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The temperature and magnetic-field dependences of the resistance of Si/SiGe heterojunctions
with hole-type conductivity are investigated. It is shown that the features of these dependences are
due to a manifestation of quantum interference effects — weak localization of the mobile

charge carriers, and the hole—hole interaction in the two-dimensional electron system. On the basis
of an analysis of the quantum interference effects, the temperature dependence of the

dephasing time of the wave function of the charge carrier is determined6.6x 10 2171 s,

This dependence@ocT‘l must be regarded as a manifestation of hole—hole scattering

processes in the two-dimensional electron system. The contribution to the magnetoresistance
from the hole—hole interaction in the Cooper channel is extracted, and the corresponding
interaction constant$~0.5 is found. ©2000 American Institute of Physics.
[S1063-777X00)01208-1

INTRODUCTION tum well.” As we know, for the manifestation of quantum
. . . . interference effects a high degree of disorder is required, i.e.,
The most important research area in solid state physicg,e presence of perceptible elastic scattering of electrons.
for the past two decades has been the physics of low- i iq of interest to ascertain whether both magnetogquan-
dimensional electron systerhsProgress in semiconductor 1 ang quantum interference effects can be investigated in a
technology, in particular, the development of molecular-gingje object. Let us consider in more detail the conditions

beam epitaxy, has made it possible to create various seMjecessary for observation of these effects. The WL and EEI

conductor structures with a two-dimensional electron gaSggfects are manifested in a region of magnetic field values
These include metal—insulator—semicondudtdiS) struc-

) ) , comparable in scale with the values of the characteristic
tures and inversion layers, delta layers, ard—p—i—n su-

fields for these effects, and at the same time such that the

perlattices, single heterojunctions, and quantum  well§,,gnetic length_,, at these fields remains larger than the
(double heterojunctionsin all cases the mobile charge car- electron mean free pati. The magnetic lengthL

riers (ele_ctrons or _holesoccupy quz_intum levels in the cor- = (fic/2eH) Y2, which characterizes the electron wave func-
responding potential well. The motion of the electrons alongq, i 4 magnetic field, is determined only by the magnetic
a certain directior{along thez axis) is restricted, while the field and does not depend on the kinetic properties of the

motion in thexy plane remains free. electrons. The length,, corresponds to the field value at

Heterojunctions are contacts between two semiconduq,—vhich an area %Lﬁ is threaded by one magnetic flux quan-
tors with slightly different band structures, a situation Whichtum ®,=hc/2e. Manifestation of quantum interference ef-

is achieved by introducing a small amount of isovalent S“bTects is possible under the conditian,>1. If the opposite

stitutional impurity atoms into the lattice. The discontinuity inequality holds,L,<I, then magnetoquantum effects such
of the bands at the boundary and the internal field that arisesq gy oscillations can come into play. Consequently, these

cause bending of the bands near the boundary, and this giv%o types of quantum effects can be manifested at different

rise to a potential W?” with dlscret_e energy states. The diy 5 65 of the magnetic fields. This assertion is clearly illus-
verse phenomena in the two-dimensional

, V0-O electron 9agaieq by the experimental data presented below for the two
(Shubnikov—de Haa$SdH) oscillations, the quantum Hall Si/SiGe heterojunctions.

effect, electronic phase transitionsave become objects of
intensive study in recent times. The observation of SdH OS] GENERAL CHARACTERISTICS OF THE SAMPLES
cillations in heterojunctionge.g., in GaAs/AlGaAgRef. 2 '

or Si/SiGe[(Ref. 3] and the quantum Hall effect can occur The samples studied were grotviby molecular-beam
only in modern structures with high values of the electronepitaxy (MBE) from solid Si and Ge sources by means of
mobility. In addition, heterojunctions not exhibiting magne- electron-beam evaporation and are dislocation-free, fully
toquantum effects have displayed quantum interference ektrained heterostructures with modulated doping. Samples A
fects — weak localization of electrof8VL) and electron— and B differ by the percent Ge in the;SiGe, channels X
electron interactiofEEI). These effects have been observed,=0.36 and 0.13, respectivglgnd by their thicknessd8 nm

e.g., in GaAs/AlGaAs heterojunctichd and a SiGe quan- and 30 nm and also by the optimal temperatures of the
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TABLE I. Characteristics of the samples. 30
a
Sample 8 :
a =
Parameter A B 6 20,
mO - (=]
Ry, kQ (at 2 K) 45 2.7 4 A
nyx 1071, cm 2 6.0 1.9 == z
NegX 1071, cm 2 6.7 2.0 < 10 &
wy, o Vlst ~2300 ~12 000 2F
m*/mq 0.243 0.242 -
D, cn? st 14 25 ' L 0
0 10 20 60
8
5 b o
: . . s k. 16 <
pseudomorphic growth of the Si,Ge, channels(450°C I o™
and 875°Q. First a silicon buffer layer 300 nm thick was 2 4L _4 =
grown on then-Si (001 surface of the substrates. This was *x L ' >><,
followed by the growth of a $i ,Ge, channel, an undoped o 2 1
Si spacer layer 20 nm thick, and an upper, boron-doped B 2
(2.5x 10'® cm™3%) Si epitaxial layer 50 nm thick. The con- - s
ducting region at the Si/SiGe boundary had a “double 1 ! L L L 0
cross” configuration in the form of a narrow strip0.5 mm 0 10 20 30 40 50 60
wide, ~4.5 mm long, and with a distance between the two H, kOe

pairs of narrow potent|al Iead81f5._2'2 mm. FIG. 1. Magnetic-field dependence of the diagonal compoRgpand off-
Table | shows the characteristics of two of the Sa-mple%iagonal(HalI) componenR,, of the resistancéper squargfor samples B

studied (A and B) as obtained from measurements of the(a) and A(b) at a temperature of 0.33 K.
conductance, magnetoresistance oscillations, and the Hall
coefficient at temperatures of 0.335-2.2 K.
The mobile charge carriers in these samples are hole$igher electron mobility, and the quantum-Hall-effect steps
but to simplify the terminology we shall by convention refer are more pronounced for it.
to them below as electrons. The value of the resistance per
Squard?g is given in the table for 2 K, since the minimum of 2. ANALYSIS OF THE SHUBNIKOV—-DE HAAS
the resistance for sample A is observed near that tempergsciLLATIONS
ture. The character of the temperature dependence of the
resistance of the samples below 4.2 K turns out to be differ-
ent. The resistancR for sample A as the temperature is Apyy V) Ta
lowered passes through a minimumear 2 K and then in- 0 = Sinhw ex;{ -
creases somewhétom 4.5 K) to 4.93 K) at 0.337 K. This XX
clearly indicates a manifestation of quantum interference efwhereW =2w%kT/(fiw.); w.=eH/m* is the cyclotron fre-
fects and the appearance of quantum corrections to the cofUency, w.7~uH, w is the mobility, a=7/7y, 7 is the
ductance. The resistané®; for sample B decreases in this transport time,r, is the quantum scattering time is the
temperature intervalfrom 2.7 k) to 2.5 K2), i.e., it does Fermi energy, reckoned from the bottom of the first quanti-
not exhibit pronounced quantum interference effects. Apparzation band, an@ is the phase. For a two-dimensional gas
ently the quantum corrections arise against the backgrounie Fermi energy is related to the electron concentration as
of a temperature-related change in the resistance due to other wh2n
factors. In such a situation the quantum corrections to the ep=—p—. (2
temperature dependence of the resistance cannot be reliably
extracted. Therefore, for analysis of quantum interference we In relation (1) [upon substitution 0f2)] the unknown
predominantly use the corrections to the magnetic-field deparameters are the effective mas$, the concentratiom,
pendence of the resistantgee Sec. B and«a, wheren appears in the last factor and the temperature
Figure 1 shows the dependence of the diagonal and offappears only in the first factor, which governs the
diagonal(Hall) components of the resistance as a function oftemperature-related damping of the SdH amplit(eig. 2).
the magnetic field for samples B and A at a temperature of he desired quantityn* can be found by methods which are
~0.33 K. The curves exhibit SdH oscillations and stepswell known in the literature. For example, if we take into
which appear on account of the quantum Hall effect. Theaccount thatv.7~ uH and treat the mobility as known from
guantum numbers of the steps and the oscillatory extrema the kinetic characteristics, then after representing the experi-
can be determined from the quantum Hall effect data, sincapental data in the form of Iip,/p°) versus InW/
as is well knownR,=h/e?» "1 for a two-dimensional elec- sinh(¥))—ma/uH, one can find the value ah* by fitting
tron gas in the quantum-Hall-effect regime, iR, = 25813 the data for the entire interval of magnets and temperatures
v~ Q. The values oRy, found experimentally are in satis- studied to a single straight line. Another methadn also be
factory agreement. Sample B is more perfect and has ased. By approximating sinti) as exp{)/2, one can repre-

The SdH oscillations are described by the relation

{2778,:
co +od

hwe

: @

T




Low Temp. Phys. 26 (8), August 2000 Komnik et al. 611

5000 4557
4.45[%,
3500 A
5000 4.35% ""’1..«_‘ T=2.244K
480 """"‘"-um.
_‘ -
3500 4701,
5000 460 -,__....
4557 S, -
I -
S 5000 a40l -,
o .
A a 4601 “"'-‘*..._ T=1.691K
X 3500 % s, e,
T 5000 v 4801,
X r “s
m>< 440 L ..-t-.~
3500 4.607 e T=1220K
5000 L. o Srmirees an
4,451 "-,.
3500 4.70 [ ""'-m...,‘ T=0.972K
5000 460 Wt oo gttt e
450[ %
3500 480¢
* T=0.619K
2000 1 1 { e 1 I 4.70 '-_ N Ny
0 10 20 30 40 50 60 I
460+ -
H, kOe L T=0.335K
FIG. 2. Magnetic-field dependence of the diagonal compofgntof the 450+ '-_. ',_o-.-'mm '
resistancéper squargfor sample A at different temperatures. L '«.,W,,w‘
A% 4 & 8 10
sent the experimental data for the amplitudes of the SdH H, kOe

oscillations in the form of linear relations W|T)xC . . o .
. . FIG. 3. Magnetoresistance of sample A in low magnetic fields at various
—27%kni* T/(ehH), where C is a temperature-independent temperatures.

constant. The slope of the straight lines at a fixed magnetic
field is determined the quantity* that we seek. If the ef-
fective mass has been determined, then an analysis of the. heavy holes with an effective massn* =(0.24
magnetic-field dependence of the amplitude of the SdH 0s+0.01)m,. It is this value of the effective mass which we
cillations can yield the value af. The value of the charge shall use below in an analysis of the quantum corrections to
carrier concentration found from analysis of the period of thethe investigated hole-type Si/SiGe heterojunctions.
SdH oscillations in high fields under the assumption of a
quadratic dispersion relation has turned out to be ex'Fremelg_ QUANTUM INTERFERENCE EFFECTS
close to the value found from Hall measurements in low
fields (see Table)l The initial parts of the curves of the resistance of the
In the band structure of bulk samples of undeformedsamples versus magnetic demonstrate a negative magnetore-
silicon the two degenerate maxima in the valence band at theistance effectFig. 3), which falls off noticeably in ampli-
point k=0 correspond to hole valleys with effective massestude as the temperature is raised. This is just how the quan-
m* =0.5m, (heavy holes and m* =0.15m, (light holes.®  tum correction to the resistance from the WL effect behaves
The concentration of light holes is very small compared toin the case of weak spin—orbit scattering. The manifestation
that of the heavy holes, but they have a substantially higheof the WL effect in small fields and the SdH quantum-
mobility than do the heavy holes. From the SdH oscillationsoscillation effect in strong fields in the same sample is pos-
we have found for the first time the values of the effectivesible, as we have said, if there exists a region of magnetic
masses of holes in fully strained pseudomorphic Si/SiGe heffields for which the magnetic length, remains larger than
erostructuregsee Table)l We see that, because of the com-the electron mean free pathAn estimate of the mean free
plete lifting of the degeneracy, only one type of hole appeargathl and the characteristic transport elastic time timean



612 Low Temp. Phys. 26 (8), August 2000 Komnik et al.

be made by using the expressioRlil:neZT/m* edge of the electron diffusion coefficieBt which is deter-
=né’l/vgm* and the valueg=(27n)Y%4/m* for a two-  mined from the formula for a two-dimensional electron gas:
dimensional electron gas. For samples A and B we hav®=(1/2)v2r.
obtained the following formulast—Q 78x10° cmis, T Analysis of the experimental curves for the magnetore-
=2.86x10 1% s, andl~2.8x10 ¢ cm for sample A, and sistance, replotted in the form of thes: n(H) curves in ac-
ve=5.37x10° cm/s, 7=1.7x10 ¥ s, andl~9x 10 ® cm  cordance with(3) showed that the quantum correction due to
for sample B. It follows that quantum interference effects carthe WL effect gives a good description of only the initial part
be observed in sample A in magnetic fields up to 4.5 kOeof ther-h(H) curves(here the results of the fitting to rela-
and in sample B up to 0.5 kOe. We devote most of ourtions (3) and (4) are no different, since these objects have
attention in the analysis of the quantum interference contriweak spin—orbit scatteringAs the magnetic field increases,
bution to the magnetoresistance for sample A. atH~0.2 kOe a magnetoresistance component of the oppo-
In the manifestation of quantum interference effects —site sign appears, its amplitude falling off with increasing
the weak localization of electrotfs®® and the electron— temperature in the interval 0.335—-2 K. The assumption that
electron interactiolf141%1’_ analysis of the behavior of this component is due to the ordinary magnetoresistance of
the quantum corrections to the conductance in a magnetithe form Ap/p=H? does not hold up, since the change in
field yields information about the most important character-mobility in this temperature interval is insignificant. We have
istics of the relaxation and interaction of electrons in thearrived at the conclusion that this component is a quantum
investigated two-dimensional electron system: the dephasingprrection due to the electron—electron interaction. Several
time 7, of the electron wave function, its change with tem-forms of this correction are known. Manifestation of the
perature, and the electron—electron interaction parameters quantum correction due to the EEI in the diffusion channel is
unlikely, since it is due to disruption of the interaction in the
® spin subbands as a result of Zeeman splitting and becomes
In a two-dimensional electron system in a perpendiculasubstantial at rather high magnetic fieldsi:éHO wkT/
magnetic field the change in conductance due to the Wigug), whereg is the Landefactor andug is the Bohr
effect is described in the general case by the expreSsidn  magneton The Maki—Thompson correction, which is due to
a fluctuation process, has the same functional form as the
localization correction and cannot alter the shape of the mag-
, 3 netoresistance curvésee Fig. 3. The most likely candidate
is the quantum correction due to the EEI in the Cooper
channel. The latter correction is described by the
where f5(x) =Inx+W(1/2+ 1/x), ¥ is the logarithmic de- eypressiort31417
rivative of thel” function, Tr= T r2rst, () =T
+(4/3)744 1y (2/3)7-S , To0 being the phase relaxation time c_ e? c ' _ 2eDH
due to inelastic scattering processeg, the spin—orbit scat- Aog=— ﬁ)‘H‘PZ(O‘)' A= oKT ®)
tering time, andrg the spin—spin scattering time for scatter-
ing on magnetic impuritieéin the absence of which this time The functione, is similar to the functiorf,, but the charac-
can be left oyt andD is the electron diffusion coefficient. teristic field HS=wckT/(2eD) is con3|derably higher than
The first term in(3) corresponds to the interference of the Hg, as a rule In low magnetic fieldsH<Hg) we have
wave functions of electrons found in the triplet spin state,@2(a)~0.3a%, so that one may use this approximation in
and the second to those in the singlet spin state. In the cagglr case.
of strong spin—orbit scatteringr(>rs;) by virtue of the As we see from Eq(5), the Cooper quantum correction
inequality 7,> 7} the change in conductance is determinedvaries with temperature & °, which agrees well with the
by the second term which corresponds to a positive magneriation of the positive component of the magnetoresis-
toresistance. For, <, the magnetore3|stance is negative, tance. The sign of the quantum correctibary; (and, accord-
and the field dependencﬁe(rH(H) is described by the ex- ingly, the sign of the magnetoresistands determined by

3.1. Determination of the temperature dependence of T

e2

Aop(H)=
op(H) P

3 (4eHDT;
e

2 fic

1 (4eHDT¢,)
e

2 fic

pression the sign of the interaction consta)nﬁ. in the case of repul-
sion of the quasiparticles one h&§>0, giving a positive
o2 4eHDr magnetoresistance. The interaction cons&‘ﬁﬁs the param-
Aog(H)= S 2 fz( " ‘”) (4)  eter to be extracted from a fitting of the experimental curves
a

to expressiorn5). Here, depending on the form of the curves,

expression(3) or (4) is used, withr, as the adjustable pa-
The functionf,(x) has the formkx? at smallx, i.e., in  rameter.

low magnetic fields, and I®(7.12) in high fields. The char- As a result of the calculations, in which a good descrip-

acteristic field corresponding to the region of strong variationtion of the experiment was achieved, we obtained the tem-

of this function H5=%c/(4e Dr,)) is usually of the order perature dependence of the electron dephasing timghe

of ~0.1 kOe. unfilled symbols in Fig. % It is approximated by a power-
At small values of the magnetoresistance one can use tHaw function 7,=6.6x 10" tor-1,
relation —AoH(H) [R(H)— R(O)]/(R(H)RD(O)) and For sampda B a negative magnetoresistance is also ob-

here the field dependence eanH(H) reflects the trend of served in low fields, but it is very weakly expressed, and,
the magnetoresistance. To fit tberh(H) curves to relation furthermore, as we have mentioned, it can be analyzed in
(3) and thus to obtain the desired valuergfrequires knowl-  terms of the concepts of quantum interference only in fields
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T K ever, as was shown in Ref. 19, even in the case of repulsion
’ of the electrons at small distanc@sﬁ(>0) for the EEI ef-

FIG. 4. Dephasing time versus temperature; the data were obtained from tH€Cts, formula(7) remains valid at low magnetic fields, but

weak localization and electron interaction effects for sample©A énd B the tempera’[uré’C takes on a formal meaning:

(D).
1
KT.=¢f exp( F) . (9)

0

n Fig. 5 it is easy to determine this characteristic tempera-
ure T, (it is equal to 3.2 K and then to find the bare value
of the interaction constan,5=0.5.

The interaction constant found from the quantum correc-
tions is usually written in terms of the universal constant
— the angle-averaged interaction amplitude of the electrons
than for sample A )

. 1 at small momentum transfers. In the presence of screening of

A dependence of the form obtained hergxT ™", de-

. . . the Coulomb type the constaRttakes on values from zero
scribes electron—electron scattering processes in twa-

dimensional system<.The electron—electron scattering time n the absence of screenifire "bare” interaction to unity

. - . . in the case of complete screening. The functional fornk of
was calculated in Ref. 18 for the case of collisions involving. = . . .
small changes in the energies and momenta of the electronléc':d'ﬁerent for the mtgrag:uon constants found from the tem-
pérature and magnetic-field dependence of the quantum cor-
. kT rections, in the regions of weak and strong magnetic fields,
Tee :mln(ﬂwdsm, (6)  and for weak and strong spin—orbit interaction. In the case
ds considered, that of weak spin—orbit interaction, one should
where vy, is the electron density of states. Using(B) for  take )\OC=1—F for the interaction constant found from the
the case of sample A the value found @rand the calcu- magnetic-field dependence of the quantum correction. Thus
lated valuevys=m*/(7#?) (for a 2D electron systemwe  F=0.5, which is a completely reasonable vafte.
obtain the resultr,e=7.39x10 T~ 1. The values ofree The value we have found fd¥ is confirmed by an analy-
calculated from(6) differ from the experimental values af, sis of the change in resistance of sample A at temperatures
by an order of magnitude, but such a disagreement is conbelow the resistance minimum. For example, in the region
pletely acceptable in view of the estimates usedifgy, D, 0.3-0.8 K the temperature dependence of the resistance is
etc. described well by a straight line in the coordinates,
—In(T) (Fig. 6 and can be represented by the temperature
dependence predicted by the theory of WL and EEf

less than 0.5 kOe. The EEI contribution is not manifested i
such fields. On the basis of an analysis of the initial parts ort
the magnetoresistance curves with the use of relddprwe
found thatr, has the same dependence for samplér
triangles in Fig. 4 as for sample Aof course, the error with
which 7, is determined is substantially larger for sample B

3.2. Interaction constant A §

eZ
The temperature dependence\gf (Fig. 5) for sample A Ao=——arIn(T), (10
agrees well with the theoretical predictibh’ 2mh
T wherea;=p+ A\t in the case of weak spin—orbit interaction
()\ﬁ)—lz _|n<_|7)_ (7) (17,<7s) andar=—1/2p+\y in the case of strong spin—
C

orbit interaction ¢,> 75,), with p being the exponent of the
In relation (7) for superconductoréin the case of attraction power-law dependence, =T P.

)\(H?<o)7 T. has the well-known form For sample A we obtained a value;=1.2(=0.01).
Since in our casa;=p+ At andp=1, we obtain\;=0.2.
kT.=k6p exp( i) (8) For weak spin.—orbit interactionl;he constait in zero or

No low magnetic field has the forlfy
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481 2We note that in Ref. 7 for @-Si,gd5& 1, System(quantum well the

deviation of the magnetoresistance curves from the calculated form of the

F localization correction was interpreted as being due to the contribution of

the interaction in the diffusion channel due to Zeeman splitting, and as a

result, the unrealistic valuE=2.45 was obtained, which the authors of

Ref. 7 were at a loss to explain.
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