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Quantization in magnetoresistance
of strained InSb whiskers
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Strain influence on the longitudinal magnetoresistance for the n-type conductivity InSb whiskers doped by Sn

3

to concentration 6:10°°-6.10" cm™ was studied in the temperature range 4.2-40 K and magnetic field up to 10 T.
The Shubnikov—de Haas oscillations at low temperatures were observed in the strained and unstrained samples in
all range of doping concentrations and magnetic fields. The character of longitudinal magnetoresistance depend-
ences was analyzed and compared with theoretical one. The whisker magnetoresistance alters its sign with in-
creasing magnetic field. It is positive at weak magnetic fields and becomes negative at higher magnetic fields.
Possible mechanism of the large value of negative magnetoresistance (NMR) was discussed in the InSb whiskers
with doping concentration in the vicinity to metal-insulator transition. The origin of large NMR was explained
by the existence of classical size effect and boundary scattering during conductance in subsurface whisker layers.
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1. Introduction

The magnetotransport measurements were carried out
in InSb at low temperatures [1,2]. The hopping conduction
of InSb at temperature down to 0.37 K and magnetic fields
up to 7 T were interpreted in terms of electron localization
in work [1]. Carrier quantum lifetime of the doped quan-
tum well on the base of InSb was found by studying of
Shubnikov—de Haas oscillations at an extremely low tem-
perature of 2 K and weak magnetic field of 0.8 T in the
modern article [2].

Different structures on the base of InSb material with
narrow bandgap could be used for electronic device applica-
tions due to their high electron mobility, peak velocities and,
as a result, small electron effective mass [3,4]. The high
velocities of antimonide-based compound semiconductors
were observed in the analog electronic devices with low
power consumption at low electric fields [4].

It is interesting to study the strain influence on the mag-
netic properties and parameters of the InSb structures [5-9].
The influence of the biaxial compressive strain provides the
decreasing of the hole effective mass obtained at cyclotron
resonance measurements at temperature 4.2 K in InSb quan-
tum wells that is in agreement with theoretical data [5]. The
influence of the strain effect was studied in InSb-on-insu-
lator devices [6-9]. A hole mobility was calculated account-
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ing for optical and acoustic phonons and the surface rough-
ness scattering [6]. The compressive strain is favorable to
the hole mobility, in particular, the splitting the heavy- and
light-hole valence bands due to strain in 111-V compounds
[7-9]. Compressively-strained bulk InSb demonstrated the
highest hole mobility close to 1000 cm2/(V-s) at room
temperature [7].

Negative magnetoresistance (NMR) corresponding to
different mechanisms of charge carrier scattering was found
in such material as InSb at weak magnetic fields and low-
temperature range [10-19]. NMR phenomena with strong
spin-orbital coupling gaps were revealed in topological semi-
metals [10]. The NMR with various its interpretations was
revealed in InSb structures on GaAs substrates [11,12].
NMR effect was studied in InSb layers with low thickness
epitaxially grown on GaAs as a result of weak localization
(WL) of charge carriers on defects near InSh/GaAs inter-
face. Negative component of magnetoresistance arises due
to scattering of the conduction electrons from localized im-
purity magnetic moments [11]. The authors [12] studied the
NMR in the InSb film with a thickness of 0.1-1 um in the
extremely weak magnetic field and the spin-orbital scatter-
ing has been analyzed due to the bulk inversion asymmetry.
And the NMR crossovers to the positive MR that corre-
sponds to crossover from weak localization (WL) to the
weak anti-localization (WAL) according to the increasing of
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spin-orbital interaction in Sn-doped InSb films due to in-
creasing of the Rashba electric field influence [12]. The
NMR was also found in n-type conductivity InSb at tem-
perature 77 K in the longitudinal magnetic field upto 1.8 T
and its dependences on carrier concentration and mobility
were studied in work [13]. Negative longitudinal
magnetoresistance disappears with increasing carrier con-
centration due to ionized impurity scattering and crystal
inhomogeneity.

The presence of magnetic ordering in InSb thin films due
to introducing of the magnetic impurities such as Mn actual-
ly leads to the observation of NMR in the field dependences
of the magnetoresistance [14-19]. NMR phenomena along
with the Shubnikov—de Haas oscillation effect was also
found in InSb whiskers with a doping concentration of Sn
in the vicinity to metal-insulator transition (MIT) from
metal and insulator side of the transition at magnetic field
up to 10 T in the temperature range 4.2-77 K [20,21].

We already have found strain-induced Berry phase and
splitting of the Shubnikov—de Haas oscillations due to the
studying of the longitudinal magnetoresistance in n-type
conductivity InSb whiskers at low temperatures [22]. The
effective electron mass and Dingle temperature under com-
pressive strain were also studied in these samples. The strain
influence on the behavior of NMR wasn’t analyzed in the
InSb whiskers, but we have great experience in the studying
strain effect on magnetoresistance of Si, Ge and SiGe solid
solution whiskers at low temperatures [23-26]. Therefore,
the aim of the article is magnetoresistance studying for InSb
whiskers with Sn doping concentration that corresponds
metal and insulator side of the MIT under compressive
strain.

2. Experimental procedure

The n-type conductivity of InSh whiskers with different
doping concentration grown by the method of chemical
transport reactions were the objects for investigations of
the longitudinal magnetoresistance. The whiskers with the
length of 2-3 mm and diameter of 30-40 um were used for
these studies. The Au contacts to InSb whiskers with a
diameter 10 um form a eutectic with the crystals under
pulsed welding. This technique of contact creation allows
the measuring of the longitudinal magnetoresistance with
using four contacts to studied sample.

The n-type conductivity InSb whiskers were strained
thanks to crystal mounting on the substrates with thermal
expansion coefficient that is different from InSb material.
The authors of the work [25] showed the similar experi-
mental technique with the using of thermal strain estima-
tion for p-type silicon microcrystals on different substrates.
The copper substrate was used to achieve a uniaxial com-
pressive strain (e = ~3.810 " rel. units) at 4.2 K. Thermal
compressive strain in a direction (111) was calculated in
the InSb whiskers at temperature 4.2-40 K.
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The low-temperature magnetoresistance studying of InSh
whiskers was carried out in a helium cryostat cooled to the
temperature 4.2 K. The magnetic properties of the samples
were investigated in the magnetic field 0-10 T due to use
the Bitter magnet with a time of scanning 1.75 T/min. Sta-
bilized electric current 1-10 mA was selected depending
on sample resistance and created by Keithley 224 source.
The temperature was measured with using the Cu-CuFe
thermocouple.

3. Experimental results and their discussions

Some groups of unstrained and strained InSb whiskers
with tin concentration corresponding to various approxima-
tions to the critical concentration of metal-insulator transi-
tion were studied in parallel magnetic fields with intensity
0-10T:

(if doping concentration corresponding to MIT —
2.10" cm_a;

(ii) doping concentration corresponding to the metal
side of MIT — 6:10" em™;

(iii) doping concentration corresponding to insulator
side of MIT — 6:10™% cm™.

The longitudinal magnetoresistance of n-type conduc-
tivity InSh whiskers was investigated under uniaxial strain
influence in the temperature range 4.2-40 K. The compari-
son of the behavior for the magnetoresistance field de-
pendences at liquid helium temperature and various doping
concentrations was shown in Fig. 1.

It is obvious from Fig. 1 that longitudinal magneto-
resistance of InSb whiskers has nonmonotonic character.
The values of magnetic field induction at liquid helium
temperature were found, when the strained longitudinal
magnetoresistance crosses B axis and changes sign from
positive to negative and in the opposite direction. These
values are different for various tin concentration and corre-
spond to 7 and 11 T for the sample with doping concentra-
tion 6:10™° em™ (see Fig. 1(b), curve 1) and 5and 7 T —
for 210" cm™ (Fig. 1(b), curve 2), respectively. The oth-
er behavior of the magnetoresistance was observed in high-
ly doped InSb whiskers with doping concentration corre-
sponding to the metal side of MIT under strain influence at
4.2 K (Fig. 1(b), curve 3). It doesn’t change the sign and is
positive up to 10 T.

It is interesting to compare the magnetoresistance de-
pendences in strained and unstrained samples with the same
tin concentration. Therefore, the longitudinal magnetore-
sistance for unstrained samples doped to a concentration
corresponding to MIT changes the sign only one time at
the magnetic field induction 4 T (Fig. 1(a), curve 2); with
doping concentration corresponding to insulator side of
MIT — twice times: at 6 and 9 T (Fig. 1(a), curve 1) and
with concentration corresponding to metal side — three
times (Fig. 1(a), curve 3).
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Fig. 1. (Color online) Longitudinal magnetoresistance in un-
strained (a) and strained (b) InSb whiskers at 4.2 K with various
tin concentration, cm™: 6:10™° (1); 2.10" (2); 6:10" (3).

The Shubnikov—de Haas oscillations at low temperatures
were revealed in the strained and unstrained samples with all
range of doping concentration that was already observed for
unstrained InSb whiskers in [21]. Magnetoresistance peaks
correspond to transitions between Landau levels with
N =1, 2, .... Their number decreases from nine peaks to six
for unstrained and strained samples with tin concentration
corresponding to MIT, respectively (Figs. 1(a),(b), curves 2).
A number of the peaks consists of 5 in both unstrained and
strained InSh whiskers with tin concentration corresponding
to the metal side of MIT (Figs. 1(a),(b), curves 3) and also
for unstrained samples with tin concentration removed into
insulator side of MIT (Fig. 1(a), curve 1). For the strained
samples with the same doping concentration peak number
increases to nine (Fig. 1(b), curve 1).

Therefore, strain influence leads to change of longitudi-
nal magnetoresistance peak number (Fig. 1). Samples with
doping concentration 2-10°" cm °~ were shifted from MIT
under uniaxial compressive strain which leads to a decrease
of peak number. For InSh whiskers slightly doped to con-
centration 6-10*° cm™ peak number increases under strain
that also shifts it to MIT.
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The maximum peak amplitude decreases with tempera-
ture increasing in the whole range of magnetic field up to
10 T and the Shubnikov—de Haas oscillations are almost
absent. The magnetoresistance of strained and unstrained
InSb whiskers with different doping concentrations corre-
sponding various approximation to MIT at temperature
40 K was presented in Fig. 2.

Strain influence on NMR parameters of n-type conduc-
tivity InSb whiskers at temperature 4.2 K was analyzed
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Fig. 2. (Color online) Longitudinal magnetoresistance of InSb
whiskers with tin concentration 6.10%° (a), 2.10% (b), and
610" (c) cm for unstrained (1) and strained (2) samples at 40 K.
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and shown in Table 1. We take into account such two
characteristic parameters:

(i) NMR maximum value;

(i) critical magnetic field, when longitudinal magneto-
resistance changes sign from positive to negative.

Table 1. NMR parameters of InSb whiskers with a different
doping concentration at 40 K

Sample Doping LBy T Maximum
concentration, cm NMR, %
610 8 17
Unstrained 2-1017 10 35
610" 12 20
6.10'° 10 23
Strained 2-1017 7 10
610" - -

As we can see from Table 1, the absolute value of the
NMR at temperature 40 K is maximal (35%) for unstrained
samples with tin concentration corresponding to MIT,
while it significantly decreases to 10% under uniaxial
compressive strain. But, for slightly doped samples with tin
concentration corresponding to insulator side of MIT, the
NMR consists of 23% for strained and 17% for unstrained
samples. NMR is absolutely absent in strained samples
with tin concentration removed into metal side of MIT, but
it is very large (about 20%) for unstrained InSh whiskers.

The critical magnetic field of the longitudinal magneto-
resistance increases in higher doped unstrained samples, but
it decreases in strained InSb whiskers and NMR is com-
pletel;/ absent for samples heavily doped to concentration
610" cm . Therefore, strain influence on longitudinal
magnetoresistance dependences of n-type conductivity
InSb whiskers manifests in the reduction of the NMR ef-
fect. The critical magnetic field decreases for strained
samples with tin concentration corresponding to MIT, but
it increases in samples doped to a concentration of insula-
tor side due to strain influence.

To describe the nonmonotonic character of longitudinal
magnetoresistance let us consider three-dimensional quan-
tum subband electrons. Three electron subbands (the insert
of Fig. 3) were under the consideration. The parabola (1)
corresponded to the lowest states (N1 = N2 = 0), while pa-
rabola (2) represented first size quantized zone (Nj =0;
Ny = 1), parabola (3) was described by quantum numbers
(N1 =1; N2 =0). Size quantized band (1) would be twice
degenerated without the action of a magnetic field or
strain. Taking into account the above subbands of the size
guantized zone, one can explain peculiarities of magneto-
resistance dependence in InSb whiskers on application of
the longitudinal magnetic field (Fig. 3).

Let us consider three cases.

(@) A chemical potential level without the action of a
magnetic field is greatly lower than the bottom of the
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Fig. 3. Theoretical dependence of reduced longitudinal magneto-
resistance for InSbh whiskers. In the inset: schematic representa-
tion of quantum subband and position for a chemical potential.

subband that was twice degenerated in this case. At in-
crease of magnetic field intensity the chemical potential &g
decreases monotonously, which is accompanied with a rise
of the whisker magnetoresistance (see Fig. 3, curve 1).

(b) A chemical potential matches or is slightly below
the bottom of the second subband. Then with increasing
magnetic field B, the chemical potential decreases and the
magnetoresistance initially decreases and then increases
monotonically (Fig. 3, curve 2).

(c) A chemical potential is slightly above the bottom of
the second subband. Then with increasing magnetic field
the magnetoresistance first increases and then, when &
passes the subband bottom, sharply enough falls. With the
further increase in the magnetic field, it grows monoto-
nously (Fig. 3, curve 3).

The last case (Fig. 3, curve 3) explains quite well the
experimental dependence of the magnetoresistance InSh
whiskers (see, for example, Figs. 1(a),(b), curve 1) in small
magnetic fields at low temperatures. So, strained and un-
strained longitudinal magnetoresistance changes the sign
and crosses from positive to negative at various magnetic
fields. Exceptions are only the InSb whiskers with doping
concentration corresponding to the metal side of MIT.
Their longitudinal magnetoresistance for strained samples
is positive in all range of the magnetic field (Fig. 2(c),
curve 2). However, still unclear is the cause of size quanti-
zation of electrons in the whiskers rather large diameter (of
the order of tens of microns).

The observed phenomenon could be explained in other
way. Fundamentally, it should be noted that the prevalence
of surface conductance in the specimens as compared with
bulk one. Thus, the whisker growth by chemical vapor de-
position in halogen closed system leads to the increase of
dopant impurity approaching the whisker surface. There are
various parameters that influence impurity distribution. For
instance, gain in impurity doping near the whisker surface
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might be caused by diffusion of impurities to the surface
during the sample annealing after growth.

Provided the assumption of the pervasiveness of surface
conductance in the whisker is accurate, i.e., the main part
of charge carriers transport takes place in the subsurface
layers of the whisker, which can be characterized by effec-
tive wire radial distance dW, it can be concluded that the
magnetoresistance peaks in Fig. 2(b) are present as a conse-
quence of the classical size effect, where the wire boundary
scattering is reduced as the cyclotron radius becomes small-
er than the effective wire radial distance, resulting in a de-
crease in the resistivity. The same behavior is typical for
the magnetoresistance of bismuth nanowires of the diame-
ter range dg = 45-200 nm, while the peak position By, var-
ies linearly with 1/dW as the wire diameter increases [27].
The possibility of By occurring is determined by
B = 2ckg/EdW, where kg is the wavevector at the Fermi
energy [20]. Effective wire radial distance can be calculat-
ed taking into account obtained Fermi energy E that for
InSb whiskers ranges within dW ~ 150 nm. The magneto-
resistnace switching may be connected to the electron con-
ductance in thin subsurface layers with effective wire radi-
al distance, much smaller than the carriers’ free path
le ~ 250 nm, calculated from the Shubnikov—de Haas oscilla-
tion analysis [20]. Therefore, our above consideration of the
existence of electron subbands in subsurface layer in the
whiskers is probably right. As is shown in Figs. 2(a),(b), the
NMR observed for the InSb whiskers above By, indicates
that wire boundary scattering is a dominant process for the
longitudinal magnetoresistance, which confirms that carri-
ers’ free path is significantly larger than the effective wire
radial distance.

4, Conclusions

Longitudinal magnetoresistance of strained and un-
strained InSb whiskers with tin concentration 610~
610" cm > in the vicinity to MIT from insulator and metal
side of the transition was studied in the temperature range
4.2-40 K and magnetic field 0-10 T. The Shubnikov—
de Haas oscillations were observed in magnetoresistance
dependences of n-type conductivity InSb whiskers in all
range of magnetic fields. A larger number of longitudinal
magnetoresistance peaks at 4.2 K was visible in strained
and unstrained samples doped to concentration correspond-
ing metal side of MIT. However, strained InSb whiskers
doped to concentration at insulator side of MIT have larger
magnetoresistance oscillations than unstrained one.

Longitudinal magnetoresistance of all studied samples,
except heavily doped corresponding to the meal side of
MIT, was shown to alter its sign with magnetic field increas-
ing: it is positive in the magnetic fields up to 3-8 T depend-
ing on doping concentration and it becomes negative at
higher magnetic fields.
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There have also been discussed possible mechanisms of
the large negative magnetoresistance and above mentioned
sign switch occurring in the whisker magnetoresistnce. In
the most likelihood, the contribution in the origin of large
NMR and change of longitudinal magnetoresistance sign in
unstrained and strained InSh whiskers could lay in the ex-
istence of classical size effect and boundary scattering dur-
ing conductance in quantized zone of thin subsurface layer
of InSb whiskers, respectively.
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KBaHTyBaHHSA y MarHitoonopi AeopmMoBaHuX
HUTKONoAiOHMX KpucTanis InSb

A. OpyxuHiH, . OcTtpoBcbkuia, KO. XoBepko,
H. Nax-Karywn

Ha ocHOBI nOCIIIKEHD TIO3IOBXKHBOTO MarHiTOOIOPY HUTKO-
noaibHux kpucranis INSb N-Tumy mpoBigHOCTI, JeroBaHux Sn 10
KOHIICHTpamii 6-10"°-6.10"" CM_3, B iHTepBaii Temmeparyp 4,2—
40 K i maruitaux nounis go 10 Ti BusBieno ocumnsinii HIyGHiKo-
Ba—Je ['aa3a B nehopmoBanmx i HemeopMOBaHHX 3paskax. [Ipo-
BEJICHO aHalli3 MOBEAIHKU MOJIbOBUX 3aJIC)KHOCTEH MarHiToOnopy
3TiJJHO BiJOMUX TEOPETUYHUX YSBJICHb. BCTaHOBIECHO, IO 3 Mij-
BUILCHHSM iHIYKIii MarHiTHOTO TOJISi MarHiTOOMip HUTKOIMOIi0-
HUX KpucrtaniB InSb 3MiHIOE CBili 3HaK BiJl MO3UTHUBHOTO O
Bix’eMHOro. OOrOBOPIOIOTHCS MEXaHI3MH, SIKi 3yMOBJIIOIOTH TOSI-
BY BHCOKHX 3Ha4eHb BiJ’€éMHOT0 Marairoonopy (BMO) y 3pa3-
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kax InSb 3 koHmeHTpali€elo JIeryl09oi MOMIIIKY, IO BiANOBixae
OnMM3BKOCTI O mepexoxy MeTain—aienekTpuk. IcayBanns BMO
MOB’sI3aHe 3 KJIACHYHUM PO3MIPHUM €(DEeKTOM, a TaKOX TpaHiy-
HHUM PO3CIIOBaHHSM Y IIPOBIJHOCTI NPUIOBEPXHEBUX IIAPIB MiK-
POKpHUCTAIIB.

KirouoBi crnoBa: HuTKOTONiOHI KpricTanmu InSb, Bix’eMHuIA 103110~
B)KHII MarHiToornip, KOHLEHTPALlisl IOMIIIKH, BIUTUB Jedopmartii.

KBaHTOBaHVe B MarHMToCconpoTMBIIEHNN
AedopMnpoBaHHbIX HUTEBUOHbBIX KpucTannos InSb

A. OpyxuHuH, N. OcTposckui, KO. XoBepko,
H. Nax-Karyn

Ha ocHoBe uccienoBaHuil mpoaoIbHOTO MarHUTOCONPOTHB-
JIeHUsS HUTEBHIHBIX KpuctayuoB InSb n-tmma mpoBoaumocTw,
JICTHPOBAHHBIX Sn 70 KOHIEHTpaIuit 6-10"°-6.10" CM_3, B WH-
teppane Temuneparyp 4,2-40 K u marsutHeix noneit no 10 Tn
oOHapyxeHns! ocumuanuu LlyOxHukoBa—ne ['aaza B medopmupo-
BaHHEIX M HemeopMHUpOBaHHBIX oOpasmax. IIpoBeneH anamm3
MOBEACHUSI TIOJIEBBIX 3aBUCUMOCTEH MarHUTOCONMPOTHUBIIEHHS CO-
TJIACHO M3BECTHBIM TEOPETUUCCKUM IPE/ICTaBICHUSIM. Y CTaHOBIIe-
HO, YTO C MOBBIIIEHUEM HHIYKIIMU MarHUTHOTO MOJIsI MATHUTOCO-
HPOTHBIICHUE HUTEBUAHBIX KpHCTALIOB InSb MeHseT cBoif 3HaK OT
TMOJIOKUTENBHOTO K OTpHIaTedbHOMY. OOCYKIat0TC MEXaHU3MBI,
KOTOpBIE 0OYCIIOBIIMBAIOT MOSBICHNE BHICOKMX 3HAYEHUI OTpHUIA-
tenbHOro MarHuroconporueieHus (OMC) B obpasuax InSb c
KOHIIEHTpaIeH JIerupyIomeil IpuMecH, COOTBETCTBYIOMEH OJIi-
30CTH K mepexony MeTau—audiekTpuk. CymectBoBanue OMC
00YCIIOBJIEHO KJIACCHYECKHM pa3MepHBIM d(dexToM, a Takxe
TPaHUYHBIM PAaCCEMBAaHUEM B MPOBOJMMOCTHU MPHIIOBEPXHOCTHBIX
CJIOEB MHUKPOKPHCTAIIIOB.

KitroueBble cioBa: HUTEBUAHBIE KpUCTALIE InSb, oTpunarensuoe
HPOIOJIFHOE MarHHUTOCONPOTHBIICHHE, KOHLECHTPAIMS MPHMECH,
BIMsIHUE AehOpMalnm.
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