-
purities are known to make diamagnetic contri-
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Fig. 8. Magnetization of Sij;g5Ge; y5<B>

whiskers for certain fixed temperatures: 1 — 4.2;
2 77, 3 - 296 K.

bution to magnetic susceptibility. The ob-
served saturation value of ¥y = —0.1.107% in high
magnetic fields (Fig. 2), which includes con-
tributions from silicon lattice and impurity
subsystem, is shifted towards paramagnetic
side as compared to bulk Si—Ge. This fact
indicates the existence of paramagnetic cen-
ters in the whiskers in concentrations exceed-
ing B and Au ones. However, the results of
the whisker investigation by microprobe
analysis (CAMEBAX) show that those contain
only residual (for this analysis) concentra-
tions nB~2-1018 cm 3. No concentrations of
others impurities were revealed in the
whiskers. The accuracy of microprobe analy-
sis is too low for such investigations. There-
fore, we controlled the whisker composition
by mass-spectral analysis and did not estab-
lish any others impurities in the whiskers.
The results of the whisker surface investi-
gation by Auger-spectroscopy indicate the
existence of very thin (a few nm) dense
layer of SiO, as well as C and N atoms. All
these materials are not magnetic impurities.
Therefore, the observed behavior of the
whisker magnetic susceptibility cannot be
explained by impurity contribution.

As was shown before, the whisker is
known to be a "heterostructure” with crys-
talline core of bulk material and porous
shell [12]. Besides, EPR data show that po-
rous shell contains a great amount of dan-
gling bonds. Existence of dangling bonds in
porous envelope of Si—Ge whiskers seems to
be consistent with a difference of the
whisker MS from that of bulk material.
Dangling bonds are known to be paramag-
netic centers. Therefore, their existence ex-
plains in good manner the saturation value
of y=-0.1.10"0 at high magnetic fields
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(Fig. 2, T = 296 K). The field dependence of
magnetic susceptibility indicates an interac-
tion of dangling bonds. Really, the dangling
bonds are located in interstices, dimensions
of which are substantially less than the
whisker diameter (d~300—500 nm). Such di-
mensions can be of about 3-50 nm. So,
there are appropriate distances for magnetic
interaction of dangling bonds located in an
interstice.

To determine the nature of paramagnetic
centers, we have verified the Curie law. In
particular, we have presented the tempera-
ture dependence of magnetization as a func-
tion of H/T at fixed temperatures (Fig. 4).
The obtained data for three temperatures
are seen to fit not to one curve as it should
be for an explicitly paramagnetic material
[11]. The magnetic centers can be supposed
to arise due to interaction of magnetic or-
bital moments of dangling bonds with delo-
calized impurity states of upper Habbard
band in heavily doped Si—Ge with boron
concentration close to MIT. Hence, similar
to amorphous silicon doped with rare-earth
impurities [11], magnetic polarons are
likely formed in a nanoporous shell of heav-
ily doped whiskers. Such magnetic states
exist only at low temperature (4.2-30 K)
and are broken at its elevation. The pres-
ence of magnetic polarons results in arising
antiferromagnetic exchange interaction
[11]. As a result, two things take place:
deviation from Curie law for magnetic sus-
ceptibility and existence of negative magne-
toresistance in the investigated samples.
However, confirmation of this assumption
as well as distinct determination of mag-
netic interaction nature in the whiskers de-
mands further investigations.

To conclude, the magnetoresistance and
magnetization of Sijg5Geqgs<B> whiskers
has been measured in wide temperature
range 4.2-300 K in magnetic fields up to
140 and 4 kOe, respectively. The experi-
mental data on magnetization and magnetic
susceptibility indicate the existence of sub-
stantial magnetic ordering in
Sig g5Geq g5<B> whiskers, the magnitude of
which increases with temperature decrease.
The observed behavior of magnetic proper-
ties is not connected with impurity content
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Fig. 4. Magnetization of Sijg5Gejy5<B>
whiskers at different temperatures: 1—4.2;
2-77; 3 —296 K as function of magnetic field
intensity and temperature.

of the whiskers. Existence of dangling
bonds in porous envelope of Si—-Ge whiskers
is likely consistent with a MS difference
between the whiskers and the bulk material.
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MarsiToonmip Ta MarHiTHa CHIPUMHATIMBICTH JIETOBAHHUX
HUTKONOAIOHuX Kpucraais Si—-Ge

A.O. [ pyncunin, I.I1.Ocmposcvruii, IO.P.Kozym, H.K.Bapxynvcka

Busuaueno marmiTomip ta marmitay crnpuitHatausicts (MC) HuTKOmOmiOGHMX KpHCTaIiB
(HK) Si-Ge<B> y piamasoni temmeparyp 4,2-300 K y marmitHux moasx mo 140 xE Ta
4,0 xE, Bigmosizuo. OrpuMani pesyabTaTy MalOTh ABi 0COOJIMBOCTI: mapaMarHiTHUN BKJIAL Y
"Hamartiuernicte y MC Ta HesimiliHy saneskHicTh Hamarsiuemocri Bixg marmiTaHoro moussa. ITi
daKTH BKaA3yOTh HA HaABHIicTb amTHdepomaruiTHoro snopaaxkysanns y HK. Hassuicts ruc-

Tepesncy Hamardiuesmocri mpu 4,2 K migrsepmixye e npunymeHHs. OOroBOpOOTHLCI MOMK-
JUBl IPUYMHU BUSBJIEHOTO eDeKTy.
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