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The field dependences of the magnetoresistance for germanium whiskers with gallium doping concentration

0f 2:10"em > were studied in the magnetic field range 0—14 T at temperature 4.2 K under compressive strain up

to 0.2%. The strain influence on a spin-orbit splitting on the valence band spectrum was studied. As a result, the

effective mass and the energies of spin-orbit splitting for light and heavy holes were found under the compres-

sive strain according to kp method. From an analysis of the Shubnikov—de Haas magnetoresistance oscillations

the effective mass of heavy holes m, = 0.25 mgy was calculated. The spin-orbit splitting energy of heavy holes

Apr = 1.5 meV, the Lande factor in direction [111] g* = 4.8 as well as the Rashba cubic parameter of spin-orbit

interaction Bsp = 110 %® eV-m® were found due to the studying of longitudinal magnetoconductance in strained

Ge whiskers at low temperatures. The appearance of negative magnetoresistance in the magnetic field range up

to 7 T likely results from the effect of charge carrier interaction.

Keywords: germanium whiskers, magnetoresistance oscillations, electron-electron interaction, strain, cryogenic

temperatures.

1. Introduction

Nanostructures based on Ge are of great interest due to
surprising physical effects such as SdH oscillations [1],
weak localization (WL)/weak anti-localization (WAL)
crossover [2], extraordinary large Lande factor [3]. The
effect of resonance of g-factor is likely connected with
strong anisotropy resulted from 2 DEG electron conduc-
tance on surface layers of the structures [4]. However, the
valence band is very important when the external perturba-
tion is applied to the samples. Thus, Rashba spin-orbit in-
teraction is important for heavy-hole—light-hole mixing [5].
The good perturbation tool is the strain [6]. Due to the ap-
plication of strain to Ge sample, the six-fold degenerated
valence band splits into three sub-bands corresponding to
light and heavy holes as well as sub-band of SO splitting,
which is enough large and amounts to 0.29 eV. Light and
heavy hole sub-bands in turns splits due to spin-orbit cou-
pling (SOC) under strain in the k direction. The value of
the energy splitting Agp as well as hole effective mass
could be estimated accounting Shubnikov—de Haas (SdH)
oscillations or effect of weak localization of charge carriers
by use of cubic Rashba parameter Bso [7]. The procedure
is widely used for 2DEG holes in Ge nanostructures
[1,3,7]. Nevertheless, Ge whiskers have been investigated
under strain action showing magnetophonon oscillations
and giving the values of effective mass of heavy and light
holes [8]. However, SOC in the whiskers have not been
studied. Therefore, the purpose of the paper is to study the
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magnetoresistance of doped germanium whiskers with
concentration in the vicinity to MIT under compressive
strain and magnetic field up to 14 T to determine the con-
duction mechanism of such crystals at low temperatures.

2. Experimental procedure

As the object of investigation, the p-type germanium
microcrystals were chosen with gallium concentration cor-
respondent to dielectric side of metal-insulator transition
2107 cm™. The germanium whiskers were grown in a
closed bromide system by CVD method [9]. Electrical con-
tacts were established by pulse welding, which provides the
necessary ohmic contacts. Conductivity was studied at tem-
perature 4.2 K. For these studies, crystals were cooled to
liquid helium temperature in the helium cryostat. The tem-
perature was measured by using the thermocouple Cu—
CuFe calibrated with the use of the CERNOX sensor. The
magnetic field effects of the whiskers were studied using
the Bitter magnet with the induction up to 14 T and the
time scanning of field 1.75 T/min. Stabilized electric cur-
rent along the whisker was created by the current source
Keithley 224 in the range 1-100 pA depending on the
crystal resistance. CERNOX sensor was used for magnetic
measurement, in particular for its thermostabilization. It is
weakly sensitive to magnetic field induction. The change
of its output signal in the field with induction B=15T is
about 1%.
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3. Experimental results

The longitudinal magnetoresistance of the p—tyP76 ge_r3—
manium whiskers with gallium concentration 2-10 " cm
was measured in the range 0—14 T at temperatures 4.2—-60 K
under the compressive strain up to 0.2%. The field depend-
ences of the magnetoresistance for strained and unstrained
samples are provided in Fig. 1. As obvious from Fig. 1 the
unstrained whiskers have a parabolic dependence of the
magnetoresistance on the magnetic field induction. Besides
in the range of low magnetic fields, the negative magneto-
resistance (NMR) is observed, while at high magnetic fields
the magnetoresistance oscillations at 5 and 10 T take place.
The strain leads to a decrease in the negative magnetoresis-
tance magnitude as well as an increase of the magneto-
resistance oscillations. Besides the range of the NMR is
wider (up to 7 T) in strained samples as compared with
unstrained ones (up to 2 T) (see inset of Fig.1). The
magnetoresistance oscillation behavior differs in strained and
unstrained whiskers. There are two oscillations peaks at 6.5
and 10 T for unstrained whiskers, while oscillations is great-
er for strained ones. In particular, five magnetoresistance
peaks in the range of the magnetic field induction from 5 to
13T are observed. The field dependences of
magnetoresistance for stained samples at various 7 are
shown in Fig. 2. Amplitude of magnetoresistance oscilla-
tions substantially drops with the temperature rise. Thus, at
temperature 54 K the attenuation of oscillations takes place.

One can calculate the magnetoresistance oscillation pe-
riod as an average difference between the neighboring
peaks in the opposite magnetic field. The oscillation period
for unstrained samples is 0.52 T ' The strain is shown to
influence slightly on the period of oscillations, while the
peak splitting was found to occur. The splitting indicates a
strong spin-orbit interaction induced by the strain of the
whisker.
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Fig. 1. The field dependences of the longitudinal magnetoresis-
tance for unstrained (/) and strained (2) germanium samples at
temperature 4.2 K. Inset: the field dependences of the negative
magnetoresistance.
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Fig. 2. (Color online) The field dependences of the longitudinal
magnetoresistance for germanium whiskers under uniaxial com-
pressive strain at various fixed temperatures: 4.2 (1), 6 (2), 12 (3),
22 (4),35 (%), 54 (6) K.

4. Discussion

4.1. The mathematical model of perturbation of the strain
for the energy spectrum of three subband holes
in the valence band of germanium

The strain forces to degenerate energy spectrum of heavy
and light holes as described by the perturbation theory,
summing up the well-known consideration [10] to arbitrary
strains and highlighting the geometric aspects of the theory.

The influence of strain on three subbands of holes
(2F§, F}“) in the valence band of germanium is consid-
ered, taking into account their spin-orbit interaction. It is
shown that, in accordance with the fourfold degeneracy of
the energy spectrum, the effect of finite strain on the heavy
(/=1) and light hole (/=2) regions can be written in an
invariant tensor form, symmetric with respect to the multi-
plication k;k; accompanying strained system of coordinates
of the wave vector and the strain tensor &:

Ej(k,e) = Ak +aSpe+(-1) (ZB"J"””k.k Kk, +

i"j"m"n

+2‘ZDU’””k<k €

i jemn

.. 1/2
+ Zdlf’""sysmn) W

where BY™ pimn - gimn are generalized contravariant
tensors of the band parameters and strain constants. To rep-
resent F§ these tensors have the following components:

Biiii _ BZ’ Biimm _ _BZ /2, Bijmn _ D2 /4,

D" = Bb, D"™™ =_Bb/2, D™ =Dd /4,
d=p?, gimm = _p2 o g —q? 14, i i, m#n,
(2

where A4, B, D are band parameters, a, b, d are the strain
constants of the valence band.
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The splitting of the zones of heavy and light holes in the
center of the Brillouin zone is equal

SE = 2(2 A )1/2. 3)

On a one-parameter subgroup, the strain of the splitting
OF ~ |s| is not an analytic function of strain in the vicinity
g€ — 0. In the multiparameter case JF ~ 81-2- with € — 0.
Figure 3 shows the energy spectrum of the valence band of
Ge under the uniaxial compressive strain along the crystal-
lographic direction [111] (£ = 180 meV).

To account for the spin-orbit-deflated so-zone (/= 3)
having the representation symmetry F;, we accept the
known nonlinear strain of the approximation of the energy
spectrum in the vicinity k=0 obtained by the invariant
method. In Ge, the influence of the so-zone is felt only
with significant compressive and tensile strain |8| > 0.6%.

A convenient calculation formula was proposed for de-
termining the density of states gjy(E, €) of the Ith carrier
type in a strained semiconductor: a measure that occurs
when the volume element dk° is averaged over the isoelec-
tric surface of the Sg:

g (E,)dE = <(dk3 )> - <‘J;1‘>dE - Z—isj Det (47" )ds,
E

“)
where dSg = d{,dC, is the element of the surface in arbi-
trary coordinates (C;,C,) of the isoenergy surface; J; is Ja-
cobi matrix of coordinate change (£,&;,8,) = (ky,kp, k3).
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Fig. 3. The energy spectrum of the valence band of Ge under the

uniaxial compression along the crystallographic direction [111]:
1, I'— hh (heavy hole), 2, 2' — Ih (light hole), 3, 3' —sh; 1, 2, 3 —
£=0;1,2,3—¢e=0.4%.
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The effective density masses of the states of the my;
holes in the strained Ge were determined by comparing the
densities of the first-degree holes in the strained semicon-
ductor with the corresponding expression for the standard
(isotropic and parabolic) zone, calculated numerically from
expression (4)

(2mg (E))2EV> )
e
2n°h

Calculated in this way, the charge carrier effective
masses of density states vs energy £ for the heavy and
light holes in Ge is shown in Fig. 4.

Depending on the energy and strain, these masses change
in several times, and at low energies the intervals of their
values intersect. Attracts the attention the jump-like behavior
of effective masses in the vicinity of £ -0, € > 0:

(6))

limmg =(mg )el # limmg =mgy(e=0) (6)

E—0,e—0 E—0,e—0
which is a consequence of the nonanalyticity of the band
spectrum on one-parameter subgroups of strain in the vi-
cinity k — 0, ¢ — 0. The values of the chemical potential
were calculated numerically, accounting for the level of
boron doping and the conditions of constant concentration
of holes at anisotropic strain. The chemical potential in-
creases both in compression and in tensile, that is, with the
strain the degeneration of the hole gas increases.

4.2. Analysis of SdH oscillations in strained Ge whiskers

The magnetoresistance oscillation period P in the oppo-
site field for quadratic dispersion law is described as

1 hlel

P=Al—|=—1, (7)
H) Epm.c

where e is the elementary charge; / is the Planck constant;

Er is the Fermi energy; m, is the effective mass of holes.
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Fig. 4. Effective masses of the density states of hole in uniaxial
compressed germanium: /, /', /" — hh (heavy hole), 2, 2', 2" —
lh (light hole), at strain: /, 2 —¢e=0; I, 2’ — ¢=0.4%; 1", 2" —
e=1.2%.
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The effective cyclotron mass was determined according
to the relative change in the amplitude of oscillations at
two different temperatures [11]:

|e| hWH

5 arccosh
2n°kTc

m. =

; ®)

where kp is the Boltzmann constant.

This expression applies in the semiclassical region of
fields assuming that it does not change with temperature
and magnetic field. For small magnetic fields, m. = 0.25 my,
which is consistent with literature data for heavy holes for
strained Ge crystals [12,13]. Substituting the value of ef-
fective mass in the Eq. (7) one can obtain the Fermi energy
Er=180 meV. According to Fig. 2 at such hole energy,
the value of effective mass corresponds to 0.25 m,. Thus,
the value of effective mass for heavy holes calculated by
the use of kp method and SdH oscillations almost coincides
confirming the adequate approach.

The Shubnikov—de Haas oscillations splitting of the
Rashba spin-splitting holes may be described by the fol-
lowing equation [14]:

* 3
A, (B) 2" (£ £Bsok )

=4cos X
P (0) heB
€)
cexp| 9D |V
eBt; |sinhy

where Ep is the Fermi energy, ap =141, is the Dingle
ratio, where 1, is the transport scattering time and 1, is the
quantum scattering time, Bso is the cubic Rashba spin-orbit
parameter and

B 2TcszTm*

heB (10)

Equation (9) may be solved iteratively to determine the
two unknown parameters, the cubic Rashba coefficient Bso
and the Dingle ratio ap [7,15]. The two curves of Fig. 2 at
various temperatures were involved in this 1terat1ve process
giving cubic Rashba coefficient fso= 1.5 10 2% ev-m’® and
a Dingle ratio ap = 17. The obtained Rashba parameter Bso
is in agreement with the literature data in Ge quantum
wells 1-10 2 eV-m® [15]. Nevertheless, it should be noted
that the estimation of a Dingle ratio over a wide range of
magnetic fields gives rather different results changing from
19.7 to 10.6 with a magnetic field induction increase for
SiGe/Ge/SiGe heterostructures [16]. Therefore, our estima-
tions in the range of magnetic field 8.5-11 T, where the
most pronounced maxima were observed, have only ap-
proximate character

Substltutmig
k=2 10°m

magnitude of wave number

17] n
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spin splitting energy Apy can be obtained, which, in this
case, was found to be Agg = 1.5 meV.

The magnetoresistance oscillation splitting allows us to
find the g-factor. The spin-orbit splitting peaks of magne-
toresistance oscillations at the magnetic field By g*upB
coincides with the Landau level splitting I' = fieB; / m.,
that can be written as I' =heB| /m, = g*upB,. Since the
Bohr magneton ng = efi/ 2my), then we obtained [18,19]

(12)

3
Apn =2kpBso

g'= Z(Blmo /Bzm:).

The estimated value of the g-factor for strained Ge
whiskers with a direction [111] g=4.8. The value is in
good agreement with the literature data, in particular, 4.3
[3] and 7 [20] for Ge quantum wells. However, the g-factor
in p-Ge quantum wells is very anisotropic and depending
on the strain direction it could changes in the wide range,
i.e., from 1.3 to 28 [21].

The possible reasons for the NMR effect in the mag-
netic field induction range 0—7 T are: a) strongly defective
whisker structure; b) presence of magnetic impurity; c)
size effect; d) week localization (WL); e) electron-electron
interaction (EEI).

The whiskers have perfect volume and surface crystal-
line structure according to their growth conditions by VLS
mechanism. They have no magnetic impurities, which was
investigated by the diamagnetic magnetization like that of
bulk germanium. Due to large whisker dimensions (of
about 30 um in diameter) the quantum size effect is hardly
responsible for the observed negative magnetoresistance
similar to Si whiskers [22]. As has been shown in [23], a
diffusive regime of charge carrier transport in Ge crystals,
where approximation of weak localization is fair, occurs at
weak magnetic fields (up to 0.2 T). Thus, NMR observing
in the range of magnetic field induction 0.2-9 T (Fig. 2)
could not be connected with weak localization. Transport
of charge carriers in the investigated magnetic fields takes
place in intermediate and ballistic regime [23]. Then NMR
can be explained by charge carrier interaction (EEI). The
authors of [24] have observed the negative quadratic
magnetoresistance in SiGe/Ge/SiGe heterostructures in a
wide interval of magnetic fields with the onset of SdH os-
cillations as monotonic line which combines the geometric
locus of midpoints between adjacent maxima and minima.
Taking into account the interference of electron wave in the
short-range scattering on impurity potential the interaction
correction gives negative magnetoresistance in a wide range
of the inequality kpTt/h>1 [25]. Therefore, we can ex-
plain qualitatively the NMR by charge carrier interaction.
For quantitative evaluations, additional research of Hall
magnetoresistance of the whiskers is needed, which will be
the next stage of the consideration.
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5. Conclusion

The p#/pe %ermanium whiskers with boron concentra-
tion 2:10° " ¢cm ~ in the vicinity to the MIT were chosen to
investigate the longitudinal magnetoconductance in the
range 0—14 T at 4.2 K under the compressive strain up to
0.2%. The studies have shown that unstrained whiskers
have a parabolic dependence of the magnetoresistance on
the magnetic field induction. The strain leads to the appear-
ance of the negative magnetoresistance with a sufficiently
large magnitude (up to 15%). The results of the studies
have confirmed that the conductance mostly occurs in the
subsurface layers of Ge whiskers. According to the two-
zone approximation of the kp-method, the strain removal
twice degenerate level Fg that leads to the splitting of light
and heavy hole branches. From the SdH magnetoresistance
oscillations, the calculated effective mass of heavy holes
me=0.25mg corresponds to decreased value due to the
compressive strain. The spin splitting energy for heavy
holes Agr= 1.5 meV was also obtained due to the ob-
tained Rashba parameter fso= 110 2 eV-m’. The split-
ting of magnetoresistance oscillations under the strain in
the direction [111] allows us to determine the g-factor in
Ge whiskers which is equal to 4.8 and is in good agree-
ment with the literature data for Ge quantum wells.
Negative magnetoresistance observed in the range of
magnetic field induction up to 7 T could be explained
by charge carrier interaction due to their interference in
the short-range scattering on impurities.
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CniH-opbiTanbHa B3aemogia y A4edopMOBaHMX
HUTKonoAibHMx kpuctanax Ge

A. OpyxuHiH, . OcTtpoBcbkuid, HO. XoBepko,
H. Nax-Karyn

BuBYEeHO TONBOBI 3aJI€KHOCTI MarHITOOTIOPY HUTKOMOAIOHUX
KPHCTAJIIB TEPMaHII0 3 KOHIICHTPAII€I0 JICIyBAJIbHOT JOMILIKH
. 17 -3 . . . .
ramito 2:10° " c¢M ~ B miana3oHi MarHiTHUX moiniB 0—14 T 3a Tem-
nepatypu 4,2 K mig giero nedopmarii crucky 0,2%. IIposeneni
PO3paxyHKU BIUIUBY OIHOBICHOI AedopMarii Ha CIIEKTp BaJCHT-
HOI 30HHM TE€pPMaHilo 3a kp-METOMOM JIO3BOJMIM OIIHUTH CHEpril
CHiH-0pOITATFHOTO PO3LICTUICHHS Ta €EeKTUBHI MacH JIETKUX Ta
BaXKHX Jipok. Ha OCHOBiI aHami3y OCHHJIAININA MAarHiToOnopy
ly6nikoBa—nae ['aaza opepkaHo 3Ha4YeHHS €(EKTUBHOI MacH
BaXKHX IIpoK m. = 0,25m(, eHeprii criH-opOiTAILHOrO PO3IIEI-
nenHs Apgp=1,5meB, g-¢akropa Jlamge B Hampsami [111]
g*=4.,8 Tta ky6iunoro napamerpa Pambu crin-opGitansHoi B3a-
—28 3 . . .
emomii fiso =110 = eB-M™. 3rimHo Teopii cmabkoi mokamizamii,
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A. Druzhinin, 1. Ostrovskii, Y. Khoverko, and N. Liakh-Kaguy

JUIS TIO3/I0BXKHBOI MarHiTOMPOBIAHOCTI Je()OPMOBAHHX HHUTKOIIO-
nioHMX KpuctaniB Ge 3a HU3BKHX TEMIIEPaTyp BH3HAUCHO JTOBXKH-
HH (a30BO1 Ta CIiH-0pOITAILHOT KOTePEHTHOCTI HOCITB 3apsiy.

KirouoBi cioBa: HUTKOMOMIOHI KPHCTATU TE€PMaHilo, OCIIIISLIT
MarHiToomnopy, ciabka Jiokaiisaiis, Aedopmartis, KpioreHHi TeM-
nepaTypH.

CnuH-opGuTansHoe B3auMoaencTeme B
AedopMUpPOBaHHbIX HUTEBMOHbIX KpucTannax Ge

A. OpyxuHuH, U. OcTtposckui, KO. XoBepko,
H. Nax-Karyn

W3ydyeHs! moneBble 3aBHCHMOCTH MAarHHUTOCONPOTHBICHHS
HUTEBUJHBIX KPUCTAJUIOB TE€PMaHMUsA C KOHIIGHTpalued Jeru-
pyrouieli mpuMecH TajuTus 2107 em B QMara30He MarHUTHBIX
noneit 0-14 Tn npu temneparype 4,2 K non neiicteuem nedop-

Mmaruu cxatust 0,2%. IlpoBeneHHbIE pacdeTsl BIMSHUSA OJHOOC-
HOU medopManny Ha CHEKTP BaJCHTHOW 30HBI TepMaHUs MO Ap-
METOJy IMO3BOJIMJIM OLCHUTh SHEPrHH CIHH-OPOUTAIBHOIO pac-
MeIIeHUst 1 3 QEKTUBHBIE MACCHI JISTKUX H TSDKETBIX JbIpok. Ha
OCHOBE aHajM3a OCHWUIALMH Marautoconpotusnenus Ly6Hu-
koBa—Je ['aa3a momydens! 3Ha4eHHs 3()(HEKTUBHON MACCHI TsDKe-
JBIX JBIPOK M = 0,25m(, SHEPrUM MX CIUH-OPOMTAILHOTO pac-
mermteHust Agy = 1,5 MaB, g-daxTtopa Jlanne B HampaBiIeHHUH
[111] g*=4,8 u xyOudeckoro mnapamerpa PamoObl cruH-
OpOUTATBFHOTO B3aUMOJAEHCTBUA Pso = 1-10 2 5B-M’. Cornacto
TEOpUH CIa00H JIOKAIU3ALWH, I POIOIBHON MarHUTONPOBO-
JUMOCTH 1e(pOpPMHUPOBAHHBIX HUTEBHAHBIX KpuctayuoB Ge mpu
HHU3KHMX TEeMIlepaTypax OIpeAeNeHbl UIMHBI (a30BOH M CIIHH-
OopOUTATBEHOI KOTEPEHTHOCTH HOCUTENEH 3apsa.

KiroueBbie CIIOBa: HUTEBHAHBIE KPUCTAIUIBI F€PMAHHMs, OCIIHILIS-
UM MAarHUTOCOINPOTHUBJICHUS, ciabas Jokamu3anus, aehopma-
M1, KPUOTCHHBIE TEMIIEPATYPBI.
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