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Longitudinal conductivity in Si ÕSiGe heterostructure at integer filling factors
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We have investigated temperature dependence of the longitudinal conductivitysxx at integer filling factors
n5 i for Si/SiGe heterostructure in the quantum Hall effect regime. It is shown that for oddi, when the Fermi
level EF is situated between the valley-split levels,Dsxx is determined by quantum corrections to conductivity
caused by the electron-electron interaction:Dsxx(T); ln T. For eveni, whenEF is located between cyclotron-
split levels or spin-split levels,sxx;exp@2Di /T# for i 56,10,12 and;exp@2(T0i /T)#1/2 for i 54,8. For further
decrease ofT, all dependencessxx(T) tend to almost temperature-independent residual conductivitys i(0). A
possible mechanism fors i(0) is discussed.
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I. INTRODUCTION

The measurement of the temperature dependence of
dimensional~2D! conductivity s(T) in the quantum Hall
effect regime is a very useful tool for the analysis of t
density of states~DOS! of carriers at different filling factors
n. At integer filling factors,n5 i ( i 51,2,3, . . . ), theFermi
level EF lies in the middle of two Landau levels~LL’s !
where the DOS is minimal and electron states are localiz
In this case, the character of longitudinal conductiv
sxx(T) is determined by the ratio between the energy d
tance between the two adjacent LL’sEi and the temperature
within the measuring interval. IfEi<T, one expects a wea
nonexponential dependence forsxx(T), while for Ei@T, the
conductivity has to be strongly temperature activated~see,
for example, Refs. 1–3 and references therein!,

sxx~T!5s0exp~2D/T!. ~1!

Here, D is the energy of activation and 2D reflects the
mobility gap, which is less thanEi because of the nonzer
width of the band of delocalized states in the center of e
LL, the prefactors0 is equal to 2e2/h.1 ~The coefficient 2
appears because the conductivity is due to electrons ex
into the upper LL and holes in the lower LL.! For D@T,
direct excitations of electrons to the mobility edge is u
likely, and the conductivity is due to the variable-rang
hopping~VRH! mechanism via localized states in the vici
ity of EF :4–6

sxx~T!}exp~2T0 /T!m, ~2!

wherem51/2 because of the existence of a Coulomb gap
the DOS atEF .7,8 The parameterT0 is connected with the
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localization radius j(n) of the states for givenn:T0

5C1e2/kj(n). HereC1'6 for two dimensions andk is the
dielectric constant of the host semiconductor.

Most previous measurements ofsxx(T) were performed
on GaAs/AlGaAs heterojunctions. Increased interest in
study of the Si/SiGe heterostructure is motivated by the
plication of thin Si12xGex layers as the base of a heterojun
tion bipolar transistor with increased mobility,9 resonant in-
terband tunneling diodes,10 as well as by possible future
application of this heterostructure for quantu
computing.11,12The special feature ofn-type Si/SiGe in com-
parison with GaAs/AlGaAs heterostructures lies in the a
pearance of an additional splitting of energy levels due
lifting of twofold valley degeneracy in a strong perpendic
lar magnetic field. As a result, inn-type Si/SiGe heterostruc
tures, odd filling factors correspond to the location ofEF
between valley-splitting LL’s.

In Ref. 13 measurements ofsxx(T) in tilted magnetic
fields were used for determining the valley splittings
Si/Si12xGex heterostructure. It was found that the values
D for odd i 53,5,7,9, as determined from the Arrhenius plo
Eq. ~1!, do not agree with the values ofEi estimated theo-
retically in Refs. 14,15. However, the values obtained forD
~0.2–0.4 K! were of the order ofT, which makes doubtful
the use of the Arrhenius law for data processing. In the sa
work,13 the coincidence method in tilted magnetic fields w
used to determine spin splitting and the effectiveg factorg* .
It was found thatg* 53.4 for filling factors 16<n<28 and
increases for lowern. The spin- and valley-split energy lev
els were also determined in strained Si quantum wells us
Shubnikov–de Haas oscillation measurements.16 It was
found that for a perpendicular magnetic field of;2.8 T
which corresponds ton57, a valley splitting is of the order
©2003 The American Physical Society21-1



ta

er
et

in

te

y

u
e

a

o

e
,
o

-

bu
ld

o
n

ed
ere

and

ig-

of
f
efs.
ld
eld

SHLIMAK et al. PHYSICAL REVIEW B 68, 075321 ~2003!
of 52 meV'0.6 K. This value is in agreement with the da
obtained in Ref. 13 for Si/Si12xGex heterostructure, but is
much less than those determined for strained inverse lay
Si–metal-oxide-semiconductor structures in strong magn
fields:D'12 K for B514.6 T,17 or D@K#52.410.6B@T# at
2 T,B,8 T.18 It was also shown in Ref. 16 thatg* '3.5 at
n>10 andg* oscillates between 2.6 and 4.2 with decreas
n. To summarize, the character ofsxx(T) for different i
in Si/SiGe heterostructure remains vague, which motiva
this work.

II. EXPERIMENT

The sample investigated was Hall-bar patternedn-type
Si/Si0.7Ge0.3 double heterostructure, a 7-nmi-Si quantum
well was situated between 1-mm i -Si0.7Ge0.3 layer and
67-nm Si0.7Ge0.3 layer with 17-nm spacer followed b
50-nm Si0.7Ge0.3 heavily doped with As. A 4-nm silicon cap
layer protects the surface. The electron concentrationn and
mobility m at 1.5 K were n5931011 cm22, and m
580 000 cm2/V s. The sample resistance was measured
ing a standard lock-in technique, with the measuring curr
being 20 nA at a frequency of 10.6 Hz.

Figure 1 shows the longitudinalRxx and transverseRxy
resistances of the sample investigated when measuredT
51.2 and 0.2 K in magnetic fields up toB523 T. The pla-
teaus inRxy are clearly seen at values which are a portion
a quantized resistanceh/e2525.8 kV. At some magnetic
fields Bi when the filling factorn achieves an integer valu
n5 i , longitudinal resistanceRxx exhibits a deep minimum
these fields correspond approximately to the midpoint
eachRxy plateau.

Figure 2 shows the two-dimensional resistivityrxx
5Rxx/h on a logarithmic scale forT50.2 K. At n around
i 52,3,4, huge fluctuations ofrxx are seen. These fluctua
tions of longitudinal voltage (DVxx) do not reflect fluctua-
tions of the sample resistivity or sample inhomogeneity,
can be explained by the fact that in strong magnetic fie
and for small integersi, both 2D resistivityrxx and conduc-
tivity sxx5rxx /(rxx

2 1rxy
2 ) are close to zero, which leads t

decoupling of the bulk of 2D electron system from the co

FIG. 1. Transverse resistanceRxy and longitudinal resistance
Rxx of Si/Si0.7Ge0.3 heterostructure atT50.2 K and 1.2 K.
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tacts at the edges.19 These fluctuations are also not connect
with the scan rate of the magnetic field, because they w
observed in experiments when the magnetic field is fixed
only temperature is variable~Fig. 3!. The magnitude ofDVxx
increases with decreasingn: for n around i 54,3,2, the
maximal values ofDVxx achieved are 0.5mV, 1 mV, and
4 mV correspondingly. These fluctuations of the voltage s
nal prevent from determination ofsxx at i 52. For the
same reason, we will not discusssxx(T) for i 53,4 below
T50.2 K.

III. RESULTS AND DISCUSSION

Odd integers( i 53,5,7,9). In the case ofn-Si/SiGe het-
erostructure, odd filling factors correspond to the location
EF between the valley-split LL’s. The valley splitting o
strained Si layers has been theoretically investigated in R
14,15,20. It was shown in Ref. 15 that valley splitting cou
be observed only in the presence of a high magnetic fi
normal to the interface and is given approximately by

«v@K#'0.174~N11/2!B@T#. ~3!

Here the valley-splitting energy«v is measured in Kelvin,
magnetic fieldB in Tesla, andN50,1,2, . . . is theLandau

FIG. 2. Longitudinal resistivityrxx5Rxx /h on logarithmic
scale atT50.2 K. The values ofi are shown near the minima.

FIG. 3. sxx(T) for n54 for magnetic field fixed atB4

59.1 T.
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index. Because increase ofB is accompanied by decrease
N, the values of the valley splitting weakly depend onB.
Numerical estimation based on Eq.~3! showed that the val-
ues of«v for magnetic fields 4 T,B,12 T are about 1 K.
Therefore, one cannot expect an activated characte
sxx(T) within the experimental temperature interval (T
54.2–0.2 K).

In contrast, in Ref. 18 much larger values of«v have been
reported with a significant energy of the valley-splitting ev
without magnetic field, it was emphasized that these d
agree well with theoretical calculations:20

«v@K#'2.410.6B@T#. ~4!

In accordance with Eq.~4!, the value of«v for i 53 in the
case of our sample (B'12 T) should be about 10 K provid
ing strong activated character of conductivity. However,
analysis shows thatDsxx weakly depends onT, there is no
activation process, the best fit of experimental data
achieved by logarithmic law:Dsxx(T); ln T ~Fig. 4!. This
result agrees with the model of Ohkawa and Uemura.15

Logarithmic temperature dependence of conductivity
low temperatures is usually interpreted as a manifestatio
corrections to the conductance due to quantum interfere
effects.21,22 In strong perpendicular magnetic fields, weak
calization corrections to the conductivity are suppressed
Dsxx is determined by quantum corrections due to
electron-electron interaction, which occurs both in weak a
in strong magnetic fields~see, for example, Ref. 23 and re
erences therein!. This leads to the following expression fo
the temperature correction to the conductivity:24

Dsee~T!5S ape2

2ph D lnS T

Tee
D , ~5!

wherea is a constant of order unity andp is the exponent in
the temperature dependence of the phase-breaking timtw

;T2p. At low T, the phase used to be broken by t
electron-electron interaction, leading top'1.21 This gives

~1/a!
Dsxx

~e2/h!
5

1

2p
lnS T

Tee
D . ~6!

FIG. 4. sxx for odd integersi 53,5,7,9 as a function of lnT.
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In Fig. 5, the dimensionless conductivity is plotted as
function of dimensionless temperatureT/Tee, the values of
Tee being determined from the intersection with thex axis
for each curve in Fig. 4. The solid line in Fig. 5 correspon
to the slope (1/2p). Havinga as the only adjustable param
eter, one can merge all curves. The inset shows the va
obtained fora which are indeed of order unity. Thus,sxx(T)
for odd integers can be successfully described in terms
quantum corrections to the conductivity in strong magne
fields caused by the electron-electron interaction.

Even integers( i 54,6,8,10,12). For even integers, the
are two possibilities for the location ofEF : between cyclo-
tron LL’s ~four-multiple integersi 54,8,12) and between
spin-split levels (i 56,10). Taking into account that for th
strained Si well,m* 50.195m0,25 the cyclotron energy is
given by

\vC @K#56.86B @T#. ~7!

The energy of spin splittingg* mBB depends on the effec
tive g factor g* . As mentioned earlier, the value ofg* in-
creases for lowern oscillating between 2.6 and 4.2.16 For
numerical estimates, we assumeg* '3.8, giving

g* mBB @K#'2.55B @T#. ~8!

In Ref. 26, a similar value (g* mBB'2.6 K/T) was used
for estimating spin splitting in Si-inversion layers in high
mobility Si–metal-oxide-semiconductor field-effect trans
tors. In the calculation ofEi , all relevant splitting energies
are taken into account. For example,E45\vC2g* mBB
2 1

2 @«V
N501«V

N51#. SubstitutingB459.1 T in Eqs.~3!, ~7!,
and ~8!, we obtain E4'40 K. Similarly, E65g* mBB
2«V

N51 . SubstitutingB656.07 T in Eqs.~3! and ~8!, one
getsE6'12 K, and so on. These energies are shown in
inset of Fig. 6. Because allEi are larger thanT within the
experimental interval of temperatures, it is expected t
sxx(T) will be determined by the temperature-activated e
citation of electrons to the mobility edge and characteriz
therefore, by the constant energy of activationD&1/2Ei ,
Eq. ~1!. In Fig. 6, the dependencessxx(T) for even integers

FIG. 5. sxx(T)/a for odd integers plotted in dimensionless un
sxx /a(2e2/h) vs ln(T/Tee). The inset shows the values of the a
justable parametera andTee.
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are plotted on the scale lnsxx vs 1/T. One sees that at hig
temperatures, the experimental points are in agreement
Eq. ~1!, which allows to determine the values ofD i . The
prefactors0 for all curves is close to 78mS'2e2/h, in ac-
cordance with the theoretical prediction.1 It is seen, however
that with decrease of temperature, all dependences ten
wards the residual, almost temperature-independent, con
tivity s i(0). Having s i(0) as the only adjustable paramet
in expressionsxx(T)5(2e2/h)exp(2Di /T)1si(0), the val-
ues ofs i(0) were determined from fitting the calculatedsxx
~solid lines in Fig. 6! to the experimental points. Subtractio
of s i(0) allows us to merge all curves into one straight li
on the dimensionless scale, ln$@sxx(T)2si(0)#/(2e2/h)% vs
D i /T ~Fig. 7!.

It follows from Figs. 6 and 7 that the low-temperatu
experimental points fori 54 and 8 do not fit well to the
calculated curves. This can be explained by the fact that

FIG. 6. sxx for even integersi 54,8,12 and 6,10, plotted on
Arrhenius scale of lnsxx vs 1/T. The inset shows the values of th
experimentally determinedD i and the calculated values ofEi .
Solid curves represent the calculated dependencessxx(T)
5(2e2/h)exp(2Di /T)1si(0), with s i(0) as the only adjustable pa
rameter. The values ofs i(0) are shown in inset in Fig. 7.

FIG. 7. sxx(T)2s i(0) for even integers in dimensionless un
as a function of a dimensionless reciprocal temperatureD i /T. The
inset shows the residual conductivitys i(0) in units of (2e2/h) as a
function of magnetic fieldsB for different eveni shown near the
points, with the straight line corresponding tos i(0)}exp(B21/2).
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values ofD i for i 54 and 8 are substantially larger than f
i 56, 10, 12. As a result, direct thermal excitation of ele
trons to the mobility edge is unlikely, and it is more probab
that electron transport is due to VRH conductivity via loca
ized states in the vicinity ofEF , Eq. ~2!. To summarize, one
can write the general expression for the longitudinal cond
tivity at even filling factors,

sxx~T!5~2e2/h!exp~2D i /T!1s0exp~2T0i /T!1/2, ~9!

where the first term corresponds to activation of localiz
electrons from the Fermi levelEF to the mobility edge, while
the second term corresponds to VRH in the vicinity ofEF . If
D i@T, the first term is very small and the second term dom
nates insxx .

To check this assumption, we plotsxx(T) for i 54 and 8
in the VRH scale of Eq.~2!: lnsxx vs T21/2 ~Fig. 8!. On this
scale, all experimental points fori 54,8 coincide with the
calculated curvessxx(T)5s0exp(2Ti0 /T)1/21s i(0), where
s0 andTi0 are determined from experiment ands i(0) is the
only adjustable parameter.@As expected, experimental dat
on sxx(T) for i 56, 10, and 12 do not fit well to the VRH
scale and therefore are not shown in Fig. 8.# The inset of Fig.
7 showss i(0) obtained for differenti as a function of mag-
netic fieldBi . It is found that the best fit corresponds to th
exponentially strong dependences i(0)}exp(Bi

21/2).
The question arises about the origin of residual cond

tivity s i(0). It worth to emphasize that the low-temperatu
saturation of longitudinal conductivity~or resistivity! in the
quantum Hall effect regime is not a new phenomenon; it h
been observed earlier in modulated doped GaAs/AlGa
~Ref. 3! and Si/SiGe~Ref. 13! heterostructures. However, w
are not aware of any discussion of the origin of this effe
Let us enumerate the experimental features of the resi
conductivity: ~i! The values ofs i(0) are much smaller than
the minimal quantum for 2D conductivitye2/h'39 mS, ~ii !
s i(0) decreases strongly with increasing magnetic fi

FIG. 8. sxx(T) for i 54,8 plotted in the VRH scale lnsxx vs
T21/2. Solid curves correspond to the calculated dependen
sxx(T)5s0exp(2Ti0 /T)1/21s i(0), with thevalues ofTi0 and s0

shown in the inset. The values ofs i(0) are shown in the inset in
Fig. 7.
1-4
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B:s i(0)}exp(Bi
21/2), ~iii ! s i(0) exists in all investigated

temperatures, which means that this mechanism of con
tivity occurs in a parallel conductive channel.

Both features~i! and ~ii ! suggest thats i(0) is a sort of
hopping conductivity. Indeed,e2/h is the minimal value of
metallic conductivity in 2D, whiles i(0)!e2/h. Moreover,
there is no mechanism of exponentially strong magnetore
tance for metallic conductivity. By contrast, in strong ma
netic fields, hopping resistivityr3 increases exponentially
r3}exp@const•Bi

1/2#.8 However, weak temperature depe
dence ofs i(0) contradicts the hopping model and nee
additional assumptions. We believe that this can be expla
by the nonequilibrium character ofs i(0), which means the
absence of thermal equilibrium in the distribution of ele
trons across the localized states, as was observed earli
electron glasses.27 A very slow rate of relaxation can b
a

07532
c-

is-
-

s
ed

-
in

caused, for example, by an exponential decay of the DOS
the vicinity of EF . In this case, relaxation to the lower stat
with decreasing temperature requires hopping over long
tances and therefore is very unlikely. If the regions with su
modified DOS form a continuous path along the volta
probes, a parallel conductive channel will appear, which
plains feature ~iii !. At low temperatures, a weakly
temperature-dependent residual conductivity will overr
the activated conductivity of the bulk 2D plane.
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