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The magnetoresistance of GaPo.1Asos whiskers doped with silicon with a concentration of acceptor im-
purity in the range of Na =1 x 1017 + 5 x 10!8 cm -3 was investigated. The study of the magnetoresistance of
GaAs whiskers at cryogenic temperatures gives information on the nature of low-temperature conductivity
in such crystals, and can also be used to create magnetic field sensors with a magnetoresistive principle of
action. It is interesting to investigate the magnetotransport properties of GaP:Asi-x solid solution. The
purpose of this work was to study the magnetic support of GaPo4Asos whiskers doped with silicon with a
concentration of acceptor impurity in the range of Na=1 x 1017 + 5 x 1018 ¢cm -3 at low temperatures. The
composition of the solid solution was chosen from the point of view of the change in the band structure of
the varizonic semiconductor. The concentration of charge carriers in crystals was in the vicinity of the
metal- insulator transition (MIT). In this work, the transverse and longitudinal magnetoresistances of the
whiskers were studied in the range of 4.2-77 K in magnetic fields up to 12 T. For most samples, the expo-
nential temperature dependence of the resistance is obtained, which corresponds to the dielectric side of
the MIT. It is established that in the transverse and longitudinal magnetic fields the field dependence of
the magnetoresistance of the crystals is quadratic and is determined mainly by the conductivity of local-
ized A* states of the upper Hubbard zone. However, at low temperatures of 4.2-50 K, a negative magneto-
resistance (up to 7 %) in weak magnetic fields (up to 4.5 T) was detected in GaPo.4Asos whiskers. A critical
magnetic field was determined, in which a transition from negative to positive magnetoresistance occurs.
It is shown that the magnitude of the critical magnetic field depends on the temperature and nature of the
application of the magnetic field. The possible reasons for the appearance of a negative magnetic resistivity
were analyzed: dimensional effect, distribution of impurities in the whiskers. The obtained results indicate
that the mesoscopic dimensional effect does not appear in the studied samples due to sufficiently large
crystal sizes. The results of mass spectroscopic studies have established a homogeneous distribution of im-
purities indicating the absence of clusters in the samples. The obtained negative magnetoresistance was
probably connected with antiferromagnetic exchange interaction of the magnetic moments of charge carri-
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ers in the process of their hopping conductance on the delocalized states of the upper Hubbard zone.
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1. INTRODUCTION

Investigation of magnetoresistance (MR) and elec-
trical conductivity of the GaPo.1Aso.s whiskers allows us
to deepen knowledge about the nature of their conduc-
tivity in the region of cryogenic temperatures, as well
as to determine the conditions for doping crystals to
create sensors usable in strong magnetic fields.

Study of the MR of the GaAs as a well-known sen-
sor material was shown in work [1]. Giant magnetore-
sistive effect was revealed in GaAs/AlGaAs hetero-
structure due to size effect of 2D electron gas [2]. Nev-
ertheless, MR of GaAs/AlGaAs wires can become nega-
tive in a wide range of magnetic fields due to large
boundary scattering of charge carriers [3]. On the other
hand, a distinct microscopic structural disorder could
result in negative MR like that in GaAs:Te monocrys-
tals with large doping impurities [4]. Positive [5] and
negative [6] MR and also crossover from negative to
positive MR [7, 8] were revealed in the GaAs at differ-
ent temperatures by the mentioned authors. The nega-
tive MR (NMR) is revealed at 80 K in the GaAs sample
having Si doping density of 1.67 x 102 cm ~2 and the 6-
doped layer with depth of 40 nm. The conduction chan-
nel in the §-doped layer contains quantized states in
the conduction and impurity bands. The origin of the
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NMR is connected with the presence of conduction in
the inhomogeneous potential due to the impurity local-
ization [9]. The NMR was also observed in the GaAs
whiskers doped with magnetic Mn impurity [10, 11].
The NMR origin in the GaAs is explained by the MnAs
clusters presence of about 1.5 % at a temperature of
30 K and magnetic field induction of 1 T due to spin
scattering of the carriers by the magnetic nanoclusters
[10]. In addition, the NMR origin is due to the spin-
dependent scattering rather than to the weak localiza-
tion for individual (Ga, Mn) As core-shell nanowires
[11]. The NMR decreases according to the temperature
elevation and, as result, the NMR vanishes at a tem-
perature of about 100 K. The authors of [12] interpret-
ed the NMR by the terms of spin-dependent hopping in
the complex magnetic nanowire landscape of the mag-
netic polarons separated by the intermediate regions of
the Mn impurity spins, due to the formation of the
paramagnetic spin-glass phase. On the other hand,
solid solution whiskers are widely used to create the
magnetic field sensors. In particular, the behavior of
the MR was studied depending on the germanium con-
tent in the SiGe solid solution whiskers with boron
doping concentration in the vicinity of the metal-
insulator transition (MIT) as well as the mechanical
and temperature sensors were elaborated on their basis
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[13]. However, the magnetic resistivity of the
GaPo.4+Aso.6 whiskers has not yet been studied.

The aim of the work is to study the electrical con-
ductivity of the GaPo.4Asos whiskers with Si doping to
concentration range of 1017+5 x 1018 cm~3 at low tem-
peratures 4.2+77 K and strong magnetic fields up to
14 T for clarification the possibility of creating mag-
netic and temperature sensors, capable to the operation
in the extreme condition.

2. EXPERIMENTAL

The GaPo.4Asos whiskers are grown by the method
of chemical transport reactions in a closed bromide
system using Si, gold and platinum impurities. The
starting materials were the GaAs and GaP. The tem-
perature of the source zone was 10+70 K, the tempera-
ture of the crystallization zone was 970+950 K. The
composition of the solid solution was controlled by a
microprobe analysis: the content of P in the whiskers
was 40 at. %. The composition of the solid solution was
chosen from the point of view of changing the band
structure of the semiconductor (variation between X
and L points of the Brillouin zone). The diameter of the
whiskers was 40+50 pm. Investigated crystals with a
concentration of acceptor impurities covered the range
from the deep dielectric side of MIT (~ 1017 cm-3) to
the critical concentration of MIT (Ve ~ 5x1018 cm - 3).

Temperature dependences (4.2+300 K) of electrical
conductivity of the GaPo.4Aso.s whiskers and their MR
were measured in the range of magnetic fields with
induction of 0+14T in the temperature range of
4.2+77 K.

3. RESULTS AND DISCUSSION

Typical temperature dependences of resistance of the
investigated GaPo.4Asos whiskers are shown in Fig. 1.
As can be seen from Fig. 1, there is a typical exponen-
tial change in resistance with temperature indicating
the proximity of samples to the transition of a metal
insulator from the dielectric side.

Field and temperature dependences of MR in the
GaPo.4Asos whiskers are shown in Fig. 2. It can be seen
that the field dependence of the MR at low tempera-
tures (near 4.2 K) can be approximated by the power
function:

F ~ CB” (1)

(C = const, B is the magnitude of the magnetic field, n
is the power index).

Studies have shown that the nature of the depend-
ences of the MR ARB/R on the magnetic field B signifi-
cantly differs for samples with increasing temperature.

For the GaPo.4Asos whiskers, the MR at 4.2 K de-
pends on the ARB/R ~ B2 (Fig. 2, Fig. 3). At higher tem-
peratures of 10+60 K, there is the NMR, which is de-
pendent on the value and direction of current and
magnetic field induction. The maximum value of the
NMR reaches 7 % at a magnetic field of 4.5 T and a
temperature of 4.2 K. A similar effect was observed in
[13] for p-type Si whiskers from the dielectric side of
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the MIT, however, in silicon whiskers, the effect is very
weak in comparison with the GaPosAsos whiskers.
Moreover, the NMR effect was observed in the InSb
[14] and GaSb [15, 16] whiskers at low temperatures
and high magnetic fields.
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Fig. 1 — Temperature dependence of the resistance for the
GaPo.1Asos whiskers

Analysis of the change in the NMR with increasing
temperature is given in Table 1. Two characteristic
parameters were taken into account:

1) the maximum value of the NMR;

2) the critical value of the magnetic field, in which
the magnitude changes the sign from negative to
positive.

Table 1 — The NMR parameters in the GaPo.4Asos whiskers

Current and
field orienta- T, K Ber, T [Maximum NMR, %
tions
4.2 4 6
10 7.5 2
20 11 2
BLI 40 10 0.8
50 9.2 0.4
60 6.5 0.05
4.2 4.5 7
10 12 5
B ” I 20 > 12 1.5
30 > 12 1.5

As can be seen from Table 1, the critical value of the
transverse MR is maximum at a temperature of
20+40 K, while there is a significant decrease of this
parameter both during the rise and with the decrease
of temperature. Regarding the absolute value of the
NMR, a steady reduction of the effect was observed
with increasing temperature. It is obvious that at the
temperature of liquid nitrogen, the effect of the NMR is
completely absent in the transverse geometry of the
specimen — when the magnetic field is applied to the
direction of flow of electric current.

Regarding the longitudinal MR (the magnetic field is
applied along the direction of flow of electric current),
despite the reduction of the NMR effect with increasing
temperature, the value of the critical field far exceeds
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Fig. 2 — The behavior of the MR of the weakly doped GaPo.4Asos
whiskers in the transverse magnetic field and a temperature
range of 4.2+30 K

the limits of experimental measurements: In Ber > 12 T.
That is, to establish critical fields for temperature in-
crease, it is necessary to extend the interval of magnet-
ic fields when measuring the parameters of crystals.

Since the objects of the study are whiskers, it is
necessary to consider the possibility of influencing the
measured parameters of such factors as:

1) size effect;

2) the nature of the distribution of impurities in the
solid solution.

1) The possible manifestation of the size effects in
the whiskers will be considered in the following three
aspects:

a) microscopic (quantum) size effect;

b) mesoscopic size effect (associated with the influence
of the surface on the properties of crystals);

¢) macroscopic size effect (its occurrence is mainly due
to the non-identity of samples of different sizes, therefore
it is more appropriate to call this effect geometric).
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Fig. 3 — The behavior of the MR of the weakly doped GaPo.4Asos
whiskers in the longitudinal magnetic field and a temperature
range of 4.2+30 K

In [17, 18], it was shown that the contribution of the
quantum size effect to the electrophysical parameters
of the whiskers should be taken into account in crystals
with transverse dimensions.
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where mo is the effective mass of holes; k is the Boltz-
mann's constant; 7'is the absolute temperature.

For the p-type conductivity GaAs whiskers a ~ 150 nm.
Taking into account that the diameter of the investi-
gated whiskers d = 40+50 um is much larger than the
estimated parameter a, we can conclude that the influ-
ence of quantum size effects on the parameters of crys-
tals can be neglected.

b) A number of mesoscopic effects were detected in
the Si and SiGe whiskers in papers [19]. In particular,
it has been shown that in the crystals with diameters
d < 1 pm the lattice parameter change [19] takes place.
These effects were due to the influence of the surface
on subsurface layers of a small diameter crystal. Prop-
erties of whiskers with larger diameters d > 1 pm did
not differ from the properties of bulk crystals. The
latter conclusion was confirmed in the study of electro-
physical parameters of Si whiskers with diameters of
20+60 pum [19].

Since the whiskers which we are studying have di-
ameters d = 40+50 um, it can be assumed that the su-
perficial effect on their electrophysical parameters will
be negligible.

¢) We did not observe manifestations of the geomet-
ric effects of electrical conductivity and MR in the
GaPo.4Aso.s whiskers of a certain alloy, since crystals of
different diameters were grown in identical conditions.

2) It is known [20] that both electrical conductivity
and MR depend to a large extent on the distribution of
impurities in crystals. In particular, the formation of
impurity clusters in the Si crystals can lead to a de-
crease in their MR. Therefore, to explain the experi-
mental results, it is important to know the information
about the distribution of Si in the whiskers. Prelimi-
nary investigations of the GaPo.4Aso.s whiskers by mass
spectroscopy showed that doping impurities are dis-
tributed homogeneously in them, that is, the formation
of clusters is not observed.

The above considerations show that the GaPo.1+Asos
whiskers can be considered as bulk materials with a
homogeneous distribution of the impurity in the vol-
ume of the crystal by analogy with the SiGe whiskers.

3) It is known [13] that the quadratic law of the MR
change with a field corresponds to bandwidth or conduc-
tivity in localized states of the upper Hubbard zone with
activation energy &. Previously, it has been shown that in
the Si whiskers with concentrations of impurities in the
immediate proximity to the MIT (~108cm-3) at 4.2 K,
indeed, there is a hopping conductivity with activation
energy &. Observation of the quadratic field dependence
of the MR in the samples under study with a boron con-
centration (1+5) x 1017cm~2 and a specific resistance of
0.013+0.025 Ohm x cm (Fig. 3) shows that, in this case,
the conductivity is carried out into the localized states (A¥)
of the upper Hubbard zone.

The NMR is usually observed in specimens with a
concentration of impurity close to the critical concentra-
tion of MIT. We discovered the NMR in the InSb whisk-
ers from the dielectric side of the MIT (Fig. 3). We as-
sume that, as in [14], in such samples, the appearance of
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the NMR may be caused by the formation of hole pairs
due to the antiferromagnetic exchange interaction of
magnetic moments in the process of hopping conduction
along the delocalized states of the upper Hubbard zone.
The determined value of the activation energy of this
conductivity is & = 4.5 meV. The high magnitude of the
magnetic resonance impedance at 4.2 K is probably due
to the fact that 27T is small enough to provide conductivi-
ty in the upper Hubbard zone in such samples. There-
fore, as expected, the maximum critical values of the
NMR appear at higher temperatures of 20+40 K.

4. CONCLUSIONS

At cryogenic temperatures, the MR and electrical
conductivity of the GaPxAsix whiskers with acceptor
concentration (Ng =1 x 1017+5 x 1018 cm—3) and P con-
tent (x =40 at. %) doped with silicon impurity were
studied.

The MR of the GaPo.4sAso.s whiskers with charge car-
rier concentration Nc at the liquid helium temperature is
described by the quadratic dependence on the magnetic
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Maruitoonip aurtkononiouux kpucranis GaPo.4Asos B 0K0Ji mepexony MmeTai-gieIeKTpuK

A.O. Hpyxuuiu, H.C. JIax-Karyii, I.I1. Ocrposebruii, 10.M. Xoepko

Hauionanvruii ynisepcumem «J/Ivsiscora nonimexuixar, ayn. C. Bandepu, 12, 79013 Jlvsis, Yrpaina

BuBuenHs1 Mar"iToomopy HUTKOMIOMIOHMX KpucTamiB GaAs mpy KpioreHHHMX TeMmIiepaTypax jae iHdgop-
Mallifo Ipo IIPUPOY HU3BKOTEMIepaTypPHOI IIPOBIIHOCTI B TAKUX KPHUCTAJIAX, 4 TAKOMX MOKe OyTH BUKOPHC-
TAHO JIJIS CTBOPEHHS CEHCOPIB MATHITHOTO TOJISI 3 MArHITOPEe3UCTUBHUM IpuHIunoM mii. IlikaBo mocimiguru
MAarHITOTPAHCIIOPTHI BIACTUBOCTI TBepaoro po3unHy GaP:Asi - x. MeToro poboru 6yJo JOCIIi/IsKeHHs MATHITO-
oropy HuTKOmomiOHUX KprcTatiB GaPo.sAsos, IEroBaHUX KpeMHIEM 3 KOHIIEHTPAITIEI AKIIEITOPHOI JOMIIIKA
B inrepBasi Na = 1 x 1017+5 x 1018 cm -3 3a Hu3bkux Temuepartyp. Criiag TBEpIoro po3unHy 00MpPaBCsa 3 TOU-
KH 30py 3MIHM 30HHOI CTPYKTYPH BApi30OHHOI0 HAINIBIIPOBIIHMKA. KOHIIeHTpaIlia HOCIIB 3apsily B KPUCTAJIAX
OyJia Gsmabka 110 mepexosy merasi-mieserrpur (IIMJI). ¥V poGoTi mocmimxyBaBes IOMepeduHuii Ta MO30BKHIM
MAarHiToomip 3paskiB B iHTepBasi Temmeparyp 4.2-77 K y maraitaux mosax mo 12 Tu. s 6iasmocti spaas-
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KIB OTpMMAaHA eKCIIOHEHITIMHA TeMIIepaTypHa 3aJIesKHICTH OIOpY, IO BIAIMOBIOAE MIeJIEKTPUYHOMY OOKY
TIM/JI. BerasoBieHO, 110 y IIOMEPEYHOMY Ta ITO30BKHBOMY MATHITHOMY IIOJII ITOJIHOBA 3aJIEYKHICTH MATHITO-
OTIOPY KPHCTAJIB € KBaAPATHUYHOI 1 BH3HAYAJIACS, TOJIOBHHUM YHHOM, IIPOBIIHICTIO IO JIOKAJIi30BaHUX A*
cTaHaxX BepxXHBOI 30HU Xabbapma. OmHak, 3a Hu3bpKuX Temimeparyp 4.2-50 K B HUTKOmOmIOHHX KpHCTaIax
GaPo.4Asos BUsiBIIeHO Bl eMHUN MarHiToomip (1o 7 %) B ciaabkux mMar"itHux mnossx (no 4.5 Tor). Busnauene
KPUTHUYHE MATHITHE MO0JIe, 34 AKOT0 BIIOYBAETHCA MEePeXis 3 BII €MHOrO J0 MO3UTUBHOrO MarHitoomopy. Ilo-
Ka3aHo, 110 BEeJIMYMHA KPUTUYHOTO MATHITHOTO IIOJISI 3AJIEKWUTH BIJl TEMIEPATYypU TA XapaKTepy MPUKJIA-
IaHHS MArHITHOTO I0JisI. AHAJII3YIOTHCA MOYKJINBI IPUUWHN BUHUKHEHHS BiJI'€MHOI0 MATrHITOOIOPY: PO3MIp-
HUU eeKT, POIIOILJI IOMINIOK Y HUTKOIOAi0HoMy Kpuctass. OTpuMaHi pe3ysibTaTH BKA3yoTh, IO Y TOCTi-
JUKYBAHUX 3pA3KaxX HE MPOSBIISETHCS ME30CKOINYHUN PO3MIPHUN edeKT depes JOCTATHHO BEJIHKI PO3MIipH
KpucrairiB. Pe3ymbraT Mac-CIIeKTPOCKOIMIYHUX JIOCIIIKEHb BCTAHOBUJIM TOMOT€HHUI PO3IIOMIJ JOMIIIOK,
110 BKaaye Mo BIJCYTHICTH KJacTepiB y 3paskax. OTpuMaHuil Bi'€eMHMII MArHIiTOOIIp, MOBIPHO, IIOB'A3a-
HUM 3 aHTU(QEPPOMATHITHOI 0OMIHHOIO B3a€MOJIIE€I0 MATHITHHX MOMEHTIB HOCIIB 3apsy B mpoIieci ix cTpuob-
KOMO/MI0HOI IIPOBITHOCTI IT0 JeJIOKAJII30BAHNX CTAHAX BEPXHBOI 30HU Xabbap/a.

Knrouori cimora: Hurkomomioni kpucranu, Heratusauit maraitoomip, CtprbKroBa mmpoBiaHicTs, CIniH-3asIeskHe
PO3CIIOBAHHS.
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