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The magnetic-field dependen@gp to 110 kOg of the resistance of $iGe, 3/Siy G g/ Sig 56 3
with a 2D hole gas in a §bGe&, g quantum well is measured in the temperature range

0.335-10 K and in a range of variation of the currents from 100 nA t@A0Shubnikov—de

Haas oscillations are observed in the region of high magnetic fields, and in the low-field
region H=<1 kOe a positive magnetoresistance is observed which gives way to a negative
magnetoresistance as the field is increased. This peculiarity is explained by effects of

weak localization of the 2D charge carriers under conditions when the spin—orbit scattering time
Tso IS Close to the inelastic scattering timg, and it is evidence of a splitting of the spin

states under the influence of a perturbing potential due to the formation of a two-dimensional
potential well(the Rashba mechanignAnalysis of the weak localization effects gave the

values of the characteristic relaxation timesms=7.2T~ X 10 *? s andr5,=1.36x10 s,

From these characteristics of the heterostructure studied, a valNe 297 meV was

obtained for the spin splitting. @003 American Institute of Physic§DOI: 10.1063/1.1542476

INTRODUCTION kOe) in the temperature range 0.335-10 K for transport cur-
rents varying from 100 nA to 5Q:A. The results made it
The study of quantum interference and quantum oscillapossible to determine the following:
tion effects in heterojunctions yields information about the ~ — the values of the effective mass* and quantum
characteristics of the charge carriers in two-dimensionatime 74 Of the charge carriers, on the basis of an analysis of
electron systems. In some cases the behavior of the magnghe change in amplitude of the Shubnikov—de Haas oscilla-
toresistance of inversion layers in heterostructures in weakons upon a change in magnetic field and temperature;
magnetic fields™ attests to the existence of appreciable — the temperature dependence of the dephasing tjme
spin—orbit scattering, which has been linked to a lifting ofand the spin—orbit scattering timeg, by extracting the quan-
the spin degeneracy in zero magnetic field in the absence @fim corrections to the conduction, which are manifested in
inversion symmetry in the crystabr under the influence of temperature and magnetic-field dependence of the conductiv-
an asymmetric electric field which forms a two-dimensionality;
structure® The lifting of the spin degeneracy in zero mag- — the temperature dependence of the electron—phonon
netic field leads to the formation of two electronic sub- relaxation timere,,, with the use of the electron overheating
systems with nearly the same characteristic parameters. Thsfect:

existence of spin splitting in such objects has been confirmed — the splittingA of the spin states, on the basis of data
by the finding of two effective masses for the charge carriersor the spin—orbit interaction time.
by the cyclotron resonance techniquand also by the ob- The simultaneous observation of Shubnikov—de Haas

servation of beats of the Shubnikov—de Haas oscillations imscillations (which are ordinarily manifested only in pure
different heterostructurés™ The concepts of spin splitting and perfect samplesand quantum interference effedthe
have been used successfully to explain the positive magne@bservation of which requires a rather high level of elastic
toresistance at low magnetic fields in the weak localizatiorscattering in the same sample turns out to be entirely pos-
effect®>™* sible, as was noted in Refs. 14 and 15, since these effects are
In this paper we present the results of a study of weaknanifested at different values of the magnetic fields. The
localization effects and the interaction of charge carriers in aveak localization effect and electron interaction effects are
Siy./Gey 3/ Siy 5Gey g/ Sip 756, 3 heterostructure, which exhib- manifested at low magnetic fields, where the magnetic length
its spin—orbit effectgunlike the Si/Sj_,Ge,/Si heterostruc- L= (Zc/2eH)Y? should be larger than the mean free plath
tures withx=0.13 and 0.36 studied previousfi->for which  (The lengthL, corresponds to the field value for which an
the spin—orbit effects could be neglected@his study in- area 27L is threaded by one magnetic flux quantdbg
cluded the investigation and analysis of the variation of the=hc/2e.) As the magnetic field is increased, the inequality
magnetoresistance at low and high magnetic fialglsto 110 Ly<I| comes to be satisfied, and magnetic quantization ef-
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FIG. 2. Temperature dependence of the resistdRge The solid curve
3.95 shows the experimental data; the data points are the calculated values of the
' quantum correction due to the weak localization effect for the values, of
3.00 F and 75, obtained from an analysis of the magnetoresistance curves. The
275 F dashed curve is the assumed temperature dependence of the “classical”
' resistance.
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FIG. 1. Magnetic-field curves of the resistarRe at different temperatures O the weak Iocallzanon_ effett Under COITIdItIOI’l_S SUCh_

(a) and currentgb). a—I=100 nA, T [K]: 205, 1.738, 1.44, 0.754, 0.346. that 7, and 75, are close in value. It is seen in the insets in

The inset shows the region of low magnetic fields for diffefér]: 0.36 Fig. 1 that the height of the maximufabove the zero-field

(1), 0.754(2), 1.44(3), 1.738(4). b — T~0.35 K, currents: 100 nA, 300 ; ; ; : :

DA 1 A, 2 5. 5 s 10 uA. 15 uA, 28 wA, 40 uA. In the inset value of the rejlstan¢edecrears1es rapidly with increasing

=100 nA(1), 300 NA(2), 1 uA (3), 2 uA (4). temperature and current growth. .

The temperature variation of the resistance of the sample

in zero magnetic fieldFig. 2) confirms the assumption that
fects such as Shubnikov—de Haas oscillations can appear. Ame is seeing a manifestation of effects of weak localization
estimate of the mean free path in the sample gives a valuand quasiparticle interaction: the minimum and the increase
|~300 A. This value ofl and, accordingly, oL, corre- of the resistance with decreasing temperaftirare due to
sponds to a magnetic field=3.6 kOe. Analysis of weak the contribution of quantum corrections to the conductivity,
localization effects can be carried out at fields less than thathich grow as the temperature is loweréd!
value.

2. CALCULATION OF THE CHARACTERISTIC PARAMETERS
1. EXPERIMENTAL RESULTS OF THE CHARGE CARRIERS

The object of study was a §iGe, 3/ Siy ;G&y g/ Sip /Gy 3 The heterostructure under study has a hole type of con-
heterostructure obtained by molecular-beam epitaxy; a quarmtuctivity, and the structure of its valence band is therefore
tum well is formed in the i, Geyg region, which is 10 nm important. In pure silicon there are two degenerate maxima
wide? in the valence band at the poikt 0, where two bands with

The carriers(holeg appear in the quantum well from a different values of the curvature touch; the corresponding
boron-doped layer located a distarred0 nm from the well.  values of the effective mass* are 0.49n, and 0.16n,. The
From a crystallographic standpoint such a structure is &alence bands in germanium have an analogous structure
stressed pseudomorphic heterostructure. The stressed statgvith m* =0.28m, and 0.04n;.
due primarily to the 4% difference in the lattice constants of ~ The form of the Shubnikov—de Haas oscillatigFay. 1)
germanium and silico5.65 and 5.43 A, respectivelyThe  attests to the fact that they are formed by a single dominant
electronic properties of the heterostructure are determined btype of charge carrier. The proposed spin splitting of the
the two-dimensional electron gas filling the potential well. bands was not in any way reflected in the form of the oscil-
The conducting region had a “double cross” configuration inlations. For this reason the analysis of the oscillatory curves
the form of a narrow strip~0.55 mm wide and~2.25 mm  can be done in the standard way.

long, with a distance of-1.22 mm between the two pairs of It is known that the Shubnikov—de Haas oscillations are
narrow potential leads. described by the relation

Figure 1 shows recordings of the magnetic-field-induced 5
variation of the diagonal component of the sheet resistance ﬁp)ﬁ‘o(_iex[{ _ ﬂ) cos( TEF _q)>, (1)
(resistance per squaref the sample at different tempera- pxx  Sinhy WcT fiwe
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wherey =27k T/(hw.), w.=eH/m*c is the cyclotron fre-  where f,(x) =In(x)+(1/2+ 1/x),  is the logarithmic de-
quency,a= /74, 7is the transport timer, is the quantum rivative of thel” function, andD = (1/2)v2 7 is the electron
scattering time, ane is the phase. If the Fermi energy for (hole) diffusion coefficient. The characteristic fieIHi'(;

the two-dimensional electron gas is written in the fosmm  =#c/4eD7, corresponds to a change of the form of the
=ah?n/m* (n is the concentration of electronkoleg),  functionf,(x) from quadratic to logarithmic. For analysis of
then, knowing the change in amplitude of the oscillationsthe variation of the quantum correction in the magnetic field
upon changes of the temperature and magnetic field, we caame can use the relation—Aoy(H)=[R(H)—R(0)]
determine the unknown parameten$, n, andr,. For ex-  X[R(H)R5(0)]~*; here —Aoy(H) reflects the change in
ample, having constructed the dependence ofhe magnetoresistance.

IN[Ap(M/pO)[SinhfT/Y(T)]) on (wcr) *=(uH) ! A computer fitting of the theoretical dependen(,
(Wherep is the mobility, by fitting the experimental data to which contains two unknown fitting parameterg, and TZ ,
a single straight line we can find and then determine,, to the experimental data for the magnetoresistance allows

and having constructed the dependence af#(1)/p(0)) on  one to find the values af, and 7':; and thenrg,. This sort of

In(¢(H)/sinhy(H)) — (7ol uH) and plotting all the experimen- fitting has turned out to be the most successful when an

tal data on a single straight line, we can fimd. The result-  additional term proportional tbl? is introduced. We assume

ing value m*=0.16m, apparently corresponds to heavy that this term reflects the contribution of a correction due to

holes in the heterostructure under study. This value will behe hole—hole interaction in the Cooper channel and corre-

used in the calculations below. sponds to a repulsion between quasiparticles. Such a correc-
The carrier concentratiopsgy found in an analysis of tion to the conductivity has been identified for, §iGey 36

the Shubnikov—de Haas oscillations equals 1.46heterostructures with a quantum chanf{eThe expression

X 10" cm™2. It is close to the valu@,=1.36x10* cm 2  for the correction in the Cooper channel is given in Refs. 18,

obtained from measurements of the Hall coefficient. 22, and 23:

The valuesm* and py can be used to find the elastic 5
scattering time from the electrical conductivity of the chan- c__ e_)\c (@) a= 2eDH (4)
nel, which gives a value=0.147x 10 *? s, and the mean THT T g2 PG AT T

free path of the holes=310 A, and also the Fermi velocity c. ) L
ve, mobility u, diffusion coefficientD, and Fermi energy where\ is the coupling constant. The characteristic field
1 ’ ) C . .
er, by making use of the relations for a two-dimensionalHo = 7CkT/2eD corresponds to a change in the functional
system: ve=(A/m)(27p) Y2 D=0v27/2, er=mh2p,/m. dependence ofp,(\) from quadratic to logarithmic. This
The following values are ’obtaineFd)F;Z.llx 107 cm/s allows us to use the quadratic approximationjmﬁ at low

n=1590 cn?/(V-s), D=32.7 cn¥/s, ande=20.35 mev. Mmagnetic fields Ki <Hg). o
Taking the Cooper correction into account at the lowest

temperatures and at low currents can explain the temperature
behavior of the maximum that arises on the (H) curve in
3. ANALYSIS OF THE QUANTUM CORRECTIONS the weak localization effect under conditions when the elas-
In a two-dimensional system the contribution of thet?C scattering timer, is_ clqse to the spin—orbifc scattering
weak localization effect to the temperature dependence of thtéme. Tso- The magnetic f'eldeaX corresponding .to.thg
conductivity is described by the relatigr? mfmmum is so_mewhat higher thgn _the cha_lracterlsnc field
Hg and should increase weakly with increasing temperature
(as a consequence of the decrease,adind 7-:: with increas-
. (2 ing T). The weak decrease &f,,, observed in this study
(see Fig. lis due to fact that the Cooper correction falls off
where 7 is the elastic relaxation time of the electrongf,1 with increasing temperature asT#/ A rough estimate of the
=10 +215t, (78) T t=r 0+ T+ 2Tt 1,0 is the  coupling constank at the lowest temperature of the experi-
phase relaxation time due to inelastic scattering processesient and at low current is 0.023. It follows from the calcu-
Tso IS the spin—orbit scattering time, and is the time for  lations that the temperature dependemg€T) at T>3 K is
spin—spin scattering on magnetic impuritiés the object described by the relaticm@z7.2T*1>< 10 s, This is close
studied here there is no spin—spin scattering, so the tine to the analogous temperature dependengg=6.6T *
can be neglected, and in that casg=r,). One can go X10 '?*s for p-Si/Si,_,Ge/Si heterostructures with
from the resistance to the quantum corrections to the condue=0.13 and 0.38* A dependence of the fOI’mq,OCT_l cor-
tivity with the aid of the relation —Ao(T) responds to the manifestation of electron—electfionthe
=[R(T)Ro(Tmin)] % whereR is the resistance per square present case hole—hglscattering processes in disordered
of the two-dimensional system, aft,, is the temperature two-dimensional systents:?? For the spin—orbit interaction
at which the minimum of the functioR(T) is observed and time an average value of,=1.36x 10" 2 s is obtained.
the contribution of the corrections is negligible. Figure 3 shows the values obtained fgy and 7, as
In a two-dimensional system in a perpendicular mag-functions of temperature. The deviation gf from the rela-
netic field the change of conductivity due to the weak local-tion ~r¢:7.2T*1>< 10 2 s atT<3 K is apparently due to the
ization effect is described by the relatfdn influence of spin effects. The positive magnetoresistance on
the initial parts of theR;(H) curve (Fig. 1) vanishes when
the inequalityrs,< 7, changes to the oppositey,> 7, . Us-
ing the values found for the diffusion coefficiebt and for

e2
Aor=—om

3 © 1 7
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55 4. TEMPERATURE DEPENDENCE OF THE
ELECTRON-PHONON SCATTERING TIME OF THE CHARGE
CARRIERS

45 —

The electron—phonon interaction timg,, can be found
with the aid of the electron overheating efféttUnder con-
ditions of overheating the electron temperatiiggs elevated
with respect to the phonon temperatdrg, under the influ-
ence of an electric fieldcurren}, and the transfer of excess
energy from the electron to the phonon system is governed
by the timery,. A necessary condition for realization of the
electron overheating effect is the unimpeded escape of
phonons from the conducting layer into the surrounding
crystal. This requirement is clearly met in the sample studied

0.5 ' i here.
0 2 4 6 A comparison of the change in amplitude of the
T,K Shubnikov—de Haas oscillations upon an increase in tem-
- _ ) o perature and an increase in curréfig. 4) allows one to find
FIG. 3. Valugs of the dephasing timg (@) gnd spln_—orblt scattenngP{ne the value ofT, at each specified value of the currette
Tso (O) at different temperatures. The solid curve is a plotrg# 7.2T . L€
«10 2 arrows in Fig. 4.

The time 7, can be calculated with the aid of the heat

balance equation, which implies the relafion
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7,(T), we can estimate the characteristic fiettlg andH§ : (KTe)?= (KTpp)*+ — (€E)*D 7epn. ®)
at a temperaturefd K they are 0.05 and 0.34 kOe, respec-
tively. At magnetic fields exceeding these values by one offhe electric fieldE is easily found from the values of the
two orders of magnitude, the quantum corrections practicallurrentl and resistance per squaRe : E=I1R/a (wherea
vanish, and the anomalous temperature dependence of ti¥ethe width of the conducting channeThe temperature of
resistance vanishes accordingly. the crystal is used fof ,,. The values found for,, with the

We have satisfied ourselves that the values found fouse of Eq.(5) are referred to electron—phonon interaction
7,(T) and 75 give a completely realistic description of the temperatured ¢, under conditions of electron overheating,
anomalous temperature dependence of the resistance of tiuere to a first approximation the estimdtg,,=(1/2)(Tp,
sample(Fig. 2. The values calculated according to E8)  +T,) is valid>?®
for the localized correctiod a# are shown by the data points The observed temperature dependence observegd,pf
in Fig. 2. The dashed curve reflects the assumed temperatunas the formrephzl.sz- 108 and is close to the analo-
variation of the “classical” resistance of the sample. It wasgous dependence for Si{SGe, 3/Si heterostructure’s. A
obtained by extrapolating the functional dependence of thelependencergp}fxT2 is characteristic for two-dimensional
resistance on temperature from the region considerablglectron systent$and is realized at low temperatures under
above the minimum of the resistance. It is seen in Fig. 2 thatonditions such that the wave momentum of the thermal pho-
a quantum correction due to the interaction in the Coopenon is sufficient to change the electron wave vector by the
channel is present in addition to the localization correction.maximum amount R .
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FIG. 4. Variation of the amplitude of the Shubnikov—de Haas oscillations as a function of tempéaatame currentb).
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It should be noted that it remains unclear why the resisthe spin degeneracy. Spin splitting of this nature has a linear
tance of the sample decreases so noticeably as the currentdspendence on the magnitude of the wave veter linear
increased at zero magnetic figlsee Fig. 1k increasing the Rashba tertn We note that in the §,Ge) g quantum-well
current from 100 nA to 1QuA leads to a decrease ¢ heterostructure under study the spin splitting is due to the
from 31502 to 2850(). The resistance remains unchangedRashba mechanism, since germanium and silicon are cen-
as the current is increased further. It is seen in Fig. 4 that atosymmetric crystals.

a current of 10uA the value of the overheating of the elec- The spin—orbit scattering of electrons on impurities is
tron temperature is 3 K, which, according to Fig. 2, corre-the main mechanism for relaxation of the spin state under
sponds to a decrease of the resistance only to 3088 conditions where the spin degeneracy is lifted, for any type
probable cause of this disagreement might be the direct imef spin splitting. Elliof! considered the spin relaxation
fluence of the electric field on the quantum corrections. Wamechanism under conditions such that the spin splitting is
note that the in-plane electric field in the two-dimensionalgreater than the elastic scattering enerfiy#<A) (see also
structure was extremely small in these experiments, ranginBef. 42. There is a linear relation between the spin relax-
from 0.066 V/cm at 100 nA to 0.65 V/cm at 10A. ation rate and the elastic scattering rate. D'yakonov and

The influence of electric field on the quantum localiza- Perel*® considered the case when the impurity scattering
tion correction has been considered in a number of theoretenergy is greater than the spin splittingy/ ¢>A). Scattering
cal paper$>?8-32 pAccording to Refs. 25, 31, and 32, a leads to “randomization” of the spin states, and the spin
change in the value of the localization correction under theelaxation rate turns out to be proportional to the elastic scat-
influence of electric field occurs only as a result of a changeering time.
in the electron temperatur@r the electron drift velocity From the carrier kinetic characteristics found for the het-
The absence of a direct influence of the electric field on theerostructure under study we can conclude that the main
localization correction has been established in experimentsiechanism of spin relaxation is the D’yakonov—Perel’ one.
on films of gold® and bismutt?* However, as was shown in The value ofr obtained by us means that the inequality
Ref. 35, an electric fieldwith a strength of 10—30 V/cin  #/7>A holds up toA=4.8 meV. The spin—orbit relaxation
decreases the quantum correction due to the electrontime 75, can be used to determine the value of the spin split-
electron interaction considerably, as a result of a decrease tifig from the relatiof®
the coupling constank. This decrease in is caused by a
feature of the scattering in a two-dimensional electron sys- _mggﬂ (6)
tem. In this conceptual framework the observed decrease of 7so
the resistance of the sample with increasing current in zergshere the precession frequen@y=A/24. The value of the
field, which is greater than the expected decrease of the rgpin splittingA calculated from Eq(6) is 2.97 meV for the
sistance due to the electron overheating effect, is yet anothefeterostructure under study.
indication of the presence of a contribution to the conductiv-  Qur results show that heterostructures based on the is-
ity from the quantum correction due to the hole—hole inter-ovalent semiconductors Si and Ge can be of interest for cre-
action. ating electronic devices with controllable spin transﬁért.

5. SPIN SPLITTING AND SPIN-ORBIT RELAXATION *E-mail: komnik@ilt.kharkov.ua
YThe sample was grown by the advanced Semiconductors Group, Univer-
Our analysis of the magnetoresistance curves of thesity of Warwick, Coventry, UK.
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