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The contribution of the electron-electron interaction to conductivity is analyzed step by step in
gated GaAs/InGaAs/GaAs heterostructures with different starting disorder. We demonstrate that
the diffusion theory works down to kF l ≃ 1.5 − 2, where kF is the Fermi quasimomentum, l is the
mean free paths. It is shown that the e-e interaction gives smaller contribution to the conductivity
than the interference independent of the starting disorder and its role rapidly decreases with kF l
decrease.

PACS numbers: 73.20.Fz, 73.61.Ey

The quantum corrections to the conductivity in disor-
dered metals and doped semiconductors are intensively
studied since 1980. Two mechanisms lead to these cor-
rections: (i) the interference of the electron waves prop-
agating in opposite directions along closed paths; (ii)
electron-electron (e-e) interaction. The absolute value of
these corrections increases with decreasing temperature
and/or increasing disorder and they determine in large
part the low temperature transport in 2D systems.

The interference correction δσWL is proportional to
− ln(τφ/τ), where τφ and τ are the phase and momen-
tum relaxation time, respectively, τφ ∝ T−p, p ≃ 1. The
correction due to e-e interaction δσee is proportional to
− ln[~/(kBTτ)].

1 It immediately follows that at increas-
ing disorder, i.e. at decreasing τ , both corrections have to
be enhanced in absolute value and can become compara-
ble with the Drude conductivity. In this case the low tem-
perature conductivity will be significantly less than the
Drude conductivity and strong temperature dependence
of the conductivity has to appear. On further disorder
increasing the transition to the hopping conductivity has
to occur.

Conventional theories of the quantum corrections both
in the diffusive kBTτ/~ ≪ 11 and in the ballistic2,3

regimes was developed for the case kF l ≫ 1, where
kF and l are the Fermi quasimomentum and the clas-
sical mean free path, respectively. Under this condi-
tion the quantum corrections to the conductivity are
small in magnitude compared with the Drude conduc-
tivity σ0 = πkF lG0 with G0 = e2/(2π2

~) at any acces-
sible temperature. At decreasing kF l the relative values
of the quantum corrections are enhanced and the ques-
tion is how the values of these corrections and their ratio
changes when kF l tends to 1.

In our previous paper4 we have shown that the contri-
bution of the e-e interaction to the conductivity decreases
at decreasing kF l. In the present paper we study kF de-
pendence of the contribution to the conductivity due to

e-e interaction in structures distinguished by a starting
disorder. We demonstrate that (i) the diffusion theory
works down to kF l ≃ 1.5− 2 (ii) the e-e interaction gives
smaller contribution to the conductivity than the inter-
ference independent of the starting disorder and its role
rapidly decreases with kF l decrease.

Two types of the heterostructures with 80Å-In0.2
Ga0.8As single quantum well in GaAs were investigated.
Structures 1 and 2 with relatively high starting disor-
der had Si δ doping layer in the center of the quantum
well. The electron density n and mobility µ in these
structures were the following: n = 1.45× 1016 m−2 and
µ = 0.19 m2/Vs in structure 1, n = 0.89 × 1016 m−2

and µ = 0.23 m2/Vs in structure 2. Structures 3 and 4
had lower starting disorder because the doping δ layers
were disposed on each side of the quantum well and were
separated from it by the 60 Å spacer of undoped GaAs.
The values of n and µ were: n = 5.1 × 1015 m−2 and
µ = 13.0 m2/Vs in structure 3, n = 2.3 × 1015 m−2

and µ = 13.9 m2/Vs in structure 4. The thickness of
undoped GaAs cap layer was 3000 Å for all structures.
The samples were mesa etched into standard Hall bars
and then an Al gate electrode was deposited by thermal
evaporation onto the cap layer through a mask. Varying
the gate voltage Vg from 0.0 to −3..− 4 V we decreased
the electron density in the quantum well and changed kF l
from its maximal value (9 − 30 for different structures)
down to ≃ 1.

Figure 1 shows the experimental magnetic field depen-
dences of ρxx measured at two temperatures for one of
the structure when kF l = 17.9. Two different magnetic
field ranges are evident: the range of sharp dependence
of ρxx at low field B ≤ 0.3 T, and the range of moder-
ate dependence which is close to parabolic one at higher
field. The feature is the fact that ρxx-vs-B curves for
different temperatures cross each other at magnetic field
Bcr = 1.1 T which is close to µ−1.

The low-magnetic-field negative magnetoresistance is
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FIG. 1: The magnetic field dependence of ρxx for structure 3
at kF l = 17.9. Solid curves are the experimental data, dashed
lines are Eq. (6) with parameters corresponding to the best
fit carried out in the range from ±1 to ±3.2 T which gives
Kee=0.35 and 0.34 for T = 0.46 K and 1.5 K, respectively.
Inset shows ρxx as a function of B2 for T = 0.46 K.

caused by the suppression of the interference quantum
correction. The characteristic magnetic field scale for
this effect is so called transport magnetic field Btr =
~/(2el2) which is equal to approximately 0.03 T in the
given case. So the interference quantum correction can
be easily separated due to its sharp specific magnetic field
dependence.
The parabolic negative magnetoresistance in higher

magnetic field results from the contribution of the e-
e interaction.5 Since this effect is more pronounced in
relatively high magnetic fields of order µ−1 where other
classical mechanisms of both positive and negative6,7,8,9

magnetoresistance can be efficient it is significantly more
complicated to analyze it quantitatively.
To separate the electron-electron contribution to the

conductivity we have analyzed the data by the same way
as in our previous papers.4,10 Specific feature of the e-e
interaction is the fact that it contributes to σxx only and
this contribution does not depend on the magnetic field
until gµBB/kBT < 1:

δσee
xx = −

(

1 +
3

4
λ

)

G0 ln
~

kBTτ
(1)

δσee
xy = 0. (2)

Here, λ has been calculated in Ref. 11, it is a function of
kF /K with K as the screening parameter which for 2D
case is equal to 2/aB, where aB is the effective Bohr
radius. Eq. (1) is valid in the diffusion regime when
kBTτ/~ ≪ 1. Theory for ballistic and intermediate
regime was developed in Ref. 2 for short range scatter-
ing potential and in Ref. 3 for long range potential. In
our case kBTτ/~ < 0.25 under all conditions, therefor we
believe the diffusion approximation is valid.
Thus, at those magnetic fields where the interference

correction to the conductivity has been fully suppressed,

the behavior of the conductivity tensor components cor-
responding to Eqs. (1) and (2) has to be observed.
When it is the case one can find the value of prefactor
Kee = −(1 + 3/4λ) in Eq. (1) and so the contribution of
the e-e interaction. Just such behavior of σxx and σxy is
observed for both types of structures when kF l ≫ 1. As
an example the experimental temperature dependences of
σxx and σxy taken at B=2 T are presented in Figs. 2(a),
2(b) for the structure 3 when kF l ≃ 18. On can see that
the value of σxx really logarithmically decreases when the
temperature decreases whereas σxy is temperature inde-
pendent.

To show the magnetic field range in which such
a behavior of σxx and σxy with temperature takes
place, the differences dσxy(B) = [σxy(B, T1) −

σxy(B, T2)]/ ln(T1/T2) and dσxx(B) = [σxx(B, T1) −

σxx(B, T2)]/ ln(T1/T2) as a function of magnetic field are
plotted in Figs. 2(c), 2(d) by circles. In the situation
when only the e-e interaction contributes to the conduc-
tivity, dσxy(B) and dσxx(B) have to be independent of
the magnetic field and must be equal to zero and Kee,
respectively. One can see that dσxy(B), really, ten times
less than dσxx(B) within magnetic field range from 0.8 T
to 3 T. Therewith dσxx(B) is close to constant which in
its turn corresponds to the value of Kee found from the
temperature dependence of σxx [Fig. 2(b)].

We consider what sets the limits on the magnetic field
range in which dσxy ≪ dσxx and dσxx/G0 ≃ Kee. The
interference correction does it on the low-magnetic-field
side. Note, that this correction leads to appreciable
changes in dσxx(B), which is comparable with the con-
tribution due to e-e interaction up to (10 − 20)Btr. On
the high-magnetic-field side the limitation is caused by
the Shubnikov-de Haas oscillations which appear when
B > (1−1.5)µ−1. Thus, dσxx(B) is constant and dσxy ≪

dσxx within the magnetic field range (10−20)Btr < B <
(1−1.5)µ−1. The ratio µ−1/Btr is equal to 2kF l therefor
the magnetic field range where dσxy ≪ dσxx fast narrows
at decreasing kF l. So, for kF l = 17.9 the range where
dσxy < 0.1dσxx is 0.8− 3 T, for kF l = 7.7 it is 1.5− 3 T
[Figs. 3(a), 3(b)], and finally for kF l ≃ 1.718 such range
is quite absent [Figs. 3(c), 3(d)]. Thus, the absence of the
range of magnetic field, in which the interference correc-
tion is significantly less than the e-e correction, makes it
impossible to determine Kee for low kF l values.

Let us attempt to extract the interference contribu-
tion from σxx. We will use the fact that the interference
gives the contribution to back scattering and hence to the
transport relaxation time.1 Thus, the interference correc-
tions to both components of the conductivity tensor are
nonzero

σxx(B, T ) =
enµ

1 + µ2B2
+ δσWL

xx (B, T ) + δσee
xx(T ) (3)

σxy(B, T ) =
enµ2B

1 + µ2B2
+ δσWL

xy (B, T ). (4)

If δσWL
xy ≪ σxy and δσWL

xx ≪ σxx, the following simple
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FIG. 2: The temperature dependence of σxx (a) and σxy (b)
for B = 2 T. The magnetic filed dependence of dσxy, dσ

′

xy (c)
and dσxx, dσ

′

xx (d) obtained with T1 = 4.2 K and T2 = 0.46 K.
Straight line in (d) corresponds to Kee = 0.34 found from the
temperature dependence of σxx at B = 2 T depicted in (b).
Structure 3, kF l = 17.9.

relationship is valid

δσWL
xy

σxy

= 2
δσWL

xx

σxx

. (5)

Thus, we can determine δσWL
xy (B, T1) − δσWL

xy (B, T2) as
difference between the experimental curves σxy(B) taken
at T1 and T2, calculate δσ

WL
xx (B, T1)−δσWL

xx (B, T2) from
Eq. (5), and then extract this difference from the ex-
perimental σxx(B, T1) − σxx(B, T2) curve. Dividing the
results by ln(T1/T2) we obtain dσ′

xx(B) which does not
contain the interference contribution and has to be equal
to Kee, in principle, starting from zero magnetic field.
The procedure described has been checked by analyz-

ing the results for structure 3 at high value of kF l pre-
sented above. The results are shown in Figs. 2(c), 2(d)
and Fig. 3(a), 3(b) by triangles. Self-evident dσ′

xy(B)
vanishes, whereas dσ′

xx(B) becomes constant starting
from the low magnetic field and is equal to Kee obtained
from the temperature dependence of σxx at high mag-
netic field.
Now we are in position to analyze the results for low

kF l value. As mentioned above there was no magnetic
field range where dσxy was much smaller than dσxx, and
dσxx did not depend on the magnetic filed for kF l ≃

1.7. After extraction of the interference contribution we
have obtained the wide range of magnetic field from 0.5
to 3.5 T where dσ′

xx ≃ const [Figs. 3(c), 3(d)]. This
aloows us to believe that dσ′

xx/G0 gives the value of Kee.
Strictly speaking, the interference corrections δσWL

xy and

δσWL
xx can be comparable in magnitude with σxy and σxx

respectively if the parameter kF l is small enough. In this
case the relation between the interference corrections is
more cumbersome than Eq. (5) and we do not write it
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FIG. 3: The magnetic filed dependence of dσxy, dσ
′

xy (a,c)
and dσxx, dσ

′

xx (b,d) for kF l = 7.7 (a,b) and kF l = 1.7 (c,d)
for structure 3, T1 = 4.2 K, T2 = 0.46 K. Straight line in
(b) corresponds to Kee = 0.38 found from the temperature
dependence of σxx for B = 2 T.

out. We note only that the use of the rigorous formula
gives the result which lies within an error indicated in
Fig. 3(d).
Before discussion of the final results let us turn to the

procedure of determination of Kee, used in Refs. 5,12,13,
14. The contribution of e-e interaction to the conductiv-
ity was determined from the negative parabolic magne-
toresistance which directly follows from (1) and (2) for
low δσee

xx value

ρxx(B, T ) ≃
1

σ0

−
1

σ2
0

(

1− µ2B2
)

δσee
xx(T ). (6)

This method can be applied at kF l ≫ 1 when there is the
wide magnetic field range where the contribution due to
the interference is significantly less than due to e-e inter-
action. As is seen from Fig. 1 it gives the value of Kee

close to that obtained from the temperature dependence
of σxx [Fig. 2(b)]. At low kF l values the magnetic field
dependence of ρxx can be also described by the parabola
as shown in Fig. 4. However, the parameter of the e-e
interaction Kee found from the fit can dramatically differ
from the correct value. It naturally follows from the fact
that for low kF l the interference correction significantly
influences the magnetic field dependence of ρxx in wide
range of magnetic fields.
Let us return now to our results. The Kee-versus-kF

dependence for all the structures investigated are pre-
sented in Fig. 5(a) together with theoretical curve calcu-
lated according to Ref. 11. Consider first the points with
highest kF l (i.e. with highest kF ) for each structure. One
can see that they fall on the one smooth curve (dashed
line in the figure) which lies somewhat below the theoret-
ical one. The deviation is stronger for structures 3 and 4
with lower disorder in which parameter kBTτ/~ is about
0.25 for T = 4.2 K. Probably, this value is not sufficiently
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FIG. 4: The magnetic filed dependence of ρxx for kF l = 2.8
(structure 3, n = 2.55 × 1015 m−2), T = 0.46 K. Solid line
is the experimental data. Dotted line is Eq. (6) with correct
value of δσee corresponding to Kee = 0.12, dashed line is
the best fit by Eq. (6) carried our in the range from ±2
to ±5.8 T, which gives however wrong value of Kee = 0.74.
Inset is the magnetic field dependence of dσxx, dσ

′

xx which
illustrates obtaining correct value of Kee = 0.12.

small and the diffusion approximation kBTτ/~ ≪ 1 is
rather crude.2,3

Seemingly, at decreasing kF with gate voltage the ex-
perimental points for every structure have to move left
along dotted line. However as clearly seen they sharply
deviate down. This results from the decrease of kF l with
kF decrease. To illustrate the above we present kF l de-
pendence of Kee in Fig. 5(b). Thus, Kee decreases with
decreasing kF l for all the structures with different start-
ing disorder and the lower is the value of kF l, the stronger
is the deviation from the theory [see Fig. 5(a)]. It is not
surprising because the theory was developed for the case
kF l ≫ 1. Besides, the scattering by the short-range scat-
tering potential was taken into account only whereas the
role of long-range scattering potential is enhanced at de-
crease of the electron density with the gate voltage.

Next, we compare the value of the correction
to the conductivity due to the e-e interaction with
that due to the interference. The value of the
interference correction was found as −G0 ln(τφ/τ)
with τφ obtained from the low-magnetic-field negative
magnetoresistance.10,15,16 The δσee to δσWL ratio for
T = 0.46 K as a function of kF l for the structures in-
vestigated is plotted in Fig. 6. One can see: (i) the con-
tribution due to the e-e interaction is always smaller than
that due to the interference; (ii) the relative contribution
of e-e interaction is somewhat larger in the structures 1
and 2 with doped well, i.e., with higher disorder; (iii) the
relative role of the e-e interaction rapidly decreases with
decreasing kF l for both types of structure independent
of the starting disorder.
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Thus, the main correction to the conductivity in our
structures comes from the interference rather than from
the e-e interaction. Just the interference correction can
be comparable in magnitude with the Drude conductivity
at low kF l and lead, thus, to the strong temperature
dependence of the conductivity in this case.

This conclusion is opposite to that obtained for thin
metal films. The tunneling and transport investigations
reveal that namely the e-e interaction is responsible for
strong decrease of the low temperature conductivity of
the metal films (see for example Ref. 17). The possible
reason for this difference is the fact that in contrast to the
structures investigated the strong spin-orbit interaction
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in metal suppresses the interference correction and makes
thus the e-e interaction correction most important.
In summary, the contribution of the electron-electron

interaction to the conductivity of 2D electron gas has
been studied in gated GaAs/InGaAs structures with dif-
ferent starting disorder. To obtain the reliable data for
low values of kF l, the method for separation of the e-
e contribution has been proposed. It has been shown
that independent of the starting disorder the value of
−(1+3/4λ) is close to the theoretical one for high value of
kF l and exhibits a dramatic decrease with lowering kF l.
We have found that the e-e interaction gives smaller con-
tribution to the conductivity than the interference and

its role rapidly decreases with decreasing kF l.
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