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The paper deals with studies of magnetization and magnetic susceptibility of Sii_.Ge: <B, Hf>
(x = 0.05) whiskers with a diameter of about 1 pm in the temperatures range 77-300 K and magnetic fields
up to 4.28 kOe. The obtained results have showed that the whisker magnetic susceptibility differs substan-
tially from the typical diamagnetic bulk material. The main difference is connected with the existence of
paramagnetic centers localized in the nanoporous coating, the so-called core-shell structure, of Sii-.Gex
whiskers. This leads to the emergence of magnetic ordering in them and appearance of a paramagnetic
component in the magnetic susceptibility. An increase in the paramagnetic component was observed due to
the introduction of Hf dopants as separate paramagnetic centers. The oxygen presence in the whisker core-
shell structure was also found due to Auger spectroscopy associated with the VLS mechanism of the
Sii - xGer whisker growth. As a result, HfOz clusters are formed as a bulk material typical of diamagnets.
The field behavior of the magnetic susceptibility component has a superparamagnetic character, which is
characteristic of superparamagnetism saturation of magnetization and hysteresis absence in the tempera-
ture range 77-300 K. Therefore, the observed phenomena are explained by the existence of dangling bonds,
as well as HfOq clusters, in the whisker nanoporous coating according to magnetic ordering and the super-
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paramagnetism appearance in Sii - Ge. <B, Hf> whiskers.
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1. INTRODUCTION

Boron-doped Si and Si-Ge whiskers with submicron
size exhibit magnetic properties different from those of
bulk silicon. In particular, they found at room tempera-
ture the paramagnetic component of the magnetic sus-
ceptibility and the nonlinear field dependence of the
magnetization [1, 2]. It is worthy to note that bulk sili-
con or solid solution of silicon-germanium is a typical
diamagnet [3]. The specific magnetic properties of Si-
based whiskers are related to their core-shell structure
[4], in particular, to the presence in the porous shell of
Si nanowires of a high concentration of dangling bonds,
which are known to be paramagnetic centers [5]. The
interaction of paramagnetic centers in pores of small
size can lead to low magnetization hysteresis in crys-
tals at low temperatures [6].

Doping of crystals with rare earth elements such as
Hf, Yb or Mn is known to change substantially their
magnetic susceptibility [7]. For example, MniGei-x
nanostructures such as quantum dots have demon-
strated field-controlled ferromagnetism up to 100 K [8].
From this point of view, it is interesting to investigate
Si-Ge <B> whiskers with an admixture of hafnium to
trace the potential change in magnetic characteristics.
The obtained results can have not only theoretical sig-
nificance for deepening the physics of processes in Si-
Ge nanostructures, but also practical importance. The
combination of good electronic properties of semicon-
ductor Si-Ge whiskers with possible spintronic proper-
ties opens horizons for their wider practical application.

The aim of the present work is to study the magnet-
ization and magnetic susceptibility of Sii-xGex <B, Hf>
(x = 0.05) whiskers in the temperature range 77-300 K
and magnetic fields up to 4.28 kOe.
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2. EXPERIMENTAL DETAILS

Samples ranging in size from micrometer fractions
0.1-1 pm to 100 um were examined. We used the Fara-
day method for measuring the magnetic susceptibility
of whiskers in a magnetic field within the intensity
range of 0.3-4.0 kOe at temperatures of 4.2-300 K. Be-
fore the experiment, the whiskers were packed into
cylindrical glass tubes 3 mm in diameter and fastened
by wax. After that, the samples were pushed out off the
glass tube. A sample without wax was also prepared to
consider the wax magnetic properties. The experi-
mental results show the magnetic susceptibility of wax,
which is much less than the magnetic susceptibility of
the whiskers. Nevertheless, due to the magnetic contri-
bution of wax, the experimental data were corrected
and taken into account in each measurement. It was
found that the measurement error did not exceed 5 %.

3. EXPERIMENTAL RESULTS

The study of Sii-xGe. <B, Hf> whiskers (x=0.05)
magnetization was performed using Kahn's weight by
the Faraday method [9] in the temperature range 77-
300 K. Fig. 1 and Fig. 2 show the temperature and field
dependences of the magnetization and magnetic sus-
ceptibility of submicron Sii - xGex <B, Hf> whiskers. The
magnetic susceptibility of the whiskers (Fig. 1b) was
calculated from the experimental dependence of the
magnetization (Fig. 1a). Let us compare the data for
the magnetization and the magnetic susceptibility of
Si1-xGex <B, Hf> and Sii-.Gex <B> whiskers [10] with
the same diameter and boron concentration. It should
be noted that the magnetization of whiskers doped with
Hf is an order of magnitude greater than the magneti-
zation of whiskers without Hf. It is worthy to underline
one common peculiarity of the whiskers — the existence
of a maximum magnetization at a certain magnetic
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field induction and a further slow decrease in magneti-
zation with increasing magnetic field (see Fig. 1a). The
maximum is well separated in Sii-xGer <B> whiskers
at about 1 kOe. The difference between doped with Hf
and undoped whiskers consists in the shift of the max-
imum position to the region of higher magnetic field
induction with increasing Hf admixture. The next dif-
ference is the change in the sign of the magnetic sus-
ceptibility of Sii—xGex <B, Hf> whiskers [10]. As can be
seen from Fig. 1b, the magnetic susceptibility of
Si1-xGex <B, Hf> whiskers is positive and shows a
strong field dependence, but without changing the sign.
Therefore, a paramagnetic component appears in sub-
micron Sii-xGex <B, Hf> whiskers, which is greater for
Hf-doped whiskers.
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Fig. 1 — Magnetization (a) and magnetic susceptibility (b) of
Sii-.Gexr <B, Hf> whiskers with a diameter of d~1 pm,
Na=5-108 cm -3, at room temperature (1) and liquid nitrogen
temperature (2)

It should be noted that the magnetic susceptibility
of whiskers differs significantly from bulk Sii-.Gex
(their magnetic susceptibility does not depend on the
magnetic field and is equal to —11.6:10-6emu/g at
room temperature). The difference lies in two main
points: 1) the value of the magnetic susceptibility of the
whiskers does not change in fields above 4 kOe and is
equal to y=—0.5-10-6 and + 1-10 -5 emu/g for Sii -.Gex
<B> and Sii1-.Gex <B, Hf> samples with x=0.05 and
d =1 um, respectively, which is less than for bulk
Si1-:Gex crystals; 2) a strong field dependence of y(H)
is observed in the whiskers, which may indicate the
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presence of the magneto-dipole interaction between the
centers. Another explanation for the detected effect
may be the presence of superparamagnetism in the
samples. That is, in the whiskers there is a certain
magnetic interaction between the magnetic centers
present in them.
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Fig. 2 — Temperature dependence of the magnetic susceptibility
of Sii_.Ge. <B, Hf> whiskers, with a diameter of d~ 1 pm,
N4=5-108 cm -3, and a magnetic field of 4.28 kOe

It should also be noted that all illustrated depend-
ences exhibit a tendency to a decrease in the magnetic
susceptibility with increasing transverse size of the
whiskers (a decrease from ~ 10-5 for submicron whisk-
ers to ~—10-%emu/g for crystals with sizes of
30-50 um). This behavior of the magnetic susceptibility
of the whiskers can be caused by the following factors:
the degree of doping, the type of uncontrolled impurity,
as well as the transverse dimensions of the solid solu-
tion whiskers.

4. DISCUSSION

Solid solutions of Si-Ge are a diamagnetic material
with a constant negative value of the magnetic suscep-
tibility at room temperature. The established features
of the magnetic susceptibility in whiskers, in particu-
lar, the appearance of the paramagnetic component of
the magnetic susceptibility, presuppose the presence of
paramagnetic (or superparamagnetic) centers in the
crystals. Therefore, the experimentally determined
magnetic susceptibility can be considered as a superpo-
sition of two components:

X=Xat Xps (1

where yq and yp are the diamagnetic and paramagnetic
components of the magnetic susceptibility, respectively.
Similarly, we can talk about the corresponding contri-
butions to the magnetization of crystals in a certain
magnetic field:

I=Ii+1, 2)

The analysis of the data in Fig. 1 allowed us to iden-
tify the corresponding components of the magnetization
when a 4.2 kOe magnetic field is applied to the Sii-
«Gex <B, Hf> whisker (see Fig. 3).
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It is necessary to investigate the presence of impuri-
ties or defects in the crystals, which may cause the de-
tected magnetic effects. We will analyze the influence
of these factors below.

Si1-xGex <B, Hf> whiskers were doped during growth
with impurities of boron and gold. They are known to
make a diamagnetic contribution to the magnetic sus-
ceptibility. The obtained value of y=-0.5-10-% emu/g
at high magnetic fields for Sii—xGex<B> whiskers
(Fig. 1b), including the contribution of the lattice and
the impurity subsystem of the silicon-germanium crys-
tal, is higher than that of bulk Si-Ge, which indicates
an increase in the paramagnetic contribution to the
magnetic susceptibility. For Si1 - xGex <B, Hf> whiskers,
the paramagnetic contribution is greater. This fact in-
dicates the presence of paramagnetic centers in crystals
with concentrations exceeding the concentration of bo-
ron and gold. However, the results of microprobe analy-
sis of the content of the whiskers (CAMEBAX) show
that they contain only residual (for this analysis) boron
concentrations Np ~ 5-1018 cm — 3. No other impurities in
the whiskers were detected by this method. However,
the accuracy of microprobe analysis is too low for such
studies. The results of studies of the whisker surface by
Auger spectroscopy indicate the presence of a thin (sev-
eral nm) layer of SiOg, as well as C and N atoms. These
materials are not magnetic impurities. Therefore, the
detected behavior of the whisker magnetic susceptibil-
ity cannot be explained by the contribution of these
impurities.
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tion of the paramagnetic component of the magnetic
susceptibility (Fig. 3).

We tried to estimate the concentration of such par-
amagnetic centers in the whiskers. For this purpose,
the temperature dependence of the susceptibility was
constructed in coordinates 1/y, T. As seen from Fig. 4,
the dependence 1/y=f(T) is not a straight line, as it
should be observed for a pure paramagnet or superpar-
amagnet, where the Curie law is true. To determine the
concentration of the centers, we approximated a certain
section of the curve shown in Fig. 4 by a straight line,
assuming that in this section the sample behaves like a
typical paramagnet, for which the Curie law y= C/(T -
Tc) takes place. The angular slope of the obtained line
determines the value of the Curie constant, which is
equal to C=1.08-10-%, and the parameter Tc=- 68 K.
A negative value of Tc indicates the presence of antifer-
romagnetic ordering in the crystal. At a magnetic field
strength of 4 kOe, the relation uB/kT << 1 (where u is
the magnetic moment of the magnetic center, % is the
Boltzmann constant) takes place, so the Curie constant
can be described by the following equation:

2
o= N ®)
3k

where N is the concentration of magnetic centers. As-
suming the magnetic moment of the centers to be equal
to the Bohr magneton, we obtain the concentration of
these centers equal to N = 5.2:10!9 ¢m — 3.
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Fig. 3 — Decomposition of the experimental magnetization
(curve 2) into two components: diamagnetic (curve 3) and su-
perparamagnetic (curve 1)

As shown earlier, submicron Sii -xGex <B> whiskers
are known as heterostructures with a crystalline core
and a nanoporous shell [10]. In addition, EPR data
show that the porous shell contains a large number of
dangling bonds [10]. The presence of the latter in the
porous shell of Si-Ge whiskers is probably responsible
for the difference between the whisker magnetic sus-
ceptibility and the magnetic susceptibility of bulk ma-
terial. Dangling bonds are known to be paramagnetic
centers. Therefore, their presence can explain the value
of y=-0.510-6emu/g for Sii-.Gex<B> whiskers at
high magnetic fields in the saturation region (Fig. 1,
T =296 K). However, it is difficult to explain the posi-
tive value of the magnetic susceptibility of
Si1-xGex <B, Hf> whiskers and, moreover, the satura-
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Fig. 4 — Checking the Curie law in Si: - Ge: <B, Hf> whiskers

The deviation of the dependence 1/y = f(T) from the
straight line indicates the presence of a certain mag-
netic ordering in the whiskers at above room tempera-
tures, which may be responsible for the exchange in-
teractions between paramagnetic centers in the crystal.
One can suppose that HfO: clusters localized in the
region of the nanoporous shell of the whiskers could be
the origin of the centers in Si1-.Gex <B, Hf> whiskers.
It is known that neither Hf** nor O% are magnetic [11].
On the other hand, bulk HfO2 is clearly diamagnetic.
Magnetic ordering arises due to defect/oxygen vacan-
cies at the interface of a thin HfO2 film [12]. One can
suppose that similar HfO2 clusters were created in the
nanoporous shell of the whiskers. The authors of [13]
state that HfO2 nanocrystals with a high defect concen-
tration exhibit ferromagnetism and superparamagnetic
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behavior. Then, the magnetic interaction between par-
amagnetic centers located close to each other corre-
sponds to magnetic ordering in the whiskers, leading to
the superparamagnetic behavior of the whisker mag-
netic susceptibility (Fig. 3, curve 1) at the temperature
of liquid nitrogen and room temperature.

5. CONCLUSIONS

It was shown that the magnetic susceptibility of
Si1-2Gex <B> (x =0.01-0.05) differs from the magnetic
susceptibility of bulk silicon-germanium solid solutions,
which are typical diamagnets. The main difference is
the presence of a rather high concentration of dangling
bonds localized in the nanoporous shell in the core-shell
structure of whiskers. The small distance between the
dangling bonds, which are paramagnetic centers, leads
to the emergence of some magnetic ordering in them
and the appearance of a paramagnetic component of
the magnetic susceptibility. The aim of this work was
to observe the change in the magnetic susceptibility
upon the introduction of Hf impurities into whiskers.
Hf as a single atom is known to be a paramagnetic cen-
ter. Thus, an increase in the paramagnetic component
should be observed with its introduction into crystals.

Investigation of the magnetization and magnetic
susceptibility of Sii-.Gex <B, Hf> (x = 0.05) whiskers in
the temperature range 77-300 K and magnetic fields up
to 4.28 kOe was conducted. Indeed, the experiments
fulfilled showed the substantial (in order of magnitude)
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CynepnapaMarseTu3M B HUTKONONIOHuX Kpucraigax Sii-«Gex <B, Hf>

A.O. Hpyxwuuin, L.II. Ocrposesrmii, FO0.M. Xosepro, H.C. JIax-Karyit

Hauionanvruii ynisepcumem «JIvsiscorka nonimexuixar, yn. C. Banodepu, 12, 29013 Jlvsis, Yrpaina

CrarTs npucBAYeHa JOCIIIIKeHHI0 HAMarHi4eHOCTl Ta MATHITHOI CIPUAHSITINBOCT] HUTKOIIOIOHUX KPH-
cramis Sii-<Gex <B, Hf> (x = 0,05) miamerpom 6m3bko 1 MM B miamasoni Temmepatyp 77-300 K ta marwiT-
Hux mossx 110 4,28 kE. Orpumani pesysnbraTl Mokasasd, M0 MATHITHA CHPUMHATINBICTE HUTKOIOIIOHUX
KPUCTAJIIB CYTTEBO BIIPI3HSETHCS BiJ[ TUIIOBOTO JiaMarHiTHOro ob'emuoro marepiasiy. OcHOBHA BiIMIHHICTH
HOB'si3aHA 3 ICHYBAaHHSM [IapaMarHITHUX IIEHTPIB, JIOKAII30BAHUX B HAHOIIOPUCTOMY IIOKPHUTTI, TAK 3BAHIN
CTPYKTYP1 SI/Ip0-000JI0HKA, HUTKOMOMIOHMX KpucTams Sii-xGe,. Ile mpu3BoauTh 10 BUHUKHEHHS X MarHiT-
HOTO BIOPSIKYBAHHS Ta IIOSBU ITAPAMATHITHOI CKJIAJI0BOI B MATHITHINA CIIPUMHSTIIMBOCTI. 30LIBIIIEHHS mIa-
paMar”iTHOI CKJIAJIOBOI CIIOCTEPIraJiocsi 3aBOAKH BBENEHHIO nomimork Hf Sk oxkpeMux mapaMariTHHUX
1eHTpiB. Byso Takosk BHSBIIEHO HASIBHICTH KUCHIO B CTPYKTYPI «SIP0-000JI0HKA» BIIIOBITHO 10 Pe3yJIHTATIB
Osre-crrekTpockoiii, 1mo nos's3ano 3 [IPK-mexaniamom pocty HuTKOIOAIOHUX KprcTamiB Sii-.Gex. B pesyss-
TaTi BimoyBaeTbesa yreopenHsa HfOz-kmacrepis sk 00'eMHOro MaTepiay, 0 XapaKTepHO IS JiaMarHeTHKIB.
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TloBeminka IOJIBOBOI 3AJIEKHOCTI MATHITHOI CIPHUMHATIMBOCTI Mae CyllepIapaMarHITHUM XapakTrep, II0 €
THUIIOBUM [JIsI HACHYEHHS HAMAarHIYeHOCTi CyleprapaMarHeTH3My Ta BIICYTHOCTI TICTEpPe3ucy B iHTepBaJIl
temreparyp 77-300 K. Ooxe, BUABIJIEH] ABUIIA ITOSICHIOIOTHCSA HASBHICTIO 001PBAHUX 3aB'sI3KIB, a TAKOMK KJIa-
crepis HfOz B HamomopucTiit 060JI0HIN HUTKOIOMIOHNUX KPUCTAJIIB, 10 IIPUBOAUTE J0 MATHITHOT'O BHOPSIKY-
BaHHs Ta MOSIBU CyllepliapaMarHeTuaMmy B 3paskax Sii—.Gex <B, Hf>.

KmiouoBi cmosa: Hurkomomi6omi wpucramu, Kpemuiit-repmaniit, [Nacmiit, MarmiTHa CIpUHATINBICTD,
CymepriapaMarHeTuaM.

06019-5



