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Electron-electron relaxation in heterostructures
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Stimulated by recent data for the electron-electron relaxation time measured in two different double-
guantum-well systems we consider both intralayer and interlayer screened electron-electron interactions and
include a contribution beyond the simple golden-rule result. In particular, we find (thabcluding a
nongolden-rule contribution of the same order in the interaction always reduces théiyas,a result, our
intralayer golden-rule contribution is significantly smaller than all published calculationsjignahile in-
cluding interlayer scattering may increase the rate, it is still less than the measured rate in a wide double-
quantum-well systen{.S0163-182®7)50712-Q

The electron-electron inelastic-scattering time is a very p2_p'2:
important characteristic of an electron system in metals and ép=
semiconductors. Considerable attention has been directed to
studying the electron-phase relaxation time in impure low- — , L
dimensional systems both theoretically and experimentallyt.he kinetic Green’s function is introduced,
The magnetoconductivity due to the weak localization and
the interaction effects, the mesoscopic conductance fluctua- G%(P)=[2n(P)—1][GA(P)-GR(P)], (2
tions, and the Aharonov-Bohm effects are some of the phe-
nomena which depend on the electron-phase relaxatiowherepg is the Fermi momentunm is the electron mass,
timel andn(P) is the electron Fermi distribution function. For the

Recent progress in heterostructure growth technology alsproblem of the electron-energy relaxatior{P) =n(e). The
initiated interest in the electron-electron interaction in purekinetic electron self-energy© satisfies an equation similar
two-dimensional electron systerfig Theoretically, the ef- to Eq. (2). The electron collision integrdi(P), the kinetic
fect of the electron-electron interaction on the electron life-equation that defines the electron-energy relaxation, and the
time was studied in Refs. 5-11. While there was a reasorrelaxation timer,.. are determined from the equatiofsee,
able agreement between theoretical predictions and the.g., Ref. 12
experimental data for zero temperatdressingle-quantum-
well systems, the comparison of the data of the experiments | (p)=—i{SC(P)—[2n(e)—1][SAP)-3R(P)]}, (3)
in double-quantum-well-systems for finite temperatéifes
more complicated. In strongly-coupled quantum weélsth

s P=(p.e),

wells separatioh=14 A) the theory which takes into ac- dn(e) _ 1 f dp IM[GA(P)]I(P) (4
count the formation of the electron bound states due to quan- dt mv ) (2m)3 '

tum tunneling describes the experimental data quite well. In

weakly-coupled quantum well=175-340 A, for which it 1 o dn(e)

is possiblé to ignore the formation of the electron bound = € , (5)
states, theoretical calculations disagree among themselves, Teel€,T)  dn(e) dt

and all of them give the inverse electron lifetimes less than

the experimental data. The authors of Ref. 4 also reportehere v is the electron density of states. The electron self-

disagreement between their theory and the experiment fd#nergy in the random-phase approximaigiPA) is the first

b=40 A. diagram shown in Fig. 1. The corresponding equation for the
The purpose of our paper is to reconsider the problem ofnergy relaxation time in the two-dimensional case is

the electron relaxation in a single-layer electron system and

then study in detail the electron relaxation in a weakly-

coupled two-layer electron system taking into account modi-
fication of the electron screening and different channels of
the electron relaxation.

We use the Keldysh diagram technique for inequilibrium
processes in which, besides retarded and advanced electron

Green'’s functions,

FIG. 1. The random-phase approximatigolden-rulg, and the

nonrandom-phase approximatignongolden-rulg diagram of the

GR(P)=[GA(P)]* = — (1) glectron self-engrgy in the second order in .the electron-electron
€— §p+|0 interaction contributing to the electron relaxation.
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dQ third terms in the rhs of Eq11)], while Ref. 7 has some
A, f 27 [N(w)+n(o+e)] positive terms which lead to overestimation of the electron
Te- e(T o relaxation®
x|mGA(p)|mGA(p+Q) In the three-dimensional case, RPA is valid for high-
o ) electron-densityxk<pg (see, e.g., Ref. )9 In the two-
XImIIYQ)IV(Q)|*, Q=(q,w). (6)  dimensional case, the fact that tR&InT term in Eq.(11)

does not depend on the screening momenikumeans that,
unlike the three-dimensional case, terms beyond the golden
rule in the electron relaxation may be equally important for
any value of the ratioc/pg. The first nongolden-rule self-
o energy, also of second order W, is the second diagram
RQ)= —v(1+i —) o<qug, Qq<2pg, (M shown in Fig. 1. The corresponding electron-electron relax-
que ation time may be presented in the form

wherev=m/ is the two-spin electron density of states. The

The equilibrium Bose and Fermi distribution functidNéw)
and n(e) both depend on the electron temperatiireThe
retarded scalar-polarization operator is

; i i 1 8 (dw
Coulomb potential screened in the RPA is - =— J o[N(®)+n(e+ )]
Teo(T,€) Tv) 2w
1 «
= —_— —_— = 2
V(g)= e Kk=2me v/, (8)

d?p
X 2 2f 2V(q )V(dy)IMGA(P)
wherek is the two-dimensional Debye screening momentum (2m)*) (2m)°) (2m)

and e is the static dielectric constant. X IMGA(P+ Q)ImGA(P+Q,)ImGA(P+Q+Q,).

Intralayer scattering rate (12)
Equation(6) may be rewritten in the following form:
Calculations show that logarithmic terms inr} differ
1 ) from that of 14{%) by a factor—3, due to absence of a factor
DT f 27 @IN(@)+n(eto ]f (27)2 [V(a)] —2 associated with the electron loop inr{2, and there are
no nonlogarithmic temperature-dependent terms hféu
(99  The combined result of both contribution§?), and 7{2) is

2
X

2
f (d p2 IMGA(P)ImMGA(P+ Q)

2)
1 wT? | (46|:) n 2P+ K
The integral of the two Green’s functions yields =-o_—|In - ¥
val(2veq) and sets the limits for the integral: w/ve TeolT)  Ber T Ktk
<(g=<2pg. Continuing the calculation of Eq9) yields 2(2pg—kp) 13
1 2 0 (2p|:+ K)(K+ kO
= do o[N(w)+n(w+e€)]
TouT.e)  muf fo 1 1@ 46,:) (2Pt
2pF dq 2 Te-e( 6) N Te-e(oyf)_ 87TGF K+ kl
Xf — [V(a)] (10)
Yo q _ 2(2p|:_k1)K (14)
whereqo=w/ve, and finally, (2pg+ k) (K +Kq)

wherek,;= €/vg.

All previous works neglected the nongolden-rule diagram
and thus overestimated the result by a factor ¢€@mpare
Egs.(11) and(13)]. This is the reason why the coefficient in

(11  the right-hand-side of Eq14) is half the corresponding co-
efficient in Refs. 7 and 9.

The temperature- and energy-dependent intralayer scatter-
ing rates, Eqs(13) and(14), respectively, are valid in both
Ehe low-densityk>pg and in the high-densitg<pg limits,

s has been checked by numerical evaluation of &ysand
12). Thus, the observation that th&2InT term in the

1 1 T2
TI(T)  7ee(T.0)  4er

| 46;: i 2pet+ kK
n T n K+k0

_ (2pe—ko) k
(2pe+ ) (k+ko) |’

whereky=T/vg.

Equation(10) derived from the RPA self-energy diagram
may be also obtained by the second-order perturbatio
theory in the electron-electron interaction using the golde

rule. Thus we later refer to Eqll) as the golden-rule con- . N .
tribution. The coefficientr/4 in the right-hand-sidérhs) of eIectron-reIaxann-rate_|s lnqlependent of the screening pa-
rameterx, forces a consideration of nongolden-rule contribu-

Eq. (13) coincides with Refs. 10 and 11 and differs from all tions
other published works. References 7 and 9 haver1éhd '
Ref. 8 hasn/2. We also note that besides the coefficient, our
golden-rule contributiofEq. (11)] differs from the corre-
sponding equation of Ref. 7 by having only negative non- The electron lifetime was measured in Ref. 3 in a system
logarithmic temperature-dependent teffiiie second and the of two parallel two-dimensional electron planes. The dis-

Intralayer and interlayer scattering rate
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tance between the electron planes Wwasl 75-350 A. In this TABLE I. Comparison of experimentgdRefs. 3 and #and the-
situation it is important to take into consideration the inter-oretical values of the dimensionless electron relaxation fate
action between electrons in different planes, which modifies= [ 7e-e(X) €] ™+, x=T/e¢ for x=0.1.

screening of interlayer and intralayer electron-electron inter=

action and also provides an additional channel of electron e b re.y 1oy
Experiment (meV) (A) pegb kb pb expt. theor.

relaxation.

The nonscreened Coulomb interaction between electroq§ef_ 3 57 200 2 4 1 0.048 0.0073
in different planes separated by the media with the dielectrigy¢ 4 10.9 40 055 08 1 0031 00077
constante; is

o 1 2me?
U%(q)= o exp(—qgb). (195

nongolden-rule diagrams while the interlayer potentihl

Further we will assume for simplicity that~e¢; . contributes only to the golden-rule diagram. The result of an
For two identical layers the screened-interlayer potentiabnalytical calculation using Eq18) is

U and screened-intralayer potentMlare described by the

' 1 T2
equations _ P Nirs 2002 2]
U=U%+VoIIu+unyv, v=Vv°+VoIIvulliu. (16 TeelT)  32¢p(1+xb)
The solution of Eq(16) is <|in 2ep pb N pb+2kb(1+ xb)
T peb kob+2xb(1+ «b)
Ui =~ . "zex'“(l_qb) R A[(1+2kb)2+ 1]xb(pb—keb)(1+ xb)
v a+2etec/ol-exp—2qb)] [pb+ 2xb(1+ xb)J[keb+ 2xb(1+ xb)] | *
1+x/q[1—exp(—2qb _
V(q)=K <l P=29D)] 17 pb=min{2pgb,1}. (19

v q+2k+k2/q[1—exp—2qb)]

Because small momentum transfers are important for the I.Equation(1.9) is valid for arbitrary electron density _and
electron-electron relaxation we will assume further thatgrbltrary relation between the parametpgh and «b. It IS
gb<1 to get important to keep the low-momentum cutdf not only in
T2InT terms, but also in th@? terms to keepre. positively
P 1 1 x(1+2kb) defined, e.g., foT=20 K ande=60 K, we cannot ignore
-, V)= . ko=0.3pr . The analytic solution, Eq19), is possible only
v G+ 2x(1+xb) va+2r(lt Kb)(18) for simplified forms of the potentials, E¢L8), instead of the

exact forms, Eq{(17). Numerical estimates show that this

Calculating the electron-electron relaxation in a double-2pproximation is reasonable. .
well system we note that the screened-intralayer electron- Using the data reported in Refs. 3 and 4, we presented in

electron potentialV contributes to both golden rule and Fig. 2 the results of theoretical calculations in a broad tem-
perature range and in Table | experimental and theoretical
data for one particular temperatufe=0.1lex. From Table |
. and from Fig. 2 we see that our theoretical calculatifds.
e oReonGR . (19)] disagree with experimental data. The reason for this
o o two layer (20 nm): Ref. 3 : disagreement is not clear. Probably the tunnel-resonance
e two layer (20 nm): theory - width of Ref. 3 and the resistance-resonance width of Ref. 4
o1t two layer (4 nm): Ref. 4 ) ) | L. "
----- two layer (4 nm): theory * have a contribution of nonrelaxation origin. Note that “ex-
. cellent agreement” reported in recent pap2t seems too
- optimistic. In particular, specifics of the electron relaxation
r . in a two-layer system, the interlayer relaxation, and the non-
0.061 . golden-rule contribution, which, as have been shown above,
diminishes the result by at least a factor of 2, were ignored.
At very low temperatures, when Indd/T)>1, higher-
order terms should be considered. This problem was studied
by the T-matrix approximation for the Hubbard model in
Ref. 13 and recently for the Coulomb interaction in Ref. 14.
It was shown in Ref. 14 that at very low temperatures when
only logarithmic terms are important higher-order terms lead
to effectively diminishing the coefficient to tHE?InT term
FIG. 2. Dimensionless electron relaxation ratd’ by another factor of 2 in comparison with Ed.3).
=[7e.e(X)er] L, x=T/eg . Experimental data are from Refs. 3 and
4. Theoretical one-layer golden-rule data are from @d), one- The authors are grateful to B. Laikhtman for useful dis-
layer golden-rule and non-golden-rule data are from @8), and  cussions. This work was supported by U.S. Office of Naval
two-layer data are from Ed19). Research.
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