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Magnetophonone oscillations of magnetoresistance in heavily doped n—Ge whiskers with
impurity concentration that corresponds to metal-insulator transition were studied in the
temperatures range 4.2-70 K in continuous and pulse magnetic fields up to 14 T and
35 T, respectively. The influence of uniaxial compressive and tentative strain on the
magnetophonon oscillations of longitudinal and transverse magnetoresistance of n—Ge
whiskers were studied, the intervalley transitions were determined, phonon energy as well
as the effective masses of light and heavy electrons in n—Ge whiskers were estimated. Ge
whiskers were used for creation of strain-temperature sensors, operating in high magnetic
fields and at low temperatures.

WccnemoBanbl MArHnTODOHOHHBIE OCIUJIALNN MATHHTOCOIIPOTUBJICHUSA B CHUJIBHOJIETUPO-
BaHHBIX HuTenogobuerx Kpucrawnax (HK) Gen-tuma nposogyMocTy ¢ KOHIEHTPaLUed Ipu-
MeCH, UTO OTBEYaeT IIepPeXony MeTallI-Iu3JIeKTPUK, B MHTepBaie Temieparyp 4,2—-70 K B
HENPEePBIBHBIX Y MMIYJbCHBIX MAarHUTHBIX IIOJAX ¢ uHAyKnueid 14 Tn u 35 Ta coorsercr-
BeHHO. M3yueHO BIMsHWE OLHOOCHON mehopMAIlMU CIKATUA M PACTIKEHHS Ha Maraurodo-
HOHHBIE OCIHUJIIAIMHU IIOEPEeYHOr0 M IIPOJOJBLHOTO0 MATHHTOCOIPOTHBIEHUS, OIPEIeeHb
MEMKIOJNHHBIE IIePeXObl, OIeHEHBI dHePruu (MOHOHOB M 3P (PEKTHUBHBIE MACCHl THAMKEIBIX U
gerkux osiaextponos B HK n—Ge. Ilpeanoxeno HK repmManus Ajid cO3ZaHUSA HAa UX OCHOBE
HUBKOTEMIIEPATYPHBIX CEHCOPOB AeopMAIllUU-TeMIePaTyphl, pPaboTOCTOCOOHBIX B CHUJIBHBIX
MATHUTHBIX TOJAX.

HusskoTeMmepaTypHi XapaKTepUCTHKN HUTKONMOMiIOHUX Kpucrtajdie repmaxiio. A.O.J[py-
scunin, I.I1.0Ocmposcovruii, J0.M.Xogepro, H.C.Jlax-Kaeyii, A.M.Byiiyux.

Hocaimxeno MarHiToQOHOHHI ocnuaaIlii MATHITOOTIOPY B CHJIBHOJIETOBAHUX HUTKOIOAIG-
mnx kpucragax (HEK) Ge n-tuny nposizHOCTI 3 KOHIEHTpamiero moMimKm, Ino Bimmosimae
Hepexoay MeTaJ-AieJIeKTPUK, B iHTepBaii temueparyp 4,2—70 K B HemepepBHUX Ta iMIIyJb-
CHMX MarLiTHux moaax 3 impyxiiero 14 Ta ta 35 Ta sBiznosizuo. BuBueHo BILINB OgHOBicHOI
meopmaliii CTUCKY Ta PO3TAry HA MArHiTO(POHOHHI OCHMIAII] IOIEePeYHOro i II03LOBMKHBLOIO
MarbHiToomopy, BU3HAUEHO MIiMKJIOJMHHI IIepexonn, olineHo eHeprii ¢oHOHIB Ta ederTUBHI
Macu BaXKMX Ta Jerkmx enexrtporis B HK n—Ge. Banponornosano HK repmasmiro guasa crso-
PeHHsa Ha IX OCHOBI HUSBKOTEMIIEPATYPHHX CEHCOPiB mpedopmalrii-reMieparypu, IIpamne3mar-
HUX B CUJbHUX MATCHiITHUX IIOJAX.

1. Introduction [1-7], because this study made it possible to

find out the nature of the electron-phonon

Magnetophonon resonance has been ex- interaction and also to investigate band
tensively studied in semiconductor crystals structure of crystals. Now this phenomenon
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is in the field of many researches [8-13].
However, unlike previous studies, which in-
vestigated mostly solid samples, the focus
of current research are quantum wells and
superlattices of typical semiconductor crys-
tals: n—Ge [8,9], n—GaAs, GaAlAs [8, 10],
graphene 11-13].

From this point of view it is interesting
to study magnetophonon resonance in Ge
whiskers. There were founded a number of
effects, atypical for bulk samples: lattice
parameter changing [14], the shift of the
fundamental optical absorption bands in the
shortwave region of the spectrum and the
appearance of new luminescence bands
atypical for bulk crystals associated with
exposure of Laplace compressive on whisk-
ers [15]. It should be noted that the issue of
the strain impact on the magnetophonon
resonance behaviour in semiconductors has
been studied in only few publications [10,
12]. At the same time, this issue is very
important for nanoelectronic devices, which
virtually can not avoid the influence of
strain.

Low-temperature piezoresistance of heav-
ily doped germanium whiskers with n- and
p-type conductivity were studied in previous
investigations [16]. According to results of
studies Ge whiskers doped to concentrations
in the vicinity to metal-insulator transition
at low temperatures have a high gauge fac-
tor. That allows using them as sensitive ele-
ments of thermal and mechanical sensors
for cryogenic energetic and space research.
However, the specifics of application for
pressure and temperature sensors based on
germanium whiskers, mainly associated
with their using in the high magnetic
fields. From this point of view, the studies
of influence of the magnetic field as desta-
bilizing factor on sensor operating in the
range of cryogenic temperatures are great
interesting.

The influence of uniaxial tensile and
compressive strain on the magnetoresistance
of heavily doped germanium whiskers with
n- and p-type conductivity are shown in
[16]. During the research of n—Ge whiskers
there was found that uniaxial tensile strain
stimulates an appearance of magnetoresis-
tance oscillations in the transverse magnetic
field, while the effect of uniaxial compres-
sive strain leads to oscillations of the mag-
netoresistance in the longitudinal magnetic
field, due to the redistribution of electrons
between the bottoms of the conduction band
of n-type conductivity germanium under
strain. However, this paper studies magne-
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toresistance in magnetic fields up to 14 T,
which experienced only two oscillating
peaks, so it was difficult to interpret ob-
tained results. It is necessary to research
magnetoresistance in high magnetic fields
up to 35 T, which will occur more oscillat-
ing peaks that gives an opportunity to de-
termine the period of recurrence. There
were not classified intervalley transitions and
phonon energies were not calculated in [16].
The purpose of this paper is to summa-
rize and clarify the behaviour of the n—Ge
whiskers magnetoresistance under uniaxial
tensile and compressive strain in the high
magnetic fields with induction up to 35 T
to determine the nature of magnetophonon
interaction type, intravalley and intervalley
transition types that correspond to the ap-
pearance of oscillating peaks on field de-
pendence of the magnetoresistance on the
basis of results comparison with known
theoretical and experimental data.

2. Experimental

Ge whiskers grown by chemical transport
reactions in the gas phase in closed system.
The crystals were in the form of hexagonal
prisms with the longitudinal axis of the
crystallographic directions <111> and di-
ameters of 10-60 um. Ge n-type conductiv-
ity microcrystals doped with Sb during
growth. As proponents of growth treated
with admixture of gold and platinum. All
samples were poorly compensated (k& < 0.01)
[17]. The impurity concentration in the
crystals corresponded to concentrations
close to the metal-insulator transition
(MIT). Electrical contacts created by pulse
welding silver microwire with microcrys-
tals, contacts were ohmic over the entire
range of studied temperatures. As it is dif-
ficult to create Hall contacts to whiskers
for Hall research to determine the concen-
tration of impurities due their small size we
use resistivity at room temperature for
their characterization. If weak compensa-
tion the resistivity can roughly estimate the
concentration of donor impurities in the
crystal. Proximity to PHC correspond sam-
ples with a resistivity pgoox = 0.02 Ohm-cm.
Uniaxial mechanical stress of the Ge whisk-
ers was established by fixing microcrystals
on the substrate due to the difference of
thermal expansion coefficients of Ge and
the substrate material. Methods for creating
uniaxial mechanical stress and strain values
obtained at different temperatures are
given in [8, 9]. Specifically, the substrate of
quartz and aluminium, on which whiskers
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were fixed provide, respectively, the rela-
tive strain € = 1.87-1073 and compressive €
= —4.88-1073 at a temperature of 4.2 K.

Magnetoresistance measurements of the
of heavily doped n—Ge whiskers with
P3oox = 0.008-0.022 Ohm-cm was  per-
formed on Bitter magnet in fields with in-
duction up to 14 T in the temperature
range 4.2—70 K and in magnetic fields with
induction up to 85 Tesla on the pulsed mag-
net at the temperature of liquid helium in
the International laboratory of High Mag-
netic fields and Low Temperatures (Wro-
claw, Poland). In all the samples the cur-
rent was passed along the direction [111]
and the magnetic field in the directions:
B|[111], B|[110] and B1[111].

3. Results and discussion

Transversal magnetoresistance of heavily
doped n-type conductivity Ge whiskers with
a resistivity pggog = 0.008-0.022 Ohm-cm
was investigated at temperatures of liquid
helium as without strain (Fig. 1), as with
tensile and compressive strains (Fig. 2). As
shown in Fig. 1 and Fig. 2, the dependences
of the magnetoresistance in B1[111] for un-
strained n—Ge whiskers detected oscillation
maxima only for samples with a resistivity
P3pok = 0.01 Ohm-cm, and for samples with
a resistivity pggog = 0.02 Ohm-cm oscillat-
ing magnetoresistance maxima appear only
after strain (Fig. 2). Detected relative mag-
netoresistance oscillation maxima periodic
to inverse field with a period A(1/B) =
0.04 T1 for free and A(1/B) = 0.041 T1
for tensile strained whiskers. Based on the
ratio A(1/B) = e/m*o,, where e — electron
charge , m* — effective mass of an electron
in a certain valley, 0, — phonon frequency,
with which there intervalley of intravalley
electron transition occur electron transi-
tions in unstrained Ge whiskers were speci-
fied. These maxima of the magnetophonon
oscillations due to transitions between Lan-
dau levels in the valley with the cyclotron
effective mass mjy =0.082 m, with the
transverse optical phonon in the L-point of
the Brillouin zone with energy Epp=
36.15 meV [18].

Relative strain with € = 1.87-1073 a ap-
plication leads to a unsibnificant decrease in
the frequency of optical phonon [19] Epp =
36.05 meV, which is indicated in a little
change of the period A(1/B) = 0.041 T 1.
Research has shown the influence of the
strain on the Ge whiskers resistance tem-
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Fig. 1. Magnetoresistance of unstrained n-type
Ge whiskers in the direction J|[111], B1[111]
at temperature 4.2 K with different resistivity
Psoog> Ohm-em: 0.01 (1); 0.008 (2).
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Fig. 2. Magnetoresistance of n-type Ge whisk-
ers with resistivity pggog = 0.02 Ohm-cm in the
direction J|[111], B1[111] at temperature 4.2 K:
unstrained crystal (I); under uniaxial tensile
strain € = 1.87-1073 rel.un. (2); under uniaxial
compressive strain &€ = —4.38-1073 rel.un. (3).

perature dependence (Fig. 8), the strain
does not change the nature of the resistance
temperature dependence (see curves I
and 3). Thus, we can assume that the inter-
pretation of detected magnetophonon oscil-
lations is the same for unstrained and ten-
sion strained samples. Based on the re-
searches we can make one more conclusion
about the evidence of one of the charac-
teristics: magnetophonon resonance period
caused by the same intravalley transition
does not depend on the concentration of
charge carriers.

Compressive strain € =-4.3810"3
(curve 2 in Fig. 38) application leads to the
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Fig. 8. Temperature dependences of resis-
tance for n-type Ge whiskers with resistivity
p300K = 0.02 Ohm-cm: unstrained crystal
(1); under uniaxial compressive strain € =
—4.38:10-3 rel.un. (2); under uniaxial ten-
sile strain € = 1.37-10-3 rel.un. (3).

transfer of the sample through the metal-in-
sulator transition, as a result the tempera-
ture dependence of the resistance change
from metal to semiconductor. In this case,
under the influence of strain degeneracy is
removed, and the isoelectron valleys split
into valleys with light and heavy cyclotron
effective mass of the electron, correspond-
ing to the direction of carriers in the ecrys-
tal. Thus, for the direction [111] cyclotron
effective mass of heavy electrons mpy =
0.207 m,, and for light m; = 0.082 m,,.

As shown in Fig. 2, there no oscillations
of the magnetoresistance in the direction
J|[111], B1[111] in compressive strained
samples. Instead, tension strain leads to the
large magnetophonon oscillations of the
magnetoresistance towards J|B|[111]. On
Fig. 4 it is shown magnetoresistance to-
wards J||B|[111] for n-type conductivity ger-
manium whiskers with a resistivity pgoox =
0.022 Ohm-em in a magnetic field 0-14 T
under uniaxial compressive strain €=
—4.38.1073 at a temperature of 4.2 K. On
the dependence of the magnetoresistance in
the direction J|[111], B|[110] in a magnetic
field with induction up to 14 T four oscil-
lating peaks (Fig. 4, curve I) were detected.
For the experiment in which J||B|[111] on
Fig. 4 (curve 2) there are four oscillation
maxima, and in impulse magnetic fields
shown on Fig. 5 (in pulsed fields up to
35 T) — six oscillating peaks.

Detected magnetoresistance oscillation
maxima in the experiment in which
J|B|[111] (Fig. 4, curve 2) periodic to in-
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Fig. 4. Magnetoresistance of n-type Ge
whiskers with resistivity P300K =
0.022 Ohm:em under uniaxial compressive
strain € = —4.38.1073 rel.un. at temperature
4.2 K in the directions: J|B|[111] (1),

Jl[111], B|[110] (2).
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whiskers

Magnetoresistance of n-type Ge

with resistivity P300K =
0.022 Ohm-cm in the direction J||B|[111] at
impulse magnetic fields under uniaxial com-

pressive strain € = —4.38:1073 rel.un. at tem-
perature 4.2 K.

verse field with a period A(1/B) = 0.025 T1,
while in the experiment in which Jf[111],
B|[110] oscillation period is A(1/B) =
0.018 T ! (Fig. 6).

To interpret obtained results, and for
definition and classification of intervalley
transitions and also phonons energy, we
give energy diagram for n—Ge whiskers
with resistivity pggog = 0.022 Ohm-cm in a
magnetic field derived from the theoretical
work [5] (Fig. 7 and Fig. 8). The points
marked on the chart identify experimental
peaks of magnetophonon oscillations.

On Fig. 4 (curve 1) it is shown that the
oscillation maxima of the longitudinal mag-
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Fig. 6. Magnetoresistance of n-type Ge whisk-
ers with resistivity pggox = 0.022 Ohm-cm in
the direction J|[111], B|[110] at inverse mag-
netic field under uniaxial compressive strain € =
—-4.881073 rel.un. at temperature 4.2 K.

netoresistance J|[111], B|[110], correspond
to the magnetic field of 7 T and 8.3 T due
to intervalley transitions from the valley
with heavy cyclotron effective mass mpy =
0.207 m, to the valley with light cyclotron
effective mass m; = 0.082 m, with the par-
ticipation of the transverse acoustic phonon
at the X point of the Brillouin zone with
energy Ep, = 9.93 meV (Fig. 7, transitions
from N'=0 and N'=1 to N =1, respec-
tively).

Magnetoresistance peaks in the direction
J|[111], B|[110] for the magnetic field 10 T
and 12 T correspond to transitions of elec-
trons with the longitudinal optical and lon-
gitudinal acoustic phonons in the X-point of
the Brillouin zone with energy Er ;s =
29.8 meV (Fig. 7, transitions from at N’ =
0 and N’ =1 to N = 2, respectively).

On Fig. 4 (curve 2) detected that the
maximum magnetoresistance oscillation is
in the direction J|B|[111], which corre-
sponds to the magnetic field of 6.5 T is due
to intervalley transfer of electrons from the
valley with heavy cyclotron effective mass
myg = 0.207 m; to the valley of easy cyclo-
tron effective mass mjp = 0.082 m, with
transverse of the acoustic phonon at the X
point of the Brillouin zone with energy Epy
= 9.93 meV (Fig. 8, transition from N’ =0
at N =1).

Magnetoresistance peaks in the direction
J|B|[111] for the magnetic field 17.5 T, 9 T
and 7.5 T correspond to intervalley transi-
tions of electrons from the valley with
heavy cyclotron mass to the valley with
light cyclotron effective mass with the use
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Fig. 7. Energy diagram of n-type Ge whisk-
ers with resistivity pgoox = 0-022 Ohm-ecm at
magnetic field with the direction J|[111],
B|[110] under uniaxial compressive strain ¢ =
-4.381078 rel.un. at temperature 4.2 K.
Founded experimental peaks of magneto-
phonon oscillations are marked by the points
on the diagram.
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Fig. 8. Energy diagram of n-type Ge whis-
kers with resistivity pgoox = 0.022 Ohm-em
at magnetic field with the direction
JIBI[111] under uniaxial compressive strain
e = —4.88.1073 rel.un. at temperature 4.2 K.
Founded experimental peaks of magneto-
phonon oscillations are marked by the points
on the diagram.

of longitudinal optical phonons at the X
point of the Brillouin zone with the energy
of an optical phonon E;, = 29.8 meV (Fig.
8, transitions from N'=0 to N=1, N =2
and N = 3, respectively). A maximum at the
induction of 28 T due to intervalley transi-
tion of electrons with the longitudinal opti-
cal phonons in the G-point of the Brillouin
zone with energy Ep, = 37.3 meV (Fig. 8,
the transition from N’ =0 N = 1).

An interesting feature of the detected
transitions is a limited temperature range
of their appearance. Fig. 9 and Fig. 10 show
temperature influence on the behaviour of the
magnetoresistance of the same whiskers under
tensile and compressive strain respectively.

From the temperature dependences of the
magnetoresistance in the direction Jf[111],
B1[111] shown on the Fig. 9 for n—-Ge
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Fig. 9. Temperature dependences of magne-
toresistance in direction J|[111], BL[111] for
n-type Ge whiskers with resistivity pgox =
0.02 Ohm-cm under uniaxial tensile strain € =

1.837:1073 rel.un. at different temperatures,
K: 4.2 (1), 23 (2), 36 (3), 50 (4).

whiskers with a resistivity psgox =
0.02 Ohm-cm under tensile strain, it is clear
that the maximum amplitude of the oscillat-
ing peaks at 4.2 K, and the period of oscil-
lations of the magnetoresistance is inde-
pendent of temperature. As shown in Fig. 9,
with increasing temperature the peak value
decreases and at the temperature 36 K
curve is monotonic (curve 3 on Fig. 9). As
shown on Fig. 10 for the magnetoresistance
in the direction J|B|[111], the largest am-
plitude of the oscillating peaks detected at
temperature 4.2 K with increasing tempera-
ture to 35 K observed their practical at-
tenuation.

The relatively low temperature range of
scattering by acoustic and even optical pho-
nons related, on our opinion, with the influ-
ence of strain on the properties of heavily
doped whiskers near metal-insulator-transi-
tion. A similar behaviour we observed earlier
during the study piezo-termo EMF in heavily
doped Si—-Ge whiskers, for which was shown a
sharp increase in the Seebeck coefficient at
the imposition of strain in the temperature
range 4.2 K—20 K, which was associated with
the capture of carriers by phonons [20].

These experimental results can be used
to create sensors of mechanical and thermal
values based on n—Ge whiskers, in which
there is a weak dependence of resistance on
magnetic field. As shown by studies, best
for low-temperature strain — temperature
sensors are n—Ge whiskers with resistivity
of 0.02 Ohm-cm. Calibration characteristic
of the sensor is shown on Fig. 11. Minimal
change in resistance in these samples at
4.2 K observed in a transverse magnetic
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Fig. 10. Temperature dependences of magne-
toresistance in direction J||B|[111] for n-type
Ge whiskers with P300K =
0.02 Ohm-em under compressive
strain € = 4.38:1073 rel.un. at different tem-
peratures, K: 4.2 (1), 12 (2), 22 (3), 35 (4),
54 (5).
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Fig. 11. Graduating characteristic for sensi-
tive element of the strain-temperature sensor
based on the n—Ge whiskers with resistivity
Pgpox = 0-02 Ohm-cm.

field. Thus, the compressive strain magne-
toresistance is almost independent from the
magnetic field in the range 0-14 T (Fig. 2,
curve 3), and for tensile strain — in the
range of 0-5 T (Fig. 2, curve 2). At higher
fields up to 14 T in tensile strain samples
revealed almost linear magnetoresistance
change with an increase of 1 % /T, and this
dependence varies slightly with temperature
in the range 20-70 K (Fig. 9, curves 3-5).
The precision of strain measurement is
about 107°, and temperature — 0.1 K.

4. Conclusions

Magnetophonon oscillations of the mag-
netoresistance in n-type conductivity Ge
whiskers with the concentration of impuri-
ties Sb, corresponding to metal-insulator
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transition in the temperature range 4.2-
30 K were found. Magnetoresistance oscilla-
tions in the direction (J||BL[111]) observed
in the samples doped to concentrations near
the MJT with a metal part in the un-

strained whiskers with P300K =
0.01 Ohm-em. When approaching the metal-
insulator transition (P300x = 0.02-

0.022 Ohm-cm) oscillations are stimulated
by relative strain e = 1.87-1073. On the
basis of determining the period of oscillat-
ing peaks in the reciprocal field
A(1/B) = 0.04 T71, based on the geometry of
the experiment showed that the detected
magnetophonon oscillations peaks occur due
to transitions between Landau levels in the
valley of the effective mass m; = 0.082 m,
with the transverse optical phonon in the
L-point of the Brillouin zone with energy
Ero = 86.15 meV.

Magnetophonon oscillations of magne-
toresistance are observed in the samples
with pggog = 0.02—-0.022 Ohm-cm doped to
concentrations in the vicinity to MIT from
the dielectric side under compressive strain.

Identified oscillation peaks of magnetore-
sistance are periodic to inverse field with a
period A(1/B) = 0.025 T~1 in the geometry
of the experiment J||B|[111], where as oscil-
lation period is A(1/B) = 0.018 T! in the
geometry of the experiment J|[111],
B|[110]. The identified resonant oscillations
are caused by intervalley scattering of elec-
trons, including their interband transitions
between Landau levels of the wvalley with
heavy cyclotron effective mass mpy =
0.082 m, to the valley with light cyclotron
effective mass m; = 0.207 m, with acoustic
and optical phonons in I', X; and Xg —
points of the Brillouin zone with energy
Epy,=387.8 meV, Ep, =993 meV and
E;o = 29.8 meV, respectively.

As shown the experimental studies, the
value and sign of the uniaxial mechanical
strain, magnetic field and temperature are
critical factors due to which we can control
the amplitude mahnetofonon oscillations.
Limited temperature range (4.2—-30 K) ob-
servation of magnetophonon oscillations in
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n—Ge whiskers are probably due to the in-
fluence of strain on the properties of heav-
ily doped whiskers near MIT.

On the base of investigated n—Ge whisk-
ers with pggog = 0.02 Ohm-cm there were
created strain-temperature sensors with mini-
mal sensitivity to the influence of magnetic
field. The precision of strain measurement is
about 107%, and temperature — 0.1 K.
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