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Electron-electron scattering in coupled quantum wells
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The inelastic electron-electron scattering rate in strongly coupled quantum wells is investigated. Both intra-
subband and intersubband scattering processes are considered. The theoretical results are compared with
experimental data obtained from the analysis of the resistance resonance measured on,GaAs/Aé
heterostructures in the presence of an in-plane magnetic field. A good agreement with the theoretical curves is
obtained. The range of validity of the picture presented is discussed critically.

I. INTRODUCTION in—plane magnetic field. The experimental values affd/
are compared with the theoretical curves. In the same sec-
The system of quantum wellQW’s) coupled by tunnel- tion, we discuss critically the applicability of the present
ing exhibits a number of interesting properties. For examp|etheo_ry and _indicate possible ways for its further verification.
the resistance of two QW's with different mobilities con- Section 1V includes our conclusions.
nected in parallel strongly depends on the_ potential prc_)file of Il THEORETICAL CALCULATIONS
the QW's and has a peak when the latter is symméfficis
phenomenon is referred to as resistance resond@Reand A. Hamiltonian
has been studied to some extent during recent yeérs. Consider first the Schdinger equation of our system dis-
Recently, it has been demonstratedth theoretically and regarding the Coulomb interaction. We choose zhaxis in
experimentally) that an in-plane magnetic field suppressesthe direction perpendicular to the plane of the QW’s. Then
the RR. The magnitude of the effect depends on the couplinthe Hamiltonian splits into two parts: The first pertains to the
energy (\) between the wells and also on the width of thefree motion in thex-y plane and the second to the confined
single-particle states#(7). Experimentally, it has been motion along thez axis. The latter produces a series of
found that the main temperature dependence ofisllikely bound states. The eigenfunctions and the eigenvalues are
to emerge from electron-electron scattering. The comparisoterefore given by

of the experimental values of &F (as function of tempera- V(1) = ik 1
ture) with the well—-known theoretical expression for the in- (N =expikr) é(2), @
elastic rate in a two-dimensional electron Y&DEG) con- £2Kk2

firms this assumption. e(k)=E,+ T (2

This explanation is quite acceptable when the wells are
weakly coupled. In that case, the electrons are not scatterddere r is the two-dimensiona(2D) coordinate in thex-y
between the wells and consequently the electron lifetime imlane,k is the corresponding wave vecton® is the effec-
one of the wells is not altered significantly by the presence ofive mass, anck, is the discrete energy level that corre-
the second well. This picture, however, is not valid in thesponds to théth bound state. These relations define shb-
opposite limit of strongly coupled wells. WheiiA becomes band structureof the spectrum. Due to the symmetry of the
smaller than any of the time scales in the problem, the staHamiltonian, ¢,(z) has to be either of eved €1,3,5...)
tionary states of the electrons are extended over the twor of odd (=2,4,6...) parity.
wells and the energy spectrum is modified accordingly. In samples with the GaAs/AGa;_,As heterostructure,
Therefore, the theoretical description ofr97 has to be re- the barrier height is~300 meV. In our experiments, the
viewed and compared with the relevant experimental resultsyidth of each QW is 139 A, and the thickness of the barrier

In this paper we present an extensive theoretical and exd) is typically 14—40 A. At actual electronic densities
perimental study of the inelastic electron-electron scattering~5x 10'* cm~2) only the two lowest subbands are popu-
rate in two strongly coupled QW'’s. The theory presented inlated (Fig. 1). The separationX) between the two lowest
Sec. Il takes into account the two subbands that are formesubbands vanishes exponentially dass increased. For the
in the system at resonance. We consider both intrasubbanmdnge of barrier thicknesses mentioned abaveés typically
and intersubband scattering and derive asymptotic expres-2.2—0.6 meV. The Fermi energyg is ~10 meV. Thez
sions appropriate for typical experimental situations. In Secwave function corresponding to the lower subbahd 1) is
Il we present the experimental data of-37 obtained from  symmetric, and that of the next subbaré@) is antisym-
the analysis of the resistance resonance measured ®netric. These properties will be used in the calculation of the
GaAs/Al,Ga; _,As heterostructures in the presence of anmatrix elements of the Coulomb interactions.
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in which ¢ is the dielectric constant of the background me-
dium (GaAs and the repeated indices are summed over. In
the following we shall discard the exchange Coulomb inter-
actions, as their effect is likely to be small.

Since the parity of the two particle wave function has to
be conserved, the only nonvanishing matrix elements are

V11115 V1, Vo=V, V12157 V2121= V3,

)
V11277 V221:=Va, Vi122:= V2115~ V5.

The elements/,, V,, and V3 are the amplitudes for the
processes in which the electrons remain in their respective
subbandgintrasubbandinteraction$, whereas the elements
V, and V5 correspond to théntersubbandinteraction, i.e.,
processes transferring each of the interacting electrons to the
FIG. 1. The energy spectrum of the coupled quantum wells. i)/the(/subband. The function|(z) are real, and therefore
4= V5.
_ . The Coulomb interactions that give rise to the inelastic
The general Coulomb interaction in our two subband sySyecay rate of the electrons are screened. We present in the
tem can be written in the form Appendix the derivation of the dynamically screened Cou-
lomb interactionI‘,|l|2|3(q,w), within the random-phase ap-
HC:EV|1|2|3|4(q)CIT1k+qalCIT2p—qazcl4p02CI3kali li=1,2, proximation. We also show there that it is sufficient to use
&) the sta_t|c limit for the screening in the calculation of the
relaxation raté™°

k

wherecfrka (ciks) is the creationannihilation operator for

an electron in théth subband having wave vectlrand spin B. Calculation of the rate

projectiona, .
As we consider only two subbands, we adopt the two-
2re? band formalism for the calculation of the scattering rate re-
Vi, ()= e f d2,d2¢ (21) $1,(21) b1,(Z2)1,(Z2)  sulting from the Coulomb interactions. The inelastic rate for
an electron in théth subband, averaged over the Fermi sur-
xexd —q|z;— 2,1, (4)  face, has the forf

1 2
SR> T 1,,(D[? 8L e, (k+a) + € (p—a) — €(K) — € (P)]
7 Noh l1.00.13 k,p,q,0,0"
XAP,(0F) L (PIL=FP (k+a)I[1=f} . (p=a)], ®)

where8=1/kgT, N is the 2D density of states and

£0,(k)=f0(k)= 7

1
exf B(e (k) —ep)]+1

is the equilibrium Fermi distribution function.
The expression for tf° can be put in a form that is more convenient for the calculation. Introducing the gener@tized
the two-band cagepolarization

£ (k=) —f) (k)

H“’(q’w):kyo hot+in+ek—q)— ¢/ (k)’ ®
and noting that
1
kzg fﬁa(k)[l—f?,'a(k‘f‘Q)](S[el’(k"'q)_E|(k)_hw]:m—’ﬁfm’——j_)lm[r[”'(q’w)] 9

we finally obtain
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1 B ° do
T 24N, |1,|§2:,|3 f ) W%‘a T 1, (@D xi,(0, @) xi1,1,(0, = @), (10)

T

where the susceptibility(uz(q,w) is the imaginary part of the generalized polarization. This quantity is calculated in the
Appendix.

Next we consider the possible channels for scattering. The total scattering rate can be separated into the rate resulting from
the intersubband transitions and that coming from the intrasubband processes,

1 \tot 1 inter 1 intra
ol “”
For instance, for 1 we write

1 intra ,3 0 d
(E) =T 2aNg ). sinf?(ﬁaf)iwIZ) % {IT 1124 |*x12(0, @) x11(0, — @)

71

+|T 1214 @) [*x12(0, ) X220, — )}, (12
( 1 )inter__ B - do

e 22Ny .. SNt Bhol2) ; IT 1124 @) *{ X120, 0) X120, — @)

71

+ X120, ©) x21(0, — @)} (13

Similar expressions hold for 43°.

In order that the integral ovew will converge, the numerator of the integrand should vanishwatO at least as
O(w"?%). For the intrasubband susceptibilitigg (g, — @) = — xii(q,»), and therefore the produgt;(q,)x;(q,— ) is
necessarily even im, leading to the desired convergence. The situation is more delicate for the intersubband part of the total
rate. In this case

X100, — @)= —x21(q,0), x129,0 #0. (14
Using this property, we can write the integration in Eq(13) in a symmetrized form

* X120, @) x21(0, — @ X120, ) x12(0, — )
Lc ‘”% SiNF( Bh wl2) J % SiNM( Bh wl2)

Y X120, — ©) = x12(q, )]
- Efxd“’% SinkA(Bh wl2) ' (15)
|
This integral has no singularities at— 0. For the purposes of estimate we may put for the screened

For the sake of comparison with the experimental dataCoulomb matrix elements
the rates 175 have been evaluated numerically for various
values ofA and e for temperatures ranging from 1 to 40 K
(see the discussion in the next secjioHowever, one can
also derive asymptotic formulas for the intrasubband and in-
tersubband scattering rates as functiongf A, andT for  Then the first sum ovey in (12), to lowest order inw, gives
the actual experimental situations.

Under the experimental conditions, one usually has

L~ 12N,. 17

o 2 fw\?
€->A kgT. (16) % X11(d, @) x12(d, — @) ~ Ngkg | @1 o
For the lowest temperatures consideféd 10 K), A>kgT. )
At elevated temperatured, and kgT become of the same _ ho 45,:
order so that at 30—40 K we may hate<kgT. As we shall *2\ e |ﬁw|

see, the intersubband rate is strongly affected by the relative
magnitudes ofA andkgT whereas the intrasubband rate is
almost independent of it as long éK5) holds. This is quite
expected, since the intrasubband rate involves the intrasuliwvherekg is the Fermi vector of the lowest subband ard
band susceptibilitieg1; and x»,, which are to a good ap- are positive numerical constants of order unity. Since
proximationA independent. er>A, it is clear that

(18)
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band, the phase space for the intrasubband rate is roughly
2 X11(d0)x2A 0, — )~ 2 x11(0,0) x1:(0, ~ ). twice that of the single-band or(ee., the usual rate in the
q q ) . S
(19) case of 2DEG Also, the screening of the interaction is
. ] roughly twice more effectivédsee the Appendix; note that
Integrating over» we obtain this factor is doubled in the expression for the relaxation
7 \intra (kgT)2 (keT)2 [ 4er rate. Th.us, the resulting (_axpression should be _equal to the
—| ~—A +A, | Tl (200  expression for 2DEG within a factor of order unity.
1 €F €F BT Next we consider the intersubband rate in the limit

where A; are positive numerical constants of order unity.A>_kBT- Using Eq.(15), theq integration to lowest order in
This form for the relaxation rate in the intrasubband channelv yields
is not unexpected. Due to the presence of the second sub-

h(l) 2 46|:
+vs E_F In T + 3

)

€F 7o

i
Eq [Xlz(q,w)—xlz(q,—w)]2~N§k§( - 71(6_':

wherey; are positive numerical constants wigh>y,. Inte-  wm of the channel. The data were taken using a lock-in
grating over the frequency, we find four-terminal technique at= 37 Hz. The voltage probes
connected to the gated segment of the channel were sepa-

# |\ inter (kgT)? (kgT)? |[4dep rated by 100um.
(3) ~—B; e +B; e |H(T) The variation of the top gate voltag¥,, allows one to
1 F F sweep the potential profile of the QW's through the reso-
(kgT)? A nance configuration. The resistance versus the top gate volt-
+Bs = n(kB_T) : (22)  age for the sample with a 28-A barrierBt 4.2 K is plotted

in the inset of Fig. 2. The resistance resonance is clearly
Here B, are positive numerical constants wihy>B,. It is ~ observed aVy~0.28 V. A similar procedure allows one to
not difficult to understand the physical meaning of this ex-determine the resonance valueswffor the structures with
pression. Whem\>kgT, the average energy transfer in an @ 14-A bar_rler. We next fix the gate voIta_ggs at the values
inelastic collision event is small comparedAo Energy con- ~ corresponding to the exact resonance positions, and measure
servation then imposes a restriction on the available phad@€ resistance as a function of the in-plane magnetic field
space. The cutoff of the momentum transfer is nowPerpendicular to t_he direction of the currehtt j. Figure 2 _
~(A/2€p)ke [instead of the value- (kg T/2€)ke in the in-  shows the behaV|or_ of the RR for the two structures with
trasubband cageso thatA replaceskgT in the logarithm. ~14-A and 28-A barriers.
The term containing In{/ksT) is a correction to the latter. At The experimental data clearly demonstrate the suppres-
higher temperature$when A<KkgT), the average energy SION of the RR by the magnetic field, as well as the expected
transfer is larger thah. Then the cutoff value of the mo- Proadening for the more strongly coupled structures: The re-
mentum transfer is agair (% w/2eg)ke and sistance decreases more slowly for the samples with the
smaller barrier width. According to Ref. 5, the dependence of

the resonance resistance ldnis given by

R™Y(H) =Ry =[R X0)—Ry1f(H/H,), (24

X124, @)~ x11(Q, ®). (23

Therefore, in this limit Eq(13) would yield the expression

(20) for the intrasubband rate. Z(W—l)
fX)=———— (25
IIl. EXPERIMENT XV1+x
Two sets of double QW structures were grown on a semi” which the characteristic fieltd is given by
insulating GaAs substrate by molecular-beam epitaxy. They ke 1 A2+ 70
consist of two GaAs wells of 139-A width separated by HC=? v,:Tb\/ +(% 5 T (26)

14-A and 28-A Al {Ga,y-As barriers. The electrons were
provided by remoteS-doped donor layers set back from the Here 7{2 are the transport scattering times in the first and the
top and the bottom wells by spacer layers. In all our samplesecond QW, respectively,: is the Fermi velocity, and is
the bottom well had lower mobility due to the rougher the distance between the centers of the QW's. In the
GaAs/Al,Ga; _,As interface for that well. calculation® 1/7 results from the imaginary part of the self-
Measurements were done on A@a-wide and 200- energy correctionR(0) andRy are the values of the resis-
pm-long channels with Au/Ge/Ni Ohmic contacts. Top andtance atH =0 and at saturatiofat H>H,), respectively.
bottom gates were patterned using the standard photolithog- The theoretical expressiof24) fits perfectly the experi-
raphy fabrication method. The top Schottky gate covered 15@nental data shown in Fig. 3 with being theonly fitting
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parametelsee below. This fitting is carried out for several 1/7(T)—1/7(0) is plotted versus temperature for samples
values of the temperature, and hence allows the determinavith different barrier thicknessg§ig. 4).

tion of 7 as function ofT. As the temperature is increased, In order to deduce the microscopic parameters employed
the experimental curves become broader and therefgfp ~ in the theoretical description we perform an analysis of
attains smaller values. The values of the scattering rate 1/Shubnikov—de HaatSdH) oscillations of the resistance, for
are temperature independemtithin the experimental reso- the samples with applied gate voltage corresponding to the

lution) below 4.2 K for low-mobility samples and below 2.2 RR. Fig. 3 shows beats of the resistance, which are an indi-
K for high-mobility samples. Hence it is plausible to assumecation of the existence of two subbands with different Fermi

that wave vectors that are present at resondficghe measure-
ments of the SdH oscillations were performedrat0.28 K.

The distance between the nodes of the curve allows us to find
the separatioh between the subbands. For the samples with
14- and 28-A barriers we obtain far the values 2.3 and 1.1
where 1#(0) is the small-angle scattering rate that arisesmeV, respectively. The complementary measurements of the
from elastic scattering processes and is therefore assumed lall effect and the sample resistance versus gate voltage pro-
be temperature independent. The saturation values of the rat&le us with the rest of the parameters required for the defi-
[1/7(0)] are subtracted from %(T) and the variation of nition of H, namely,r‘l”z.

1 B 1 1
M 70) KT

(27)
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FIG. 3. Shubnikov—de Haas oscillations for
the sample with barrier thickness=14 A.
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In Fig. 4 we also present the curves of the inelastic scat- In order to verify other aspects of our calculation, e.g., the
tering rate 1¢7° for the actual values ofr andA, calculated dependence of 2#° on A and eg, it is insufficient to use
from Eq.(10). It is clear that as long as-> A, the two rates only the heterostructures discussed here. It is possiae
1/7$% are almost equal. Numerical calculations show that forRef. 5 to produce samples with variabkg—this option is
the values ofex and A under consideration, this equality included by fabricating samples with twigop and bottorn
holds within few percent. gates. Unfortunately, the only way to study thedepen-

The agreement between the experimental points and théence of the rate is to grow samples with various values of
theoretical curves is quite remarkable for the sample with théarrier thickness.

14-A barrier. For the samples with 28- and 40-A barriers, the Finally, we note that, strictly speaking, the calculation that
deviations of the experimental values from the theoreticayields expressior{24) takes into consideration only elastic
ones are relatively largéhe data for the 40-A barrier sample scattering processes. The perfect agreement of the experi-
is taken from Ref. & This is not surprising since the two- mental data witt{24) at elevated temperatures, where inelas-
band model is applicable only whérA is the shortest time tic processes are important, suggests that the latter can be
scale in the problem. Otherwise, the bands are not well déhcorporated by writing %(T) in the form(27). However, a
fined and a good agreement is not expected. For instancBgorous calculation of the resonant magnetoresistance that
even for the extremely clean samples, for which the mairwould take into account the electron-electron interaction has
level broadening would have come from the interaction behot yet been performed.

tween the electrons, the two-band picture is not adequate for

1 1 A IV. CONCLUSIONS
= e T (28) : .
o(T) % % We have calculated the electron-electron scattering rate in
. . a system of two coupled QW's in second-order perturbation
F(_)r example, for the 14-A barrier thicknesa €2.3 me\j the)o/ry. We find that tFr)]ere exist two main contribuﬁions to the
this happens al~ 60 K. For more weakly coupled structures . . . i
for which A~0.5-1 meV, the range of validity of the total rate: The m_trasubband and tht_a mtersubband_ rates. It is
present theory, using the criterig@8), is shown that the'lntra'subband_ and !ntersupband interactions
' ' are screened with different dielectric functions that depend
T<25-40 K. (29) on the distance between the centers of the wells. The intra-
subband rate exhibits the well-knoWwiInT temperature de-
When impurities are present, this range is further decreasegpendence whereas the leading term in the expression for the
For instance, in the samples with 14-, 28-, and 40-A barriersintersubband rate is of the forf?lnA. This is due to the
1/7(0) was found to be 0.6, 0.84, and 1.85 meV, respectivelydifferent values of the momentum transfer cutoff in the two
Thus, the sample with the 14-A barrier is expected to followscattering channels.
the present theory up td~40 K. In the sample with the We have performed resonant magnetoresistance measure-
28-A barrier thickness, the two bands are poorly definednents on a set of GaAs/gBa;_,As heterostructures with
aboveT~15 K. The 40-A barrier sample clearbannotbe  various values of barrier thickness. The temperature-
described by the present theory. Another well-known effectlependent part of t/scales with temperature a$ and ex-
of the impurities is to increase the electron-electron scatteriibits a good agreement with the theoretically calculated
ing rate!* This increase results from the loss of momentumcurve for the strongly coupled structurd<14 A, A=2.3
conservation, which in turn leads to a larger available phaseeV). For more weakly coupled wellsdE 40 A, A=0.55
space. meV andd=28 A, A=1.1 meV, the deviations of the ex-
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perimental vall_Jes of lfefrom. th_e corr_esponding theoreticall Vi(q)+ sz(q,w)[vé(q) — V() Va(a)]
ones are relatively large. This is attributed mainly to elastic I'1(g,w)= D.(q.0) ,
scattering. The latter reduces the range of validity of our 1q.@ (A2)
basic assumptions. Elastic scattering also increases the
electron-electron scattering rate by relaxing the momentum Vz(q)+H11(q,w)[V§(q)—Vl(q)Vz(q)]
conservation condition. This may partially explain the sys- T',(q,w)= ,
tematic positive deviations of the measured values ef€1/ D1(0, ) A3
from the theoretical curves. (A3)
V()
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Foundation. These involve the intrasubband polarizatidihig;, and I1,.

Similarly, the screened intersubband elemehts,, and

APPENDIX: SCREENING OF THE COULOMB I'1,,; are given byV, and Vs, and the intersubband polar-
INTERACTIONS izationsI1,, and I,
Here we obtain the screened matrix elements of the Cou- Va(q)

lomb interactions within the random-phase approximation. Fnzz(q,w)=4—. (AB)
Disregarding the exchange effects, the dynamically screened D2(q, @)
rTlatrix elementf|l|2|3|4(q,w) are given by the Dyson equa- V5(q)—H12(q,w)[Vﬁ(q)—Vé(q)]
tion [1204(0,0)= D,(q,@) ;

L, (@ o) =V, () (A7)

with
+ 20 Vit 6,0) T (6,), D2(0,0) =[1-T1 30, 0)Vs(@)][ 1~ (0, 0)Vs(q)]
(A1) — T30, @) 5(0, @) V(9. (A8B)

wherell,(g,w) is the generalized polarization part given Since in our caseV,=Vs, it follows that I';105=1"1521

by (8). Inserting in(Al) the bare Coulomb matrix elements =T',,.

(5), one finds that the screened intrasubband elements, The evaluation of the screened maitrix elements necessi-
IN1=T U=, 5= 1515=1"3 are given in terms tates the calculation of the polarization parts. We fiattizero

of V,,V,, andV; alone, temperaturg

|
2 fi(k—aq)—f.(k)
RG[HH'(Qa‘U)]:(zT)ZJ ; ho+e(k—q)—¢(k)

_ sgn(q/2— vy /2q) [ vy — 7 v — g’ 2
—‘No{l‘ g O\ 2aky M VlTzq ) ke
sgr(a/2+vy/2q) _(|vy:+q?| \/ vt a?\?
- q zqull _1 2q _kF|r 3 (Ag)
where
v =2m* (ho+E,—E)Ih2 (A10)

We have used here the dispersion relati@n The Fermi wave vector of thieh subband is denotdd:, . The imaginary part
of the polarizabiliy IniII;;/(q,w)]= x)/(q,w) is given by

_ 2w 2
Xi(g,0)=— (Zw)zf dk[fi(k—=q)—f (K)o iw+ € (k—0)—€(K)]

N , , 2) 12
—__0 01— il _i k§|_ VL_E
q 2qkg; 2K 2q 2
2) 1/2
P P T T A S T
®(1 zqu|/+2kFl’ )[kpw 2q +2} ] ) (Al1)
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The bare Coulomb matrix elemen(S) can be safely ap- me?
proximated by D2(q,w)=1—q—s[le(q,w)JrHﬂ(q,w)]
me’ X (1—exq —bq]). (A14)
Vi, 2,3(Q)’—Vq—8(1+exli_b(ﬂ),
Here we exploit the fact that,=Vs.
Te? Using the results obtained above for the real and imagi-
Va4, 5Q)= q_s( 1—exd —bq]), (A12)  nary parts of the polarization, we find that the dielectric func-

tions can be approximated by thaiatic limits
whereb is the distance between the centers of the QW's.
This yields that the intrasubband elements are screened with
the dielectric function

2me’N,
D.(q)=1+ q—8(1+exq—bq]), (A15)

Di(q w):l—W—Z[H (0, 0)+11,(q,w)] 2we’Ng
. ge -~ T 2 Dy(q)=1+ ——2(1—exd—bq]),  (A16)

ge

X (1+exd —ba]), (AL3) with small imaginary corrections of ordekr% w/2qeg,
whereas the intersubband elements are screened with the athich appear only fog>m* w/Akg . In these estimates it is
electric function sufficient to assumé&g;~ kg~ kg .
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