
ELSEVIER Surface Science 361/362 (1996) 126-129 

surface science 

, Single particle and e lectron-e lectron scattering rates in 
• coupled  quantum wells 

Y. B e r k  ~, A. K a m e n e v  b, A. P a l e v s k i  "'*, H.  S h t r i k m a n  b, M.  S lu t zky  ~ 

• School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University, Tel Aviv 69978, Israel 
b Department of Condensed Matter, The Wetzmann Ins~rate of Science, Rehovot 76100, Israel 

Received 13 June 1995; accepted for pubfication 1 September 1995 

Ahtltract 

We have studied experimentally single-particle (small angle) and electron--electron scatterings in coupled double-quantum well 
systems. These scattering rates were determined by analysis of the re~tance resonance (RR) effect in the in-plane magnetic field. We 
have demonstrated that the values for single-particle scattering rate axe in fair agreement with Shulmikov-de Haas data, and that 
electron-electron scattering rates axe consistent with theoretical calculations, 

Keywords: Electrical transport; Gallium arsenide; Heterojunctiong Quantum effects; Quantum wells; Tunneling 

1. Introduction 

The resonant coupling of electrons in double 
quantum wells (QWs) leads to delocalization of 
electronic states in such systems. It was demon- 
strated experimentally [1,2] that this quantum 
mechanical phenomenon strongly influences the 
electrical resistance of QWs measured in parallel, 
giving rise to a "resistance resonance" (RR) peak 
when QWs have different mobilities. Recently, it 
was demonstrated [3,4] that the in-plane magnetic 
field suppresses the coupling between electronic 
states. The microscopic description of the lateral 
magnetoresistance of the coupled QWs was devel- 
oped and verified [4] by the experimental data. 
Some microscopic parameters, namely coupling 
energy zf, and single-particle (or small angle) scat- 
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tering time z incorporated in the theory were 
estimated, but not independently experimentally 
verified, in the above-mentioned investigation. In 
this paper we present extensive experimental 
studies of magnetoresistance in double QWs in 
different limits of quantum mechanical coupling 
between QWs, mobilities and temperature. These 
measurements are supplemented by the analysis of 
Shubnikov-de Haas (SdH) oscillations in a perpen- 
dicular magnetic field, which allows us to deduce 
independently the parameters used in the theory. 
The main points arising from our studies are: 
(1) The in-plane magnetic field destroys the cou- 

pling between QWs; the lineshape of the 
magnetoresistance fits the microscopic formula 
with a single-particle scattering time being the 
only fitting parameter. 

(2) The width (i.e. the characteristic magnetic field 
He) of the RR is sensitive to the single-electron 
scattering time, providing a new method of 
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measuring the small-angle scattering time on 
the remote impurities. 

(3) The dependence of Hc on temperature at ele- 
vated temperatures, and on Fermi energy, sug- 
gests that the electron-electron scattering rate 
(intralayer and interlayer) may also be tested. 

A detailed diagrammatic calculation, based on 
the Kubo formula [4] leads to the following 
dependence of the resonance resistance R on the 
in-plane magnetic field H (H is perpendicular to 
the direction of the excitation current j)  

R -  t ( H )  - R o ~  = ( R -  1(0) - RoN)f(B/Ho), (1) 

where 

2( 1) 
f(x)---- x e ~ - - ~  , (2) 

and the characteristic field is given by 

hc 1 N/ ( h )  2 ~ + 1 r ~  
H o -  e t~zb 1 +  - ~ z ,  (3) 

with 2~ -x--- ~i-t+ z2 x. The above relations are 
valid until H ..~ Hv, where Hv =-2ntic/(e2Fb), and 
2v is the Fermi wavelength. Note also that Ho << HF 
when eFz/h >> 1. Here zl.2 and ~.2 are single-particle 
(small angle) and two-particle (transport) scatter- 
ing times in the first and the second QWs respec- 
tively, vr is the Fermi velocity, and b is the distance 
between the centers of the QWs. Note that all the 
parameters can be measured directly from SdH 
oscillations of the resistance in perpendicular 
magnetic field at low temperatures. 

2. Experimental 

Two sets Of double QW structures were grown 
on a N + GaAs substrate by molecular-beam epi- 
taxy and consist of two CraAs wells of width 139 
separated by 14 and 28 ./k Alo.aGao.vAs barriers. 
The electrons were provided by remote delta- 
doped donor layers set back by spacer layers from 
the top and the bottom well correspondingly. The 
electron concentration in all samples was about 
2.5 x 10 tt em -2 in each well. In all our samples 
the bottom well had lower mobility, due to the 

Table 1 
Microscopic parameters of samples A-D 

Sample d .4 (z~)-1 (z~)-t z-t ~(0)-I 
(]k) (meV) (meV) (meV) (mcV) (meV) 

A 28 1.1 0.02 0.38 0.8 0.6 
B 28 1.1 0.04 0.07 0.5 0.18 
C 14 2.27 0.02 0.39 0.9 0.84 
D 14 227 0.02 0.05 0.34 0.16 

rougher GaAs/A1GaAs interface and a partial 
diffusion of Si into that well. However, slight 
variation of the growth conditions varies dramati- 
cally the extent to which the mobility of the bottom 
QW is lowered. The microscopic parameters of the 
samples A-D are presented in Table 1. A schematic 
cross-section of the device can be found in Ref. [1]. 
Measurements were done on 10#m wide and 
200 #m long channels with Au/Ge/Ni ohmic con- 
tacts. Top and bottom gates were patterned using 
the standard photolithography fabrication method. 
The top Schottky gate covered 150#m of the 
channel. The data were taken using a lock-in four- 
terminal technique at f = 3 7 H z .  The voltage 
probes connected to the gated segment of the 
channel were separated by 100 #m. 

Variation of the top gate voltage V s allows us to 
sweep the potential profile of the QWs through 
the resonant configuration. The resistance versus 
top gate voltage for the sample with the 28 A 
barrier at T = 4.2 K is plotted in the inset of Fig, 1, 
The resistance resonance is clearly observed at 
V s ~ 0.28 V. A similar procedure allows us to deter- 
mine resonance values for V 8 for structures with a 
14 A barrier. Next we fix the gate voltages corre- 
sponding to the exact resonance position, and 
measure the resistance as a function of the in-plane 
magnetic field perpendicular to the direction of the 
current, H I j. Fig. 1 shows the behavior of the RR 
for two structures with 14 and 28 ]k barriers, 
respectively. 

3. Results and discussion 

The experimental data clearly demonstrate the 
suppression of the RR by the magnetic field, as 
well as the expected broadening for stronger cou- 
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Fig. 1. The resonance resistance (R_R) versus magnetic field at 
4.2 K (solid lines are the theoretical curves). Inset: lineshape of 
the RR versus top gate voltage. 
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Fig. 2. Shubnikov-dz Haas oscillations for sample D. 

pled structures (Le. the resistance decreases more 
slowly for samples with smaller barrier width). In 
order to establish the microscopic parameters 
employed in the theoretical description, we perform 
an analysis of SdH oscillations of the resistance 
for the-samples with applied gate voltage corre- 
sponding to RR. Fig. 2 shows beats of the resis- 
tance, which are an indication of two sub-bands 
with different Ee present at resonance [5]. 

The distance between the nodes of the curve 
allows us to find the separation between the sub- 
bands J = Evl - Ew. For the samples with 14 and 
28]~ barriers we obtain A =2.3 and 1.l meV, 
respectively. These values are in a good agreement 
with theoretical estimates. In addition to the 
parameter A we extract for each sample a small- 
angle scattering time x, which is assumed to be 
equal for both bands. Their values are shown in 
Table 1. The complementary measurements of the 
Hal/effect and the sample resistance versus gate 
voltage [6] provide us the rest of the parameters 
entering into the definition of Ho, namely z~,2. 

The theoretical expression (Eq. (1)) fits perfectly 
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Fig. 3. The resistance versus magnetic field for different temper- 
ature8 (solid lines are the theoretical curv¢~). 
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Fig. 4. Electron-electron scattering rate versus temperature. 

the experimental data shown in Fig. 1 (solid line is 
the theoretical curve) and the values of ¢ used as 
the only fitting parameter are shown in Table 1. 
The agreement between values of ~ obtained from 
RR and SdH measurements is fair for samples with 
low mobilities of one of the wells, and rather poor 
for the high-mobiLity samples. 

We follow an identical fitting procedure for the 
RR versus H curves obtained at elevated temper- 
atures (see Fig. 3). As the temperature is increased, 
the experimental curves become broader and there- 
fore z(T) obtained in the fitting procedure attains 
smaller values. The correction of ~t~ due to increase 
in temperature is measured by the method men- 
tioned above. 

The values of the scattering rate z(T) -1 are 
temperature-independent (within experimental 
resolution) below 4.2 K for low-mobility samples, 
and below 2.2 K for high-mobility samples. These 
saturated values, which we denote as ~(0) -1, are 
subtracted from z(T) -1, and the variation of 
z(T)-l--~(0)  - :  versus temperature is plotted in 

Fig. 4 for samples with different barrier width d. 
The data for sample with d = 40 A is taken from 
Ref. [4]. The solid line represents the theoretical 
expression [7] for z- l(T) in a clean 2D gas 

t (k T) 2 / _ in kB__ZT , [l+inE+in  (4) 

where Lrv=276]~ is Thomas-Fermi screening 
length in GaAs. 

The agreement between the experimental points 
and the theoretical curve is quite remarkable. 
Eq. (4) is valid only in the limit kBT>> es. Therefore 
the deviations of the experimental points from the 
theory at high temperatures are not surprising. 
Thus we believe that the RR in two coupled QWs 
with different mobilities provides a powerful and 
relatively simple method of measuring small-angle 
and electron-electron scattering rates. 
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