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The carrier densities and mobilities have been measured for the first two populated subbands in a GaAs
double quantum wellDQW) as a function of the top gate voltay. The densities and quantum mobilities
(ufl, i=1,2) were obtained from the de Haas-Shubnikov oscillations. The transport mokii)i@ewere deter-
mined from the semiclassical low-field magnetoresistance with intersubband scattering taken into account. At
0.32 K the experimental data on both and !, as a function o, lie on two curves which cross at the
resonance point as expected from theoretical considerations. At 1.09 K and 4.aLf<cth1wes no longer cross
at resonance, but show a gap. The reason for this is not known. The mobilities have been calculated in the
low-temperature limit within the Boltzmann framework by assuming that they are limited by scattering due to
ionized impurities located at the outside interfaces. The assumption of short-range scattering is justified by the
relatively small value of the rati;ai‘/,uiq that is measured in the present system. The theoretical values obtained
for ,u} and ! are in reasonable agreement with the experiment for all valugg ekamined. We have also
calculated the resistivity and intersubband scattering rates of the DQW as a functigamd again find good
agreement with measured values.

DOI: 10.1103/PhysRevB.71.155310 PACS nunt®er73.40.Kp
[. INTRODUCTION very low perpendicular fields, and the latter were obtained
The resistivity of double quantum well®QWs) coupled from a detall_gd apaly5|s of the deHS oscillations. '
by tunneling was investigated by Palevskial ! in 1990 and The densities in each band have been calculated using a

since that time there have been numerous further studie§imple model based on the solution of Schrodinger’s equa-
When the two wells in a DQW are adjusted to be symmetridion for two coupled, square quantum wells. Despite the sim-
so that the energy levels in their bands coincide, the wavelicity of the model the agreement with measured values is
functions in the wells are strongly mixed to form symmetric very good. We have also calculated the transport mobilities
and antisymmetric states separated by an energy gap thef the two-band system at low temperatures within a Boltz-
depends on the barrier between the wells, and the electromgann framework. The calculations were made for a model in
have equal probabilities of being in either well. As the sys-which the impurities are located at the outer interfaces of the
tem moves away from symmetry, the two bands become prd@QW, because it was found that the distribution expected
gressively localized in one or the other of the wells. from the growth sequence could not describe the measured
When such wells are connected in parallel they show anobilities. From the calculated values of the densities and
“resistance resonance” around the symmetry point. This ighe transport mobilities of each band we have estimated the
most pronounced when the electron-impufigyi) scattering  zero-field resistivity of the DQW. Finally, the quantum mo-
probabilities of the carriers in the two wells are very differ- bilities for each band were calculated from Fermi’'s golden
ent, as in the present experiments. Well away from resorule. All of the experimental results were reproduced reason-
nance, the carriers in each well contribute to the current esably well with the model.
sentially independently, and those in the high-mobility well
dominate the current, thus keeping the parallel resistance
low. At resonance the carriers spend equal time in each well
(providing the tunneling time is short compared to the scat- The present experiments made use of a sample with two
tering time so that the impurity-scattering rate for all carri- 18-nm-wide GaAs wells separated by a 3.4 nm barrier of
ers is dominated by the rate in the low-mobility well. Thus Al s/G& 35AS. The electrons were provided bysedoped Si
the resistivity rises at this point. layer on each side of the wells and separated from them by
Such resonances have been extensively studied in a vari20 nm of Al ¢/Ga 3AS. The relative energies of the wells
ety of DQWSs®In some experiments the carrier densities inwere adjusted by a top gate which comprised a gold film
the two bands have been determined using the de Haasisulated by 30 nm of Si© To a good approximation, when
Shubnikov(deHS oscillations in a perpendicular magnetic both wells were occupied the gate raised or lowered the en-
field (e.g., Refs. 4—f and this is the method we have fol- ergy of only the well closest to the sample surfétte upper
lowed. The new feature of the present experiments is that wevell) with the carrier density in the bottom well being almost
have also measured the transport and quantum mobilities @bnstant. The gate allowed the density in the upper well to be
the carriers in each of the two bands of the DQW. The formewaried from zero to at least 2 times the density in the lower
were obtained from the semiclassical magnetoresistance inell.
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FIG. 2. Examples of data on the resistivity,, at 0.32 K as a
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0.4 0.2 0.0 0.2 04 function of_ magnetic fieldB at various fixed gate voltagég,. The
top curve is offset by +150) and the bottom by —200).

FIG. 1. The zero-field resistivityy, as a function of gate volt- the sum of a semiclassical backgroupiij plus a quantum-
ageV, and total carrier concentration;. The resonance is near Oscillatory partpge® At Vy=0.2 V and -0.2 V, a clear mini-
Vy=-0.04 V. The filled and open circles are data at 0.32 K andmum in the resistivity aB=0 is seen for each curve; this is
4.2 K, respectively. The line was calculated using the model dedue top; and arises from two groups of carriers with differ-

scribed in the text. ent mobilities. However, a¥,=-0.04 V (i.e., at resonange
where the wells have the same mobility, there is no observ-
Il. EXPERIMENTAL TECHNIQUES AND RESULTS able minimum. This is in accordance with expectations for

the behavior of the semiclassical magnetoresistance when

The longitudinal resistivity was measured by standard ddoth groups of carriers have the same mobility, as will be-
four-terminal methods with a resolution of a few nV s. Mea-come clearer in Sec. Il B. Under these conditions a weak
surements were made as a function of gate voltdggand maximum is visible, which we will also return to later. The
magnetic fieldB at fixed temperatures Gf=0.32 K, 1.09 K,  deHS oscillations, i.e., in the componeff’ become visible
and 4.2 K. The current was typically about 50 nA, chosen tdn these data at-0.07 T, a field at whictps$ is beginning to
give no observable electron heating as determined from thgaturate. At 1.09 K the oscillations are strongly damped, and
deHS oscillations. The resistivify, as a function oV, and by 4.2 K they are negligible over the field range of interest.
the total carrier densitp; at 0.32 K and 4.2 K are shown in
Fig. 1. Both curves exhibit a resonance af A. Analysis of deHS oscillations

oY _ 5 -2 : i .

=-0.04£0.01 V(ny=1.65+0.05¢< 10"°m™ and, in agree As expected, over practically the whole range of gate
ment with previous work, the resonance broadens as the tejp|age, the deHS oscillations indicate two oscillation fre-
perature is increased. The broadening is barely visible acﬁuencies,fi, ignoring sum and difference frequencies and
1.09 K, and so these data are not shown. harmonics. After removing most of the background, the re-

As Vg is decreased, the background resistivity risesgyjiing oscillations were Fourier transformed and the densi-
smoothly. This is primarily caused by the decreasing densityies n of the electrons in the two bands were obtained from
of carriers in the upper well that have a higher mobility thanine sual expression = 2ef /h.

those in the lower well away from the resonance. Néar Although the random scatter am obtained by Fourier

=-0.35 V there is a small kink in the curve that correspondsynjysis was reasonably low, it was found that it could be
to the point at which the upper well is emptying. Charleboistrher reduced by directly fitting the oscillations to the stan-
et al> show more data on the resistance resonance over @ q expressioh?

wider range temperatures for another sample taken from the
same wafer(Note that their gate had a thicker SiGyer) osc__ iy 27

The resistivityp,, was also measured as a function of the Pxx = ingiD(X)ex T cog 5+ ¢, (D)
perpendicular magnetic field at many different fixed values - '
of V. Some examples of data at 0.32 K are shown in Fig. 2where A; and ¢; are constants an®(X)=X/sinhX is the
For analysis purposes we consider each of these curves to teermal damping factor witiX=27kgT/%w., kg being the
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Boltzmann constantp. being the cyclotron frequency, and ' ' ' ' '
w! are the quantum mobilities. Clearly this analysis has the 2.4+
additional advantage of allowing the quantum mobilities for
the two bands to be obtained. The term exp/ u/B) ac-
counts for the broadening of the Landau levels due to impu- 2.0r
rity scattering, and it is usually referred to as the Dingle
factor. The Dingle temperaturg, is another standard mea- o
sure of Landau-level broadening and the Dingle factor is o 16
often written as ex@-27mkgTp/fiw,). ©
The analysis procedure involved first removing any re- Z_
sidual background by filtering, using Fourier transform 3
methods; at the same time any sum and difference <
frequencie® and harmonics were also removed. The fitting =3
was done using nonlinear least-mean-squares iterative tech-
niques with the parametess, f;, u, and¢; as unknowns. To
increase the sensitivity of the fitting to the low-field data, the
weighting of the data points was increased by a factor of 10
at fields <0.22 T. The fits were always excellent over the
full-field range. Occasionally there were observable devia- 0.0 . . . . .
tions between the fitted curves and the data at the highest 04 02 0.0 0.2 0.4
fields, but this was expected, because @g.becomes inac- Vg V)
curate when the oscillation amplitude is large; this was one
of the reasons for strongly weighting the low field oscilla-

aben 0 2 0 4 2
Ny

0.4}

FIG. 3. The carrier densities as functions of gate voltdgerhe

tions. The same analvsis was carried out for data at botElled circles and open triangles are results evaluated from the deHS
’ y ata at 0.32 K and 1.09 K, respectively. The open squares are from

0.32K gnd 1.09 K. Interestingly, at_1.09 K the Fourier trans'the Hall data at 1.10 K. The lines were calculated using the model
forms did not have enough resolution to clearly separate thgaoc ribed in the text.

two frequencies through the resonance region, but the direct
fits did allow this. By 4.2 K there were insufficient oscilla-
tions for an analysis to be made.

The values ofn; and ny=n;+n, as functions ofV; ob- The two-band model for the semiclassical magnetoresis-
tained from this procedure are shown in Flg 3. The VariOUinity in a perpendicu|ar magnetic field is well knoWB_g_'
curves forn; appear to be very similar at the two tempera-see Ref. § It assumes that two groups of carriers exist with
tures, but the higher temperature data give consistentlyensitiesn; and transport mobilitieg. (i=1,2), and that the
slightly higher values. At 0.32 K we findr=(1.71+0.03 w0 groups carry current independently. If we associate the
+(2.0820.02V, 10'° m™2 with Vg in volts, and at 1.09 K, two groups with the two bands in the DQW, then the last
nr=(1.74+0.03+(2.08+0.04V, 10" m™2 The same figure
also shows some values of obtained from the Hall data 60
that obey ny=(1.78+0.01+(2.10+0.03V; 10*m™ at 50 b
1.09 K.

The differences im; between the various data sets may or
may not be real. They could be due to minor irreproducibili- 30+
ties in the impurity ionization on different cooldowns. It is
also possible that the quoted errors for the deHS evaluations
do not adequately reflect the true uncertainties. The fits at
0.32 K were made down to about 0.07 T. It is difficult to
control errors inB to better than 0.002 T, so the upper limit
on 1/B could be inaccurate by2-3 %. On the other hand,
the Hall data are essentially linear B) and small errors in
the field are much less of a problem.

The results oruf! for the 0.32 K data are shown in Fig. 4
and, as expected, they are seen to have the form of two
smooth curves crossing at the resonance point. The corre-
sponding values offy are in the range of 0.1-0.5 K for ' Y
these data. The 1.09 K fitmot shown also yield values of
Tp, but the uncertainties are much larger, typically FIG. 4. The quantum mobilitiead as a function of gate voltage,
0.1-0.2 K, because of the reduced lengths of the data Setg,. The open circles were obtained from the deHS data at 0.32 K.
Within these uncertainties the results generally agree witlThe lines were calculated by using E¢®—(16) as explained in the
those obtained from the 0.32 K data. text.

B. Analysis of semiclassical background

O O N WO
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assumption is not satisfied around the resonance point, where 300
a significant fraction of the scattering is intersubband. It has

been showtf that the two-band model can be modified to

take interband scattering into account. The resulting semi- 550 1
classical resistivityp;. can be written

Ny Npu () = wp)*B2
(Nupd + Nopey)® + (M ) B2 |

where p is the zero-field resistivity=1h,u} +n,ub)e. The
dimensionless parametetakes into account interband scat-
tering, and whem=1 this equation reduces to the usual two-
band result for two independent bands. In a DQW we expect
r to approach unity well away from the resonance condition,
because then the wells behave almost independently. The 1007
model predicts a positive magnetoresistivity which saturates

when the magnetic field satisfies the semiclassical, high-field

condition for both groups of carrier;s«,}B> 1. Clearly, if the 504
two groups have exactly the same mobility, then there is no
magnetoresistance from this mechanism.

Prx= Po @) 2001 _

150 4

Py (€)

We have analyzegs; at low magnetic fields using Eq. . ‘ . Io'32K
(2). The usual technique reported in the literature for analyz- 0 0.2 0.1 0.0 0.1 0.2
ing such data has been to fit the relative resistivipy; B(T)

- po)! po- However, we have fitted the full expression because ) _ ] o
FIG. 5. Examples of the experimental, semiclassical resistivity

the absolute value gf, provides a much stronger constraint . ; - - .
« at various fixed gate voltagég, as a function of the magnetic

on the allowed values of the mobilities than do the relative;?X ‘1B at 0.32 K. The filled circl h dval dth
resistivity values. In this regard, when measuring the dc voIt—_'g f‘t e ooy en F}n CEC ;;5 arzg(tg)eTn;]eas;re ril’\]/’la Efsl gnt the
age across the sample to obtain the resistivity during a fiel es are fitted curves using Eqe) a - 'Ne experimental data

) ave been smoothed to reduce the deHS oscillatiassxplained
sweep, there was always a small offset which was deter-

mined and eliminated from the signal. As a check, the resis- the tex).

tivity at the zero field was also measured, using current re- The coefficientb in the quadratic term was always nega-

versals to automatically eliminate the off;et, and, e This term was usually not resolved with any accuracy,
necessary, these results were used to normalize the data Q34 \vas not readily visible away from the resonance. The
tained during the field sweeps. magnitude is roughly 1.0+0.8/T2 over most of the range

The values of; for the two bands were taken directly ¢ a0 yoltages, but in the region around the resonance it
from the results of fitting the deHS oscillations at 0.32 K g4 proximately doubles. A term of this type is often seen in

There are other points about the analysis that should also agnetoresistance experiments and has been ascribed to

mentioneq. Clearly in Fig. 2 the oscilllat?ons and semiclassiqlomb interaction&? If this were the case here, it would
cal behavior overlap at 0.32 Kout this is not the case at g pinit 5 JogT dependence, but the scatter in our data does
1.09 K where the oscillations are much weaker, nor at 4.2 K o+ a0, this to be tested. Note that H@) is also approxi-
where they are negligibleWhen the deHS oscillations be—g‘mdy quadrati¢and positivé nearB=0, but the factobB?

came rellgtlt\)/ely. Iar_?e, tr;e cherve (‘;'ttﬁd to (tjhe sem|clas_s|c| ave a much smaller contribution, except close to resonance,
pirt CO[;] e significantly af ected, depen Ir']l? on Preciseiang in practice the two components were independent of
where the data set was terminated on an oscillation. To MNlaach other. Thus a full fit had five free parameters compris-

mize this problem the 0.32 K data were smoothed to el|m|-Ing ul, b, . a, andb. However, the resulting values gf

nate the lowest field oscillations so that fits up to about, o hardlv chanaed when we sst0=b. though the fitted
0.15-0.20 T became possible. This was done by averagingLIrVeS wer{z visib?y wWorse. ' g

the data around each point using Gaussian weightinige Some examples of thesmoothed experimental data for

With of the Gaussian being chosen to eliminate the Iow-fieldpxx and the fitted curves are shown in Fig. 5. The fitted
oscillations but to have no observable effectgh

) - __curves were always very good representations of the data.
To obtain the b.esft f'ts It was a[so found necessary 10 inyye 5i50 tried fitting with the standard mo8elith r=1. This
clude an extra resistivity contribution of the form, gave much poorer fits around the resonance region, as ex-
pe=aB+bB?. 3) pected, because the interband sgattering is strong here, but
well away from resonance any difference between the two
The first term was very small<1% of py over the field fits became very small. However, the transport mobilities
range of interegtand it arose because the data were nodetermined by both types of fit show a similar behavior over
precisely even irB, presumably due to a small admixture of the whole range of densities.
the Hall resistivity. It was noticeable only when the mobili-  We note that Eq(2) always allows two possible sets of
ties of the two bands were almost the same. solutiong® when fitting any experimental curyee., two dif-
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FIG. 6. The coefficient in Eq. (2) as a function of gate voltage FIG. 7. The transport mobilitieg' as a function of gate voltage
Vg The symbols are experimental data: open circles are 0.32 KYg- The open circles are the measured quantities at 0.32 K evalu-
filled circles are 1.09 K, and open squares are 4.2 K. The line wagted from the semiclassical magnetoresistivities. The lines were cal-
calculated by using Eq17), as explained in the text. culated by using Eqg7)—(15), as described in the text.

. . t
ferent sets 0‘; coefficients H‘h andhr), and these ;WO lse_ts ment of the dopant atoms with the growth front which results
give 'den(;'_faf goc()jd?ess—lf) fits. The ttV\l’o sets OThso UtoNS, 5 tail of Si atoms from the lower doping layer extending to
were readily found for all experimental Curves. They gave,,, quantum wells, but with the higher density in the lower

t . . -
values forr andy;, which lle on different smooth UIves, as e This would explain both the higher mobility of the top
g- D P Y METY€,, o1l and the low ratio oful/ ud.

because at this point}=u5. However, one set of solutions ; .
. : ' The same analysis was also carried out for the data at
had an unphysical behavior forwhen the system was well 09 K and 4.2 K. and the results are shown in Figa) &nd

away from resonance, and it was discarded on this basis. T b). In both cases we used valuesmHetermined from the
correct set gave the expected limitrof 1 under these con- ' osc we u valuesrpi !
L at 0.32 K. For comparison purposes we also

ditions, whereas the incorrect set had either a very lar gnalysis Ofp, . _
v(lal:ue ofvrv (~10) or a Ivery small vaIue{~C; 1-03 Y’;\t\); ganalyzed the 1.09 K data usimgdetermined fronp2;°at the
.1-0. 9

~+0.35 V, respectively. The data for the coefficierdt the

200 T T T T T T T T T

various fixed temperatures are shown in Fig. 6 as a function (@) oo

of Vg, and they are seen to have a minimum near resonance 100 1 ,°° |

(Vg=-0.04 V). 20l ° |
The values for] as a function o/ at 0.32 K are shown 50 | o ° |

in Fig. 7. They lie on two smooth curves which appear to 2 % °°

cross at the resonance point just as the quantum mobilities do 30 o qz%g 1

in Fig. 4. The width of the resonance as seen in Fig. 7 cor- 20 b S _

relates well with that in Fig. 1. At the crossing poif\, 00000 0 °° °o

=-0.04+0.01 V there is no sign of a dip in the measured % 10k 109K %o 4

resistivity shown in Fig. 5, indicating that the two mobilities N? 200 H+—+—F+—F+—+—+—+—+—=

are indeed identical here. The upper well has the higher mo- E (b)

bility across the whole range. However, at large negative "= 400k o°° J

gate voltaged=-0.35 V) the upper well empties and the 70k o ° il

magnetoresistivity again shows no minimum. 50 | . l
The transport mobilities in Fig. 7 are always higher than 0 ® o

the quantum mobilities in Fig. 4, which is typical of 30 o YgegP .

modulation-doped GaAs heterostructufe®ften in GaAs 0l o P 5 i

systems the ratig'/ 19 is a factor of 10 or more, but here it 0oo?® ° 40K °o . o

is typically 2-3, implying that the carriers are subject to o

more large-angle scattering than was expected from the 10 0.4 0.2 0.0 0.0 0.4

modulation doping used. Furthermore, the upper well has a Vg (V)

consistently higher mobility than the lower well, which is

inconsistent with the symmetric doping used in the growth. FIG. 8. The experimental transport mobilitig§evaluated from
However, although the wells were designed to be symmetrithe semiclassical magnetoresistivities as a function of gate voltage
cally modulation doped, in practitethere is often a move- Vg at 1.09 K (upper pangland 4.2 K(lower panel.
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165 y T T T T IV. THEORETICAL RESULTS AND COMPARISON WITH
THE EXPERIMENTAL DATA
160 | A. Electron densities of the first two subbands
The electron wave functions and the corresponding en-
155 | ergy eigenvalues that describe the lowest two states in a
DQW are
a -
150 D (x,Y,2) = ¢i(2)expk - r)/IVA, (4
Q
and
145 |
Ey = E +22K22m", (5)
190y wherei=1,2 is thesubband indexk =(k,,k,) is the electron
wave vectory =(x,y) is the electron position in thvey-plane,
135 . . s s s andA is the sample area. The subband energieand the
03 -02 -01 00 01 02 03 electron wave functiong;(z) for the confining potential in

B(T) the z direction were calculated by solving Schrodinger’s
o _ equation for two square quantum well®Ws of width
FIG. 9. The solid circles in the four topmost curves are the18 nm separated by a potential barrier of width 3.4 nm.
experimentalp,, data at 4.2 K at various fixed gate voltagés When the applied gate voltage is zero the two wells of the
around the resonance poiiv;=—0.04 V) as a function of the mag- QW are symmetric and their height is taken to We
netic field. The lowest curve shows the experimental data at 0.32 I£310 meV. The potential barrier of the top well varies lin-
(open circleg at the resonance point. The solid lines are fits to the flv with t'h lied gate voltage. according to the relation-
4.2 K data using Eq92) and(3). The dashed lines are fits at both ea. y € applied gate . g_ ’ 9
ship AV;=aV,. The proportionality constant was deter-

temperatures, which assume thgt= x5 so that Eq/(2) yields only ) _ )
po- This latter form gives an adequate fit to the 0.32 K data, show-m'ned by matching the change of the density of the top well

ing that at resonance! = u.. In contrast, all the 4.2 K curves show (© the change of the barrier potential, where tunneling be-

a minimum at the origin, which implies that there is no point at tWeen the wells is ignored. _

which ! =pb. The asymmetry in the data is due to the texBiin The wave functions for the symmetrlc yvells are strongly

Eq. (3). mixed to form symmetric and antisymmetric states separated
by an energy gap that depends on the barrier between the
wells, and the electrons have equal probabilities of being in

same temperature; this made no obvious difference to th@ither well; this is the resonance condition. By varying the

resulting transport mobilities, except that the random scattegate voltage in the top well the system moves away from
was much higher. resonance and the two bands become progressively localized

At these higher temperatures the resulting curves né? one or the oth_er of the wells. Examples of calculated wave
longer cross at the resonance point. This is an unexpectddinctions at various valuey, for the present sample are
development, but it is confirmed by the simple observatiorshown in Fig. 10, where the solid lines correspond to the
that Eq.(2) shows that a point of no positive magnetoresis-Symmetric state and the dashed lines to the antisymmetric
tance only requireg =), the precise values of, andn,  State. Note that in th_e c_alculatlons the resonance condition
not being important. We can find such a point in the data apccurs atVy=0 V, while in the experiments it occurred at
0.32 K, but not at 1.09 K and 4.2 K. The low-field behavior Vg=—0.04 V. o
of the resistivity for various gate voltages around the reso- For degenerate systems the electron density intthgub-
nance condition is shown in Fig. 9 for the 4.2 K data, wheréband is given bym=(m'/ 7% (Er—E;) where Er is the
all the curves show positive magnetoresistance around thieermi level.Ex can be readily estimated from the relation-
origin, and for comparison also for 0.32 K at resonanceship,
where the curve shows no positive magnetoresistance. We
recall thatn; and n, show no unusual behavior as one in-
creases the temperature from 0.32 K to 1.09ske Fig. 3
suggesting that whatever causes the mobility gap at reso-
nance, it does not influena®g in a significant way. wherenr=n;+n, is the total density. In order to estimate the

Another interesting feature of the 4.2 K data in Figh)8 individual band densities; andn, we put in Eq.(6) the total
is that the width of the resonance is clearly wider than thaktlectron density obtained from the Hall measurements.
indicated by the 0.32 K data in Fig. 7. This temperature- The calculated values of the electron densitiefor each
induced broadening correlates well with that of the resistanceubband are shown in Fig. 3. For comparison with the ex-
resonance in Fig. 1. At 1.09 KFig. 8(@)] there is no notice- perimental results, the theoretical curves have been shifted
able increase in the resonance width, and this is also the cabg —0.04 V along the horizontal axis, so that the resonance
for the 1.09 K resonance dataot shown in Fig. 1 position coincides with that experimentally observed.

_wmh? Bt E,

E
F7 om 2

(6)
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0.4 T T T T r m* T
5 | 0, | Fﬁ = f dZnNimp(Zn)fo do|V;;(a.z,)|?, 9
00 —~4— T T~ and
‘\ / * T
0ok i m
R I N/ 1= [ dapaytz [ d0cosivy @z, o
- 0. .
0.4 1 1 1 1 1
0.4

' ' ' ' ' with 6 being the scattering angle between the initial and the
02t 4 i final statesk andk+q of the transition Ni,,(z,) being the
/-\ /\ distribution of the ionized impurities, and;(q,z,) being the
0+— N [ Fourier transform of the Coulomb interaction. From the con-
N / servation of energy and momentum we hdve

Wavefunctions
o
o

02r S oo 1 *\ 1/2
Vg = 0V (Resonance) m —
i . . . . . q= <?> (Eri + Efj — 2VEREg coso)t2 (11)
0.4 T T T T T
o - /;\ m . The Fourier transform of the Coulomb interaction is given by
' /2N
00 L—g4——2L N Vij(@z0) = 2 V(0,20 € (), (12)
0.2 F 7 where
Vg=0.3V
0.4 ! ! ! 1 L b ez © o
30 20 10 0 10 20 30 Vearqz)=—— | a@h(2e 9 Hdz. (13
z (nm) 2k0KQ )

FIG. 10. Examples of calculated wave functions in the DQW athko IS the permittivity Oflfree space, andis the perm'tt'v'ty_
three fixed gate voltages,. The solid lines correspond to the sym- Of GaAs. In Eq.(12) ;j(q) are the components of the in-
metric state and the dashed lines to the antisymmetric state. TRéErse dielectric matrix in the random-phase approximation.
locations of the two well§and their relative depths, not to scale The matrix e|ementﬁﬂ|i1j(Q) are given by
are indicated by gray lines.

e
€xij (@) = i + Ey Fraij ()11, (14
B. Transport and quantum mobilities of the individual Kokd
subbands whereF,;(q) are the screening form factors,

The transport mobility of théth subband isu{=es/m’, )
where! is the elastic relaxation time due to electron scatter-  Fig;(Q) :J dZJ dZ (D b2 7 (2) (),
ing by ionized impurities. The relaxation timeswere ob-
tained by solving the Boltzmann equation for a system with (15)
two occupied subbands. We have evaluated the results only, , IT; is the polarization function. In the long-wavelength
in the low-temperature degenerate limit, where only elec imit l'f-zm*/wﬁz
trons at the Fermi surface contribute to the relaxation times ! X
and conductivity. We obtained(Eg) by solving the follow-

ing system of two linear equatiod%1°16

The quantum mobilities of the two subband$=e7/m’
are determined by the quantum lifetimgs which, for two
occupied subbands, are obtained from Fermi’s golden rule,

t t Ep, )12 1 2
Ky + TzK12<E_> =1, = > Fi(}. (16)
T =1

F1 :
(7) . . :
Er, |2 In principle there are no unknowns in the caIcuIauow{of
7Koo+ 7Kyl e ) 7 1, and 7, given the ionized impurity distribution appropriate to
F2 the growth sequence of the sample. However, the experimen-
tal data on the mobilities cannot be reproduced, assuming
that the only scattering comes from the ioniz&dioped Si
layers 120 nm from the wells. We recall two experimental

whereEg; =Er-E; andK;; are the components of the scatter-
ing matrix K given by

2 points noted in Sec. Ill B. The first is that the experimental
Ki; = > F?kélj - Fll (8) ratio u!/ ud is typically 2—3, whereas our calculations show
=1 . that if all scattering originated from th&doped layers, then

ut/ ud~100 because of the preponderance of small angle
The transition ratesl“ﬁ and l“ilj are given by the scattering. This clearly indicates that scattering centers closer
expressions’ to the two-dimensional electron ge2DEG) must be present.
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The second is that the wells exhibit quite different mobilities, Berk et al® described the resistance resonance and the
which is inconsistent with an identical distribution of charge effects of an applied magnetic field parallel to the plane of
on each side of the wells. As noted earlier, these effects ahe 2DEG by using an alternative microscopic model based
probably mainly due to the diffusion of the dopant Si atoms,on the Kubo formula. The model defines two lifetimes for
though the resulting impurity distribution is not known in each band, the single-particle, small-angle lifetimand the
any detail. transport Iifetimeﬁr. These appear to be identical to those
For these reasons we made the simple assumption that thigat define the quantum mobility and transport mobility that
ionized scatterers were located at the outer interfaces of thee use here, i.eul=erl/m" and uj=es/m". As T—0 all
DQW, i.e., at distances;=—19.7 nm andz,=19.7 nm from lifetimes are determined by elastic scattering. Betlal. ob-
the center of the DQWz=0). We calculateds{ andu as a  tained the transport lifetimes from measurements of the re-
function of the gate voltage by using Eq3)—(16) and the sistivity and the Hall coefficient well away from resonance.
standard material parameters for GaAs. The subband enefhe broadening of the resonance as the temperature rises was
giesE; and the electron wave functiorg(z) were calculated ascribed by Berlet al. to a decreasing;. They extractedr
for each value ofV, as described in Sec. IV A. The best by fitting the experimental resistivity as a function of the
overall fits of bothx and u{ were obtained witiN,,(z) ~ parallel magnetic field to theory and, from the resulting tem-
=0.11x 10" m2 (lower interfaceé and Nimp(2)=0.015 perature dependence and absolute magnitude, identified the
X 10'® m~2 (upper interfack Clearly these values cannot ac- decrease as being due to electron-elect@® scattering
count for the electronic densities in the 2DEG, but at thisthat obeys 1#.e~3.0(kgT)?/fiek.
time we are unable to obtain a more realistic distribution. The present data have been analyzed in a way which gives
The results of the model calculations are shown as solid linegi and ! independently. Using the above estimatergffor
in Fig. 4 for x! and in Fig. 7 for,u}_ The theoretical results our sample would translate into a contribution to the quan-
are shifted by —0.04 V along the horizontal axis to match théum mobility due to e-e scattering ofud,=er./m’
experimental location of the resonance point. The resistivitym 240/T? m?/V s at the resonance point. At 1.1 K this would
po Was evaluated fronﬂ’ozl/e(nwtﬁ nz,utz). and the results resultin an~6% decrease ta% (or an equivalent increase of
are shown in Fig. 1 as the solid line. The gate voltages fof% in Tp) between 0.32 K and 1.1 K, which is below our
the calculated data are again shifted by —0.04 V. In all casekesolution. However, it is not clear that e-e scattering should
there is reasonable agreement with the experiment showirgffect T at all. Although the effect of e-e interactions on
that the basic features of the model calculation are correctguantum oscillations in three-dimensiond@D) metals is
The effect of intersubband scattering is introduced bottknown and has a long histot;!°we have not been able to
by the off-diagonal elements and the transition reit%zsthat find any information with respect to the effect of e-e scatter-
appear in the diagonal terms of tie matrix. In order to ing onTp for either 3D or 2D systems. Experimentally, no
examine this effect we calculate thgparameter that appears Significant temperature dependenceTgfhas been detected

in Eq. (2). This parameter is given by the expression, in 3D metals!®-2°1t is known that inelastic electron-phonon
. scattering does not contribute Tg, and it is possible that e-e
_nn (17) scattering behaves in a similar way.
Ty It is interesting that the calculation of the mobilities and

the resistance resonance by the Boltzmann equation in the
elastic-scattering limit, as outlined in Sec. IV, provides an-
., 1 1 5 5 other theoretical approach to this problem. The two relax-
T12" §(K11+ Koo £ EV(Kn‘ K2)*+4K1,. (18  ation times emerge naturally, and tunneling is not introduced
in any direct way, yet the results are in reasonably good
We see by the inspection of Eq¥) and (8) and Egs.(17)  agreement with the experiment. We also draw attention to
and (18) that r becomes unity when the transition rates similar calculations by Heis% which also gave good agree-
;i # j) are set to zero. We expect that away from resonancenent with the experiment for the case of a parallel magnetic
the effect of intersubband scattering should be small. This i§ield.
verified from the numerical calculations ofas T—0 K, An unexpected feature of the present experimental data is
shown by the solid line in Fig. 6. The theoretical values of that the mobility curves do not cross at 1.09 K and 4.2 K.
are in reasonable agreement with the experimental results.One possibility is that this results from the effects of the
broadening of the Fermi function. We would expect this to
V. DISCUSSION have an effect when the thermal broadeniqd is of the

The calculations described in Sec. IV give a good accounsame order of magnitude as the tunneling gap. The latter is
of all the measured quantities in the low-temperature limitknowr?? to be about 6.3 K, and so it seems likely that the
The only unknown in the theory was the microscopic distri-4.2 K data could be affected. Detailed calculations would be
bution of the ionized impurities that gives rise to the scatterfequired to determine the temperature at which any effects
ing of the electrons, and so we used a model which gave th&ould become visible and what form they might take.
observed ratio of transport to quantum Ilfetlme. Interestingly, VI. CONCLUSIONS
the model also gave a good account of the intersubband scat-
tering, a quantity which has been rather difficult to determine The present work shows that the Boltzmann approach
in a quantitative fashion. provides a good explanation of the low-temperature transport

wherer;* and 7," are the eigenvalues of the matrix,'°
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results measured in the present system. It would be of inteland theoretical methods may also be applied to DQWSs in a
est to extend it to other systems, and in particular to deterparallel magnetic field by using a small perpendicular field
mine what happens when the tunneling time becomes longomponent. This would provide a detailed microscopic view
compared to the transport relaxation times. It would also bef the destruction of the resonance by the field.

interesting to extend the Boltzmann calculations to finite
temperatures to determine if they might provide an explana-
tion for the broadening of the resistance resonance and the
gap in the mobility curves. The alternative theory of Betk This work was supported by a grant from the Natural
al.® has successfully described the temperature variation ddciences and Engineering Research Council of Canada. We
the resistance resonance and the quenching of the resonartbank Jean Beerens at the University of Sherbrooke for pro-
in a parallel magnetic field by invoking e-e scattering. It isviding access to pieces of the wafer. M.T. would also like to
not clear whether it can also give a detailed account of theéhank the University of Warwick for access to its computing
present data. Finally, we note that the present experimentécilities.
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