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Magnetoresistance with the field perpendicular to the two-dimensional electron gas in a high-
mobility GaAs/Al,Ga,-xAs heterostructure at low temperatures is studied. At the lowest mag-
netic field we observe the weak localization. In particular we study the resistivity at magnetic
fields, where the product of the mobility and the magnetic field is of the order of unity. The
quantum correction to conductivity due to the electron-electron interaction [and other possible de-
viations from the free-electron (Drude) modell, though having only a slight variation with mag-
netic field, nevertheless gives rise to a sizable quadratic magnetoresistance in this regime. Our ex-
periments yield in this way not only the well-known electron-electron term with the expected tem-
perature dependence, but also a new type of temperature-independent quantum correction, which

varies logarithmically with mobility.

Localization and electron-electron interaction play a
key role in the understanding of the transport properties
of the two-dimensional electron gas (2D EG) at low tem-
peratures. Three physical systems with a two-dimensional
electron gas have repeatedly been studied in the literature,
namely the quasi-two-dimensional metallic film and the
more strictly two-dimensional electronic systems, the sil-
icon metal-oxide-semiconductor field-effect transistor and
the modulation-doped GaAs/Al,Ga,—,As heterostruc-
ture.! The quantum corrections to the electrical conduc-
tivity caused by localization and electron-electron interac-
tion are small in the limit, where the electron mean free
path is much longer than the Fermi wavelength, and the
localization in this particular limit is normally called
weak. Both quantum corrections can be studied by their
dependence on temperature. However, the temperature
dependence due to both effects is very similar and difficult
to measure. Fortunately the weak localization correction
turns out to be very sensitive to magnetic fields perpendic-
ular to the 2D EG and is extinguished at very low magnet-
ic fields. The electron-electron interaction quantum
correction to the Drude conductivity is relatively un-
affected by magnetic fields and gives rise to a magne-
toresistance, which at magnetic fields corresponding to the
inverse mobility is of the order of the reciprocal conduc-
tivity correction. This stems from the transformation
from conductivity tensor to resistivity tensor. This mag-
netoresistance can therefore be studied best at intermedi-
ate fields, where the weak localization is completely
quenched, and where the Shubnikov-de Haas oscillations
and the quantum Hall effect are not yet dominating.

Figure 1 gives an overview of the type of experimental
recordings which we have analyzed. Three representa-
tions of the same recording are shown with increased reso-
lution, going from (a) to (b) to (c). Figure 1(a) shows the
magnetoresistance up to uB ~ 10, where u =eto/m* is the
mobility (m™* is the effective mass, and 7o is the transport
scattering time). At the highest field the Shubnikov-de
Haas oscillations have minima at the magnetic field
B =nh/(2ei), where i=1,2,3,..., and where n is the
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two-dimensional electron density. In order to measure the
weak localization magnetoresistance one must have a high
resolution in the resistance measurements, as in (c). In
particular, this is the case if the conductance is large com-
pared to the conductance quantum e?/zh. The samples
investigated were of the GaAs/Al,Ga, -,As modulation-
doped type (30% Al content, 15-nm Al,Ga,-,As spacer
layer) with a two-dimensional electron density of 3.5
x10'* m ~2 and mobilities of 22 m?/V's, corresponding to
a resistance per square of 80 Q. A spread in mobility for
a number of chips from the same wafer was obtained by
ion implanting 80-keV “He ions into the heterostructure.
An implantation fluence of 10'* m ~2 reduced the mobility
to 5.6 m?/Vs, but only changed the carrier density to
3.2x10" m~2 The electron density measured by the
Hall effect and by Shubnikov-de Haas oscillation was
found to agree, showing that there was no parallel conduc-
tion channel in the doped Al,Ga, - ,As layer. The locali-
zation correction (as well as the correction due to
electron-electron interaction) is of the order ooo™=e?%/xh,
and this corresponds to changes in the square resistance of
the order of 1.2-0.08 ©. In order to achieve the high sen-
sitivity needed, we used a sensitive electrical dc bridge and
matched the resistance of our samples to this bridge by us-
ing a mesa-etched 2D EG channel with a large length-to-
width ratio.

The magnetic field dependence of the weak localization
quantum correction can be written in the form

AO'WL(B) _AO'WL(O) -GOQf[L _B_
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where B,=h(4eD7,) ~' is a characteristic field corre-
sponding to the phase relaxation time 7, and By
= p (4eDty) ~! is a characteristic field, which corresponds
to the transport relaxation time 7o. D is the two-
dimensional diffusion constant. f(x,y) is a function
which is defined to be zero for B=0. In the paper by Hi-
kami, Larkin, and Nagaoka,? f(x,y) was expressed by di-
gamma functions and found to saturate at the value
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FIG. 1. Magnetoresistance for a GaAs/Al,Ga, -xAs hetero-
structure with the magnetic field perpendicular to the two-
dimensional electron gas. The sample was irradiated by a dose
of 5x10% cm ~2 80-keV “He ions in order to reduce the mobility.
The starting probability before irradiation was 22 m%/Vs. The
samples were intentionally made long compared to their width
in order to improve the experimental resolution of the quantum
corrections. The resistance was concomitantly measured over 84
squares. (a) depicts the overall behavior at low and intermedi-
ate magnetic fields including the Shubnikov-de Haas oscilla-
tions at the highest magnetic field. (b) and (c) show the magne-
toresistance measured with increased resolution revealing the
magnetoresistance associated with the interaction effect (b) and
the weak localization effect (c).

f(e0,00) =In(z,/79), when B>> Bo; however, this theory is
valid only in the region B < By. In the paper by Kawaba-
ta,? f has a different form and saturates at a somewhat
smaller value depending on the ratio B,/Bo. This theory is
valid, as long as B<u !, i.e., to a much higher magnetic
field than the theory of Hikami et al.? The major reason
to start this experimental investigation was to study weak
localization as a function of temperature and mobility. It
turned out, however, that the most intriguing results were
found in an intermediate magnetic field region, and it is
these results that we shall concentrate on here. The weak
localization results will be published in detail in a forth-

coming publication. The lower curve [Fig. 1(c)] shows an
example of the weak localization magnetoresistance.
Such curves can be well fitted to the theory of Kawabata,?
thereby determining the phase breaking time 7,. Elec-
tron-electron scattering is the dominating contribution to
7,. From such measurements and using the theoretical
expression for the electron-electron scattering times,* we
determine the so-called interaction parameter F.> The
measurements of 7, will, as mentioned, be reported in de-
tail in another publication.

The correction to the conductivity from electron-
electron interaction has the form®~°

Ao =0of (F)lIn(kgTto/R)], (2a)
or

Ac.. =ooof (F)lIn(kpT1o/h) — 5 In(2uB/x)]1  (2b)

at B> u~!. F depends on the ratio of the Fermi wave
vector and the inverse screening length in GaAs. Accord-
ing to Finkelshtein,® f(F)=4—3(F+2)In(1+F/2)/F.
The electron-electron interaction is independent of mag-
netic field up to B~y ~ ! and given by Eq. (2a). At mag-
netic fields B>>u ~!, the second term in Eq. (2b) enters
[by the substitution® 70— 7o/(2uB/x) '], and this term
eventually changes the sign of this quantum correction.
At even higher magnetic fields the Zeeman splitting be-
comes comparable to #/7, and Eq. (2) is no longer valid.
At such high magnetic fields the Shubnikov-de Haas
effect is observed, and we are here in a completely
different regime, where the semiclassical electron approxi-
mation breaks down, and everything is dominated by the
Landau quantization. The upper curve [Fig. 1(a)] shows
the Shubnikov~de Haas oscillations.

The major theme of this Rapid Communication is to in-
vestigate the magnetoresistance at intermediate magnetic
fields as most clearly seen in Fig. 1(b). The classical mag-
netoresistance turns out to be very sensitive to deviation
from the Sommerfeld free-electron model. It is well
known that the free-electron model predicts a magneto-
conductivity tensor of the form

2l 7]

g=— , 3)

1+(uB)? B 1

where oo =ne2to/m*. Inverting the conductivity tensor
into a resistivity tensor yields a Hall resistivity uB/oo, but
no magnetoresistance. A correction Ao, such as that of
Eq. (2), added to the diagonal terms in the conductivity
tensor Eq.(3) yields, after inversion and expansion to first
order in Ac/ao, a magnetoresistance of the form

Pxx =Roll — RoAcll — (uB) 2}, @)

where Ro=o0g ' is the two-dimensional resistivity or
square resistance. A similar correction also enters the
low-field linear Hall resistivity, though this can be experi-
mentally observed only in samples with large quantum
corrections. ' Armed with this knowledge it is of interest
to investigate the magnetoresistance at various mobilities
and temperatures of the 2D EG of GaAs/Al,Ga,_,As
selectively doped heterostructures in intermediate mag-
netic fields, where the magnetoresistance Eq. (4) can be
observed. Our investigation leads to a consistent picture
of the magnetoresistance of a high-mobility 2D EG at low
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temperatures on the basis of Eq. (4), and reveals a new
type of quantum correction.

On the rough scale, as shown in Fig. 1(a), the general
trend of the magnetoresistance, before the Shubnikov-de
Haas oscillations set in, is a negative almost parabolic
magnetoresistance. This has been observed earlier,'"'?
and interpreted'! as related to electron-electron interac-
tion; however, as we shall demonstrate below, the inter-
pretation in Ref. 11 is true only with some severe
modifications. With higher resolution we observe more
details in the magnetoresistance as shown in Figs. 1(b)
and 1(c). At the lowest magnetic field we observe the
weak localization magnetoresistance mentioned above. In
the region around uB==1 displayed in Fig. 1(b), we see a
positive magnetoresistance for the high-mobility samples
and a negative magnetoresistance for the low mobility
samples, whereas at higher fields (uB > 5) the negative
magnetoresistance mentioned above always dominates.
The reason for this behavior can be explained by a com-
bination of Eqs. (2) and (4) and the fact that the weak lo-
calization correction is quenched already at much lower
magnetic fields. In order to test the validity of Eqs. (2)
and (4) we have performed a number of experiments,
where curves like the one shown in Fig. 1(b) are measured
at different temperatures. Figure 2 shows such a family of
curves, where we have plotted the magnetoresistance [in
conductivity units; note that oo =e2/(27%#) =0.0000126
0 ~'] as a function of (uB)?2. If we determine the magne-
toresistance coefficient corresponding to the lines indicat-
ed in Fig. 2 as a function of temperature, we can compare
this result with Eq. (2a). This has been done for five
different samples with almost the same carrier densities,
but different mobilities. If we plot these coefficients as a
function of In(kgTto/h), we obtain a series of parallel
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FIG. 2. Magnetoresistance ARa(B) (in conductivity units)
recorded as a function of (uB)? for four different temperatures
(same sample as in Fig. 1). The linear part, which corresponds
to the quadratic magnetoresistance mentioned in the text, is in-
dicated by the straight lines. The slopes of these lines corre-
spond to the deviation of the conductivity from the prediction of
the free-electron model. The slope increases with temperature
in accordance with Eq. (2a).
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lines. From the slopes of these lines we have quite reliably
determined F in f(F) in Eq. (2) to be f(F)=0.9+0.2
giving F=0.4 in reasonable agreement with theory® as
well as our determination from the phase-breaking rate.
In both these situations we obtain F =0.6. It turns out
that although the slope of Ao vs In(kgTto/h) was identi-
cal in all cases, the In(kgT1o/h) =0 intercept varies a
great deal from sample to sample. In Fig. 3 we plot the
magnetoresistance as a function of uB at a fixed tempera-
ture for the five investigated samples cut from the same
wafer, but implanted to have different mobilities. Here it
is already clear that there is a significant variation of the
parabolic magnetoresistance as the mobility changes. The
coefficient of the parabolic magnetoresistance even
changes sign from positive to negative, as the disorder in-
creases. In Fig. 4 we have plotted the coefficient of (uB)?
in units of ogo as a function of In(kgT7o/h ) with the tem-
perature kept constant and mobility as the variable pa-
rameter. The measured points almost follow a straight
line. Therefore, in addition to the slope expected on the
basis of Eq. (2), we find an unexpected quantum correc-
tion of the form

Ao =PBogoln(ro/74) , (5a)
or

Ac =Booolin(ze/74) — 7 In(2uB/7)] (5b)
at B> ~'. The coefficient and the characteristic time

was found to be f=4.0 (+0.2) and 7,=4x10"'? g,
respectively. The sum of the conductivity corrections in
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FIG. 3. Magnetoresistance ARc(B) (in conductivity units)
for five GaAs/Al:Ga, -xAs heterostructure samples measured at
the same temperature. The samples were “He ion implanted to
obtain the indicated mobilities. The two-dimensional carrier
concentration was only significantly changed by the implanta-
tion. For uB < 0.5 the magnetoresistance is dominated by weak
localization. For higher magnetic fields the magnetoresistance
is positive for high-mobility samples and negative for low-
mobility samples. The negative curvature for all samples at the
highest magnetic field shown here corresponds to a magnetic
field dependence of the electron-electron interaction as given by
Eq. (2b).
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m Ts12K T region, where the weak localization magnetoresistance has

:8 L i : long since been extinguished. The new quantum correc-
5 21} o tion, which we have evidence for, occurs in a regime where
2 - AN “; 22m*/Vs | the electronic wave function changes character, and we
§ oL :\]3u5= 12;\1/ /Vs - have no clear picture of the nature of the quantum correc-
S L[ CN “’2 omYVs ] tion Eq. (5). In a very recent paper by Chalker, Carra,
R wellem?Vs ] and Benedict'? a percolation model of the integer quan-
Lo phE5emVs . tum Hall effect has been investigated in a way which is
‘F | . very similar to the weak localization picture at zero mag-

-6 _110 - 0'5 5 0'5 netic field. The “weak localization” they'? predict [their
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FIG. 4. The figure depicts the slope Ac of AR/R3 vs (uB)?
(from lines as those indicated in Fig. 2) plotted as a function of
In(kgT7o/h), where the argument of the logarithm is changed
by implanting *He ions into the GaAs/Al,Ga, - xAs heterostruc-
tures. The temperature is kept constant: 7=1.2 K. The ion
implantation only changes 7o (or the mobility) and not the car-
rier density. The measured points fall on a straight line. The
slope of this line is much larger than expected from Eq. (2a), re-
vealing the presence of an additional quantum correction to con-
ductivity of the form given by Eq. (5).

Egs. (2) and (5) describes the measured magnetoresis-
tance at intermediate magnetic fields (0.02-0.5 T) quanti-
tatively very well for varying B, T, and 7o. It should be
emphasized that Eq. (2), apart from an adjustable con-
stant, is fully adequate, if only T and B are varied.

At magnetic fields where uB>>1, the second term in
Egs. (2b) and (5b) enters strongly and gives rise to a mag-
netoresistance via Eq. (4). This contribution gets loga-
rithmically more negative, as the magnetic field is in-
creased, and gives rise to the characteristic negative cur-
vature observed. This is, in fact, the dominating contribu-
tion one observes with the resolution in Fig. 1(a). This
negative magnetoresistance versus temperature was the
basis of the interpretation made by Paalanen, Tsui, and
Hwang,!' from which they determined f(F). It turns out
that such a plot, in fact, gives roughly the right value of
f(F), since the temperature variation exclusively samples
the first term in Eq. (2). However, their physical interpre-
tation is not quite correct and misses the point that at
fields around uB=1, the true quadratic magnetoresis-
tance is positive for clean samples and negative for dirty
samples.

It is interesting to find a temperature- and magnetic-

Eq. (4)] has the same logarithmic dependence on disorder
(70) as we find. They also obtain the prefactor e?/(xh).
However, the numerical constant 8, which in our case is of
the order of unity, is in their case roughly inverse propor-
tional to the Landau-level number at the Fermi energy,
i.e., much smaller.

To summarize, we have studied the quantum correction
to the conductivity at intermediate magnetic fields uB==1
and have found the expected electron-electron interaction
term from the plot of the magnetoresistance versus tem-
perature. The determined value of the interaction param-
eter F is in agreement with theory. At high magnetic
fields uB > 1, but before the Shubnikov-de Haas oscilla-
tions and the quantum Hall effect set in, we also show evi-
dence for the first correction term to the electron-electron
interaction due to the cyclotron period entering on ex-
pense of the transport relaxation time. When the quan-
tum corrections are studied for different sample mobili-
ties, we discover at intermediate magnetic fields a new
type of quantum correction, which has not been reported
earlier in the literature. This correction depends logarith-
mically on the transport relaxation time, but is indepen-
dent of temperature and depends on the magnetic field in
the same way as the electron-electron interaction term.
We expect this quantum correction to be related to a new
type of localization, which is not quenched by the high
magpnetic field.
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