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Weak localization in a GaAs heterostructure close to population of the second subband
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Weak-localization magnetoresistance has been measured as a function of carrier density using a back-
gate technique. The phase relaxation rate and the spin-orbit relaxation rate have been determined. The
dominating contribution to the phase relaxation rate comes from electron-electron interaction, as
demonstrated for samples covering densities from 2.5 to 7.5 X 10"m . Interband scattering is found to
enhance phase relaxation. A strictly two-dimensional electron gas (2DEG) quenches the spin-orbit re-
laxation rate in the plane of the 2DEG, 1/P', whereas the orthogonal part, 1/v„, appears added to the
phase relaxation rate in the interpretation of the weak-localization magnetoresistance, and can be deter-
mined as the saturation value of the phase relaxation at low temperatures. For high carrier densities, in-
tersubband scattering makes the spin-orbit scattering more isotropic and our data support a theory by
Elliott.

Two-dimensional electronic gas (2DEG) systems may
be realized in two fundamentally different ways. In a
strict sense the 2DEG has only one eigenenergy for the
electrons in the z direction. This is a situation for elec-
trons in a thin quantum well with only one subband occu-
pied, as exemplified by Si metal-oxide-semiconductor
field-efFect transistors and GaAs modulation-doped het-
erostructures. The other type of 2DEG is found in thin
metal films, for which the phase coherence length is
much longer than the layer thickness. The phase coher-
ence length for a strictly 2DEG is A&=+Dr&, with
D =uFrp/2, where uz is the Fermi velocity and rp is a to-
tal scattering rate for electrons, which we in the following
take as the transport relaxation rate. ~& is the decay time
of the phase of the electrons and related to the inelastic
scattering time.

A two-dimensional system is referred to as weakly lo-
calized, if the mean free path of the electrons, UF~p, is
much longer than the de Broglie wavelength h/(m u)F.

For such systems one observes a decrease in the electrical
conductance b, cr = —(e /mh)ln(r&/7 p) as temperature
and consequently 1/r& decreases. Weak localization has
been studied in metal films' as well as in strict two-
dimensional semiconductor systems. '

Since the contribution of weak localization to the con-
ductivity is not easily distangled from other contribu-
tions, such as the electron-electron interaction, most
studies of weak localization have relied on measurements
of magnetoconductance at low magnetic fields for which
weak localization often gives a dominating and charac-
teristic contribution first calculated by Hikami, Larkin,
and Nagaoka:

—5cr(8) =(e /n. h) I Q( ,'+8p/8) g(—,'+8, /8 —)—
+0.5$( —,'+82/8 )

—0.5$( ,'+83/8 ) ], —

where 8, =8&+8", +8„+8'„, 82 =8&, and
83=8&+28„+28„. In terms of the relevant scatter-
ing times 7 p 7y and the anisotropic spin-orbit scattering

times H„~~„l„the characteristic fields can be written
Bp=h/(8vreDrp), 8„'~'=h/(S~eDr"„'~'), and
8&=h/(8meDr&). 8. is the external magnetic field per-
pendicular to the two-dimensional layer and P(x) is the
digamma function. In Eq. (1) it is assumed that there is
no magnetic scattering and that the elastic scattering
time ~p is much shorter than the other characteristic
times. Equation (1) is applicable to both the above types
of two-dimensional electron systems. In metallic films
the spin-orbit scattering is normally taken to be isotro-
pic, ' which leads to 8„=38„=38"„=—,'8'„. The spin-
orbit effects measured in thin metal films are so far
only semiquantitatively understood. In the strict two-
dimensional case the spin-orbit interaction gives only a
dephasing component perpendicular to the 2DEG, i.e.,
8"„=8"„=0.This means that 82=83 and the shape of
the weak localization magnetoresistance cannot be dis-
tinguished from the case where there is no spin-orbit
effect. However, the existence of 8;,%0 will lead to a re-
sidual value of 8& at low temperatures, where we expect
8& to vanish. In the strict two-dimensional electron sys-
tems the experimental situation has been puzzling. The
signature of the spin-orbit interaction has been measured
repeatedly in the two-dimensional electron systems at a
heterojunction interface, ' and there has been, in spite
of the theoretical predictions in Ref. 4, considerable de-
bate about the relevance of spin-orbit scattering to weak
localization magnetoresistance. In the following we
present measurements which confirm the importance of
electron-electron scattering for phase relaxation at low
temperatures, and which shed. new light on the role of
spin-orbit effects on weak localization in a semiconductor
2DEG.

We have used a back gate technique' to study weak
localization magnetoresistance for several different car-
rier densities. The samples were modulation-doped
GaAs/Alp 3pGap 7pAs heterostructures with undoped
Alp 3pGap 7pAs space layers. The two-dimensional elec-
tron system was confined by mesa etch in a conventional
Hall bar geometry with a width of 0.4 mm. The Au back
gate covered all the back surface of the chip. The back
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gate voltage could be frozen at a number of values (+85,
+150, +200 V) at room temperature and the sample then
cooled to helium temperature in order to have stable and
reproducible results. See Table I for the properties of the
investigated samples as well as samples from Refs. 11 and
12. The fact that the distance from the back gate to the
two-dimensional electrons is comparable to the width of
the etched mesa meant that the capacitively induced elec-
trons had a density which varied slightly across the 0.4-
mm-wide mesa. We have used the Shubnikov —de Haas
oscillations for the determination of the densities. At
gate voltages higher than 200 V, the tiny weak localiza-
tion magnetoresistance could not be reproducibly mea-
sured; however, here a beat was observed in the
Shubnikov —de Haas oscillations, indicating a second sub-
band being populated. For sample No. 2 an almost con-
stant population, n, -7X 10' m was observed for the
lowest subband and for voltages higher than 200 V. The
critical electron density, where the second subband began
to fill, was therefore taken to be 7X 10' m

Transport at the transition from populating one to two
subbands has been studied experimentally' ' and
theoretically' ' earlier in the literature, but so far with
no quantitative comparisons. Our weak localization
magnetoresistance experiments were carried out at 4.2
and 1.2 K using a sensitive dc %'heatstone bridge. Figure
1 shows three magnetoresistance curves for sample No. 2
for different back gate voltages. The curves are all exper-
imental traces taken on an X-F recorder. Such magne-
toresistance curves were fitted to Eq. (1) with an isotropic
spin-orbit field B„and a phase relaxation field B&. Bo
was determined from the zero field resistivity and the car-
rier density. Since B& decreases faster with increasing n
than B„, the double-peak magnetoresistance, which
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Samples from Ref. 11, T=4.2 K (1.2 K)
3.7 80 71 27(15)
3.5 113 138 42(20)
3.4 135 194 59(27)
3.2 360 290 240(86)

TABLE I. Parameters for the 2DEG in four
GaAs/Ga, A1& „As samples, Nos. 1 —4 (from four different
wafers), investigated by us and parameters from samples in
Refs. 11 and 12. Data are for T=4.2 K or, if in parenthesis, at
T=1.2 K. R~ is the square resistance in 0; Bp By and B„,
which are derived from experiments using Eq. (1), are in units of
pT.
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FIG. 1. Weak localization magnetoresistance of sample No.
2 as a function of magnetic field. The present gate voltages are
—200, —85, and + 150 V. T=4.2 K. The divisions along the y
axis amount to only 14, 8, and 6X 10 ' of the square resistance.
Such curves are fitted to the theory of Hikami, Larkin, and
Nagaoka (Ref. 4), Eq. (1), and the phase and spin-orbit relaxa-
tion times for these three as well as all other investigated sam-
ples are given in Table I.

characterizes a dominating spin-orbit effect at low mag-
netic fields, is enhanced as n increases. Table I gives the
determined parameters for the four samples investigated
as well as parameters for samples from Refs. 11 and 12.
The fact that B„decreases with increasing n is opposite
to the recent findings of Ref. 12. However we emphasize
that I/r„ increases with n in both cases.

In Fig. 2 the experimentally determined values of 1/r&
for the samples of this investigation at several gate volt-
ages and some earlier results of Ref. 11 are plotted as a
function of the two-dimensional carrier density. Note in
particular the nonmonotonic variation at the highest car-
rier density close to the population of the second sub-
band. The phase-breaking length is dominated by
electron-electron scattering, which takes difFerent expres-
sions depending on whether k~ T) h/2~ro (clean limit)
or k&T(h/2m' (dirty limit). The analysis of Ref. 11
gives for a sample with a mobility of 5.4 m /V s (scatter-
ing rate 48X10' s ') the following expression for the
phase relaxation rate:"
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1/r~= 1/r~+ 1/r„+ 5

=k+T/(2EFro)ln(2mEzro/h)+F n k&T /(hE+)ln(2rlE+ro/h)+5

=(27T/n +0.7T /n +2.7)10' s (2)

where we have assumed that h/2m') k~T. In the last
expression we have used that EF-n, ro- n (from experi-
ment) and the coupling constant F=0.58." T is in units
of K and n in units of 10' m . The last term is a phe-
nomenological scattering rate which in Ref. 11 was intro-
duced to match the fact that ~& saturates at a finite value
as the temperature goes towards zero. We believe that
this constant value at low temperatures reflects the addi-
tion of I/r,', to I/r& for the strictly (or in the case of a
thin metallic film, anisotropic) 2DEG in Eq. (1) as al-
ready mentioned above. Ideally, at the transition to the
second subband, n, =7 X 10' m (sample No. 2), we ex-
pect a doubling of the density of states due to the appear-
ance of the second subband. However a smeared transi-
tion is expected due to scattering lifetime effects, sample
inhomogeneities and temperature. The electron-electron
scattering rates [clean and dirty limit expressions in Eq.
(2)] at one particular energy is expected to be proportion-
al to the density of states and therefore abruptly doubles
at n, . In order to obtain a realistic graph of the total
phase relaxation rate versus n, we assume a smearing in
carrier density of 0.5X 10' m (roughly 1 meV on the
energy scale) according to the following expression:

(1!r&(n))= — r& '(n')e '" " 'dn'= 2

f —
1( i

)
—4(n —n') d

7

In Fig. 2 ( 1/r& ) is shown as the full lines for the temper-
atures T=4.2 and 1.2 K. The agreement between model
and experiment is quite satisfactory considering that we
have modified the dirty limit formula for the different
mobilities of the 2DEG's. We may question the use of
Eq. (1) for analyzing the situation where the second sub-
band begins to be populated, ' because spin-orbit effects
are expected to be anisotropic (r„)2r,",). In the carrier
density region where the second subband is populated we
believe that Eq. (1) with an isotropic spin-orbit field be-
comes more valid. The experimentally determined 1/r„
is therefore expected to increase as the second subband
begins to populate and then at higher carrier densities to
become constant. Simultaneously we expect the
temperature-independent part of 1/r& (1/H„) to be ab-
sorbed in the isotropic I /r„. This is in fact what we ob-
serve.

There are (at least) three possible sources of spin-orbit
interaction, which can be the origin of the spin-orbit de-
phasing: (1) scattering against heavy impurities, (2)
scattering associated with the electric field of impuri-
ties, and (3) scattering in materials with spin-split ener-

gy levels. ' According to Ref. 12 the last contribution
may explain the origin of the spin-orbit scattering. How-
ever, we do not find the quadratic dependence of 8„
versus n which is reported in Ref. 12. We find indeed
much better agreement with the expression given in Ref.
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FIG. 2. The phase relaxation rate for samples Nos. 1-4 and

from Ref. 11 plotted as a function of two-dimensional carrier
density. Data for the two temperatures T=4.2 and 1.2 K are
displayed. The phase relaxation rates at 1.2 K are close to the
low-temperature saturation value, which in Eq. (3) is set to
2.7X10' s '. The curves are the theoretical expression for the
electron-electron scattering rate calculated in Ref. 11 and given
by Eqs. (2) and (3). The electron-electron scattering doubles
above the carrier density where the second subband starts to fill
and 1/v.

&
is smeared with a Gaussian function with an energy

half-width of 1 meV as given by Eq. (3).
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FIG. 3. 8„/Rz plotted vs n for 2DEG's exhibiting spin-
orbit effect in the weak localization magnetoresistance. Samples
Nos. 2—4 and data from Ref. 12 are plotted. Only for carrier
densities above 5.5X10' m, i.e., close to population of the
second subband (at 7X10' m for sample No. 2) is spin-orbit
effects observed in the magnetoresistance. The straight line is
calculated from Eq. (5) with R =1.2 nm. Measurements at 4.2
and 1.2 K are shown.
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23, which can be expressed in the following way:

B„/Rs=n (g —2) R D(EF)he /m . (4)

Here D (EF) is the density of states, R is the diameter of
the impurity scatterer, I is the effective electron mass
(0.07mo), and g is the electronic g factor, g =0.4 for the
conduction band in GaAs. In Fig. 3 we have plotted our
experimental values of 8„/R& as well as four values ex-
tracted from Ref. 12 (see Table I) as a function of n
The line predicted by Eq. (4) is drawn through the points
at the highest carrier density, where 1/r„ is expected to
be closest to the isotropic value. The slope of this line
gives R =1.2 nm. This is a reasonable value for the size
of an impurity scatterer.

In conclusion we emphasize that the phase relaxation
rate is well described by electron-electron interaction at

low temperatures. In this paper we have emphasized the
carrier density dependence, whereas earlier experiments
have focused on the temperature and mobility depen-
dence. " The problem around the spin-orbit effects in the
weak localization of semiconductor 2DEG is not settled.
We have interpreted our results in the light of the aniso-
tropic spin-orbit effect, which has not previously been ex-
perimentally investigated. Our results point to the im-
portance of interband scattering which, if strong enough,
makes spin-orbit scattering isotropic. Our results at high
carrier densities support the theory by Elliott. More
theoretical work on spin-orbit scattering is, however,
needed in order to clarify the results of weak localization
experiments.
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