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Coulomb scattering lifetime of a two-dimensional electron gas
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Motivated by a recent tunneling experiment in a double quantum-well system, which reports an anomalously
enhanced electronic scattering rate in a clean two-dimensional electron gas, we calculate the inelastic quasi-
particle lifetime due to electron-electron interaction in a single loop dynamically screened Coulomb interaction
within the random-phase approximation. We obtain excellent quantitative agreement with the inelastic scatter-
ing rates in the tunneling experiment without any adjustable parameter, finding that the reported=laage (
factor of 6 disagreement between theory and experiment arises from quantitative errors in the existing theo-
retical work and from the off-shell energy dependence of the electron self-energy.

A central quantity in the theory of interacting electron ening. In this sense, the lifetime measured from the tunneling
systems is the quasiparticle lifetime, which is the inverse oexperiment is an excellent candidate for a direct comparison
the scattering rate or the broadening of the quasiparticlgvith theoretical calculations. It is the aim of this work to
state, and therefore, determines the width of the quasiparticlgalculate the inelastic quasiparticle lifetime, due to the Cou-
spectral function. The concept of inelastic lifetime is alsojomb interaction in a clean 2DES and compare it with the
important in electronic device operation, because it controlsesults of the tunneling experimeht.
the electron energy dissipation rate. It is, therefore, of great The scattering rate obtained from the tunneling
significance that a recerdirect measurement of inelastic experiment with the contribution from the residual impurity
broadening in a two-dimensional electron gas by Murphyscattering excluded, is essentially due to electron-electron
etal! reports a factor of six discrepancy between experiinteraction. The effect of phonon scatterfgncluding both
mental results and the existing theory. In this paper, we deacoustic and LO phonons, are safely negliditite the ex-
VelOp a theory for inelastic Coulomb Scattering lifetime in aperimenta| temperature range. Unexpecte@yd as men-
degenerate two-dimensional electron syst@@ES, finding  tioned abovie a very large quantitative disagreement be-
essentially exact quantitative agreement with the tunnelingween the tunneling experiment and the existing theoretical
results reported in Ref. 1. We also identify the reason for th%a|cu|ations was reported_ For examp|e, the measured Cou-
factor of 6 disagreement reported in Ref. 1. lomb scattering rafeclose to the Fermi surface at low tem-

Over the past several decades two-dimensional electroperatures is found to be more than six times larger than that
systems have been extensively studied for both their fundasf the quoted calculation of Giuliani and Quin(GQ),’
mental and technological interest. The 2DES in high mobilwhich has been extensively used to interpret experimental
ity GaAs/Al,Ga; - xAs heterostructures has become an esperesults®'!13 This level of discrepancy is difficult to under-
cially suitable system for studying electron-electronstand, since the essential approximation used in GQ’s calcu-
interaction effects, because of the reduced effect of impurityation is the random-phase approximati¢RPA), and the
scattering arising from the modulation-doping technique.corresponding three-dimensional RPA Coulomb scattering
Many properties of the 2DES are strongly influenced by thezalculations are in excellent agreement with experimé&hts.
presence of electron-electron interactions. One importanthe biggest inaccuracy in the RPA comes from treating the
property is the broadening of the electronic states by inelastighort range correlations poorly. These short range correla-
Coulomb scattering, which plays a major role in many physitions should not be very important in the low temperature
cal processes, such as tunnelingallistic hot electron scattering rate of electrons close to the Fermi surface, where
effects? transport, and localizatiorf. The asymptotic proper- only long wavelength excitations are involved. This large
ties of Coulomb scattering in a 2DES are well establishedjiscrepancy, if proved true, would cast serious doubt on the
from the existing theoretical work:'° The electron inelastic  validity of the schemes of the existing theoretical work. This
lifetime 7, in a pure 2DES becomes; '(£)x¢%n¢ for s particularly important in view of recent suggestibhthat
eg>E>kgT, and re‘l(T)ocTzlnT for eg>kgT>¢, where  aninteracting 2DES may not be a Fermi liquid and may have
¢ is the quasiparticle energy with respect to the Fermi energyponperturbative similar interaction effects akin to Luttinger
er, kg and T are the Boltzmann constant and temperatureliquids’ Another significant puzzle is that the Coulomb
respectively. Earlier experimental work on the inelastic life-scattering rate measured at very low temperatures as a func-
time of 2D electrons focused on the dephasing tinghile  tion of energy in the quantum interference experinient
the recent experiment on tunnelinm a double quantum- seems to agree quite well with the GQ result. Since the cal-
well structure directly measures the inelastic broadeningculation of GQ is the most widely used theoretical result in
One advantage of the tunneling experiment over the dephathis subject, it is of considerable importance to investigate
ing experiment in this context is that the subtlety associatethis discrepancy. For this purpose, we calculate the inelastic
with quantum interference effects can be avoided in a tunlifetime by obtaining imaginary part of the electron self-
neling experiment, which directly obtains the inelastic broad-energy, using the RPA dynamically screened exchange inter-
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action, which is the same level of approximation as the work From Egs.(1)—(4), ImX(k,0) can be computed. It is
of GQ. Our calculation, with all the input parameters takenhelpful to make clear the relationship between the lifetime
from the real samples, i.e., with no adjustable parametergbtained from this self-energy and the lifetimes calculated
shows very good quantitative agreement with the tunnelindrom the Fermi's Golden rule before we move on to discuss
experiment. We further find that the originally reported largethe numerical result. The lifetimes of electrons and holes
discrepancy is due to some quantitative errors in the previousom the Golden rule are
theoretical work and the negligence of the energy depen-
dence of the Coulomb scattering rate. The Coulomb scatter-,l
ing broadening studied in this work is caused almost enurely
by quasiparticle excitations. Plasmon excitation can contrib-
ute only at much higher electron energtes. X[ 1= g, (ks )1 Vigl?8( &gt €p—q— E— &p),
We first present our calculation of the electron self-energy
for a pure and ideal 2DES. The corrections from finite well
thickness, vertex correction, diffusive effects, and phonon
scattering, all of which are included in our numerical work,
will be briefly discussed at the end. The finite temperature X Neo(Ecs ) [ Vigl? 0 Eks g Ep—qT E— &),
electron self-energy in the RPA is

(0="" : —2-2 Negr(£p)[ 1= Ner (£p-g)]

pgo’

Slo=2T = 22 Neg (€)1 Neer (£p-q)]

pqa

1 1
1w 1 Ne(&) s =[1-Ne(§) ] —7~ €
S(kipn) =2 23 Ved Qi) 2k + di oyt ipy), e(k) (k)
4 ek with Vig=v(0)/e(q,éc—ék+q). The last equation above is
where B 1=kgT, v is the area of the 2D system, and the equilibrium condition. Defining the broadening
V=v(@Q)[e(qio)] r and <0 are, respectively, the T'(k,&)=—2 Im3(k,&)/%, itis straightforward to shotff

screened Coulomb interaction and the electronic Green'’s

function. After a standard procedure of analytical (K, &)= 1 n 1 ®)
continuation>!8the imaginary part of the self-energy is ob- KT (k) (k)
tained as _ I
It is, therefore, clear that the lifetime
1 I Y(k&)=[—2 Im2(k,&)/R] s the relaxation time of
Im2 (k)= =2, v(q)Im o the electron momentum occupation numbegp,. In general,
v €(0. &g —w+i0") the : on lere
it differs from either the electron lifetime or the hole lifetime.
X[Ne(€gq+k) tNe(égrk—@)], (1) In particular,I' ~* and 7, differ by a factor of 2 at the Fermi

T . . surface. It is readily recognized that the lifetime obtained
whereg=#"k“/2m* —eg, is the electron energy relative 1o q,m the measured spectral function in a tunneling experi-
the Fermi energyn g Z;X'S th?lfermlon(bosog distribution  entisr—1, notr,. This® we believe, is one source of error
function ngeg)(x)=[e"x1] "%, v(q)=2me%eq is the by 5 factor of 2 in interpreting the experimental results of
Coulomb potential. The RPA dielectric function is Ref. 1.

In Fig. 1, we show, respectively, the numerical results of

— 0
€(@,0)=1-v(A)xc(a,0), @ I" as functions of temperatuiie energyé, and electron den-
where sity Ng. Several of the familiar features are easy to see from
the figure:T"(kg,0)c T2InT for small T, I'(k, &)« &2Iné for
(w+iy)xo(q,0+iy) g  Small€atT=0, andl’(kg,0) 1N, at smallT. It is interest-
xe(a,0)= WHiyxo(q,w+iy)/ xo(q,i0")’ © ing to compare the numerical results in Fig. 1 to the analyti-

cal expressions obtained from the I@wand small¢ asymp-

with y related to the mobility broadening by=e/(m* u). totic expansions of I in Eq. (1):

The above particle-conserving polarizabitityincludes the

essential effect of disorder scattering: The motion of elec- 2 mep (KeT\2 kgT
trons becomes diffusive rather than ballistic at large time and rké)=—m=——-—| In—
. : . oo 7o(T) a4 \ eg €r
length scales. This expression allows a simple quantitative
treatment of the diffusive effect arising from the finite value for eg>kgT> ¢, (7)

of mobility, due to impurity and phonon scattering. For the

experimental high mobility samples, the low temperature e [ & &

mobility is high, =10° cm?/V s, making the effect of dis- I'(k,&)=— m(s—) In— for ep>&>keT. (8)

order and phonon scattering practically negligiblé. The F F

use of yJ does not change the results within the numerical The above asymptotic expressions are consistent with our

accuracy, however, it helps to improve the numerical integrafull numerical results(the inserts of Fig. 1L It should be

tions by suppressing the singularities associated with plasioted that the prefactor in E(Y) is different from that of the

mon excitation. The noninteracting density-density respons@york by GQ5 The cause of this difference, we believe, is

x° in the above expression is that the corresponding expansion of GQ is incorrect by a

missing factor of (r/2)2. This can partially accour{by pro-
Xo(Qw+iy)= EE ”F(qu)_nF(f_p)_ (4) viding a factor of 2.5) for the fact that many studies have
' v ot &gip— &ty reported a Coulomb scattering rate significantly larger than
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FIG. 1. (8 The Coulomb scattering rafé(k,»), as a function
of temperatureT/Tg, where Te=¢p/kg. The solid line is for
I'(kg,0). The dashed line is fd?P(k, &), with £=0.4e¢. The inset
shows\ =#T (kg,0)er /[ (kg T)?IN(T:/T)], as a function ofT/Tk.
The density of the 2DES ils=1.6x 10*'cm 2. (b) The Coulomb
scattering rat&’(k,w), as a function of electron enerdy/eg . The
solid line is forI'(k,&), at T=0. The dashed line is fdr(k,¢&,),
with T=0.1T¢ . The inset shows=#AT"(K,&)eg/ [fﬁln(sFlfk)], as
a function of & /e at T=0. The density of the 2DES is
N¢=1.15< 10" cm™~2. (¢) I'(kg,0)/T2, as a function of the density
Ng, atT=3 K.

@
e
i

calculated
RN experiment

I GQ

@
w

T‘\f‘!‘!\\\‘\\\\‘\\r\

@
0

Al (T) /€

‘\\\\\\\\\‘\\\\‘\\»\

©
-

\

\
L1l

FIG. 2. The Coulomb scattering determined tunneling resonance
width I'e¢, as a function of temperaturg. The solid line is the
present calculation with densitN,=1.6x10'"" cm™2, well-
thicknessb=200 A, and mobility=10°cn?/V s. The diamonds
and the dashed line are, respectively, the experimental data and the

theoretical result of GQ quoted from Ref. 1.

sharply peaked a¥=0. The resonance widtk/yywym . the
bias potential at half maximum, is a measure of the quasi-
particle lifetime. Under the conditiofsatisfied in Ref. Lthat

the Fermi energy is much larger than all the other energy
scales involved, the resonance widiF .4=Vywum 1St

1 1
Per=5T(ke,0)+ 5 T(ke,V iwim) - C)

It is important to note that the finite bias potenti&lyym
introduces aroff-shellenergy dependence into the scattering
rate. This kind of energy dependence is a direct consequence
of simultaneous momentum and energy conservafidim

the tunneling process. Taking the value\gfm along with

the values of all other sample parameters from Ref. 1, we
numerically calculatd” .4 as a function of temperatufe.?*

In order to make a realistic comparison, we include the ef-
fects of finite well thickness, vertex correction, and a finite
value of mobility. The method to include these effects is
discussed below. The calculatéqs is shown as the solid
line in Fig. 2 together with the experimental data and the
theoretical result of GQdashed ling quoted from Ref. 1.
One can see that the agreement of the present calculation
with the experiment is excellent. The discrepancy between
the GQ result and the experiment on the other hand is very
large. This large discrepancy is due partly to the efor
factor of 72/2~5) in GQ’s work, which was discussed fol-
lowing Egs.(6) and(7), and partly to the negligence of the
off-shell energy dependence of the scattering rate, which
contributes a 30—40 % quantitative effect. The excellent
agreement between the present calculation and the experi-
ment suggests that the commonly adapted Fermi liquid RPA-

the GQ prediction. Note that the asymptotic expression ifdike many-body treatments for the Coulomb scattering rate
energy, Eq.(8), is the same as that in GQ, explaining the are well valid in GaAs-based 2DES. This also shows that a
puzzle of why the measurement of energy dependent scatteclean interacting 2DES is, in fact, a Fermi ligtigimilar to

ing rate agrees with the GQ restit.

Next, we directly compare our calculation with the recent

a three-dimensional system.
Finally, we briefly discuss how the corrections from finite

tunneling experimentin a double quantum-well system. For well thickness, vertex correction, phonon and impurity scat-
the case of equal electron densities on each layer, the tunnekring are incorporated into our calculation. The finite well

ing current as a function of the external bias potentak

thickness, which tends to weaken the interaction at short dis-
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tances, can be represented by replacifg) by v(q)F(q). all the data presented here are calculated wyith 10°
The form factor may be chosen asF(g) CM/Vs.
=(2/qb)[1+ 1/qb(efqb_ 1)] with b as the well thicknes& In summary, we have calculated the inelastic scattering

The influence of vertex correction, which tends to decreasé"’.‘te' due to electron-electron interaction for a two-

: ! . . imensional electron gas. Our work is motivated by the large
screening through a I(()Jcal field coorrectlon, may be esfumate isagreement between the recent tunneling experizant
by the replacement 0f:(q,w) by xc(d.w)[1—-G(q)], with  the existing theoretical calculations. Using experimental
the Hubbard local field approximatih G(q)=0.59/  sample parameters, we have obtained excellent quantitative
(g%+ kg)l/ZI The effect of LO-phonon-mediated electron- agreement with the tunneling experiment. Our work suggests

electron interaction can be includ@dy adding the factor thata clean interacting 2DES is a Fermi liquid and that RPA-
(1-e./€p)! (€41 €9— w?lwio) to the dielectric function gsgevil%?tr;urbatwe many-body calculations are of quantita-
€(q,w), with the parameters for GaAs materials as  Note added in proofAfter submission of our work we
€=12.9, €,=10.9, andw o=36.8 meV. For low energy |earned of a closely related work by T. Jungwirth and A. H.
excitations, the LO phonons act as a small source of statiMacDonald[Phys. Rev. B53, 7403 (1996], which gives
screening. The effect of a finite mobility, due to impurity and essentially the same results at this work.

acoustic phonon scattering, which is small under the present

conditions, can be taken into account by putting ipfothe The authors thank J.P. Eisenstein for helpful discussions.
appropriate value oy=e/m* x. For computational reasons, This work is supported by the U.S.-ARO and the U.S.-ONR.
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