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Attenuation of two-dimensional plasmons

M. Yu. Reizer and V. M. Vinokur
Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, lllinois 60439
(Received 12 July 2000; revised manuscript received 10 October 2000

We calculate the attenuation of gapless plasmons in single- and double-layer electron systems by including
higher-order corrections to the electron polarization operator from the Coulomb interaction. Both particle-hole
excitations and plasmons in the intermediate states contribute to the relaxation. The obtained results are in good
agreement with experimental findings for temperatures above 30 K. We also make predictions for plasmon
attenuation at low temperatures where no experimental data are currently available.

Among the low-dimensional electron systems semicon- v
ductor double-quantum-well structures occupy an exclusive Pg(Q,Q)Z 5
position and attract intense current attention. The reason is
that being well studied theoretically such structures offer aand v,(Q)=2#e?Q is the two-dimensional Coulomb po-
unique test ground for a study of cooperative phenomena ifential.  The plasmon spectrum  thus  isQq(Q)
the low-dimensional structures and especially for the inves-:vF(KQ/Z)l/z, where k=2me?v is the screening momen-
tigation of plasmon modes which play a primary role in for-y, 1y anq;, = m/ is the two-dimensional two-spin density of

mation of electronic properties in a wealth of strongly COIre-giatas In the plasmon regio@p <, the polarization op-

lated systems ranging from semiconducting bilayer ; . .
structures to higfF, superconductors. erator Py does not have an imaginary part foe=0. This

In recent experimentsthe inelastic light scattering was implies the absen.ce c.)f Landau dampmg_and the absence of
used to probe plasmon properties of a double tWOpIasmon attenuation In zero approximation. The Imaginary
dimensional2D) electron ga2DEG) structure. The chosen Part appears upon taking into account corrections to the po-
technique allowed for not only measuring the spectrum of@rization operatorP;(Q,Q2), due to the Coulomb interac-
the in-phase and the out-of-phase plasmon modes, but al$®n- In other words one have to include into consideration
for finding the temperature dependence of the attenuation fdhe higher-order relaxation processes. A similar problem for
different values of the wave vector, thus providing a directd three-dimensional nondegenerate electron plasma was con-
access to subtle many-body effects. sidered in Ref. 6.

The results on the temperature dependence of the plasmon Defining y(Q,Q) = — ImPiR(Q,Q)/v we can immediately
attenuation were described by Landau damgitpwever,  write down the equation for the plasmon spectrum with at-
for Landau damping to be effective the plasmon branch otenuation
the spectrum should cross the particle-hole branch, whereas

2
QQ-il-)iFO) » Que={d, @

the plasmon spectrum measured in Ref. 1 apparently lies 02(Q)
abovethe particle-hole continuum. This means that at Iow_ QZ(Q)zgg(Q) 1+2i7’[Q,Qo(Q)]O—2 )
temperatures Landau damping in the degenerate system is (Qug)

exponentially small and vanishes for—0. Yet no theoret-

ical mechanism for the temperature-dependent attenuation #ftroducing plasmon attenuation &$Q,{2)=Im( and as-
gapless plasmon modes in the single- or double-layer ele@uming thati'[Q,0,(Q)]<(Q) we find

tron systems alternative to Landau damping was proposed.

Thus while at sufficiently high temperaturébove 30 K for QS(Q)
the system and parameters used in Ref. 1, as we shall show rQ,0)=Q,0¢Q) = (3
below) the plasmon damping can indeed be attributed to (Qug)

:B?Icgf; rﬂazrgtzgésthrzggiilg aor: (t)heenplausgnsct)ignattenuatlon at Plasmon attenuation in a single layer electron systém.
Motivatgd by the findinas of Re? 1 3ve 0 6se a mecha_this section we calculate the correction to the polarization
y 9 e prop erator PiR(Q,Q) arising from the Coulomb potential

nism for the attenuation of gapless plasmons due to the Co —a . . e
lomb interaction in high orders of perturbation theory and@ (d,@) in a single layer. By definitiorQuge<{), but as

show that both particle-hole excitations and plasmons in th%unctlons_ of @) corrections may lie both in t_he particle-
intermediate states contribute to the relaxation. The obtained®'e reg_lonl,|w|<qu, and in the plasmon region of elec-
results are general and can be easily extended to 20N excn_anon spectrungug<|w|. The screened Coulomb
superconducting-wires networks, which became recently Rotential is
subject of extensive experimental attenfioand to plasmon
excitation in 2D superconductofs. N Vo(q) 2me?

Definition of plasmon attenuatiorin a single layer the VA, o) =7 A , Vo(aq)= )

. : : 1-Vo(q)Po(q,w) q

plasmon spectrum is determined from the equation
Vo(Q) P§(Q,Q)=1, where the bare polarization operator and its imaginary part in the particle-hole region reads
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f 4 N(e+Q+w)N(—w)n(—e)

! 2 3 N(Q)
Q::D =f de[n(e)—n(e+Q)][N(e+ 0+ w)+N(w)]

4 =Q[n(Q+w)+N(w)]. 9)

The € integration gives in its turn

FIG. 1. Diagrams for the correction to the electron polarization

27 ) i . In th rticle-hole region the angular integration is straight-
operator contributing to attenuation of two-dimensional plasmons. € particie-no'e regio € anguia egration is straig

forward and yields

2

1 K 1/ « 1) d¢ (Q+q)?
A — I - et Q)
MA@ =im =g qor J 7 8|+ 0=V (Q+ )+ ||G(p+Q,e+ Q)
(5
In the plasmon region one encounters the following integral +G(p+0,etw)|?
when calculating corrections:
1 (qQ)|? v-q
ol - qT(? ATy 10
w VE
f dae?imVA(d,0) o "
0
Finally, we arrive at the contribution to the attenuation in a
ol flw/cwp dq form
—rerim 0 (w—iO)Z—KU,zzQIZ
2 2
27 03/ 2w?2\ 2 . B 1 Q 2pg K
= ¥1-3(Q Qo)== —5~ daq
;2F_|w|(KUF (6) 8m mQ°pgJo q+k
Shown in Fig. 1 are the relevant diagrams giving interaction X fwdww[n(erQ)Jrn(w—Q)+2N(w)].
corrections to the polarization operater. In order to cal- 0
culate the imaginary part of the diagrams most straightfor- (11)
wardly, it is convenient to make use of the unitary theorem,
see, e.g., Ref. 7. The first three diagrams give In the high-temperature limi€,<T, Eq.(11) becomes
de d?p [deo d%q
|mp§,3(Q,Q)=8f— Zf— 5 _ w(QvF 272 [ k)\?
27 (2 27 (2 p — | =) | =
w ( 7T) w ( 77) yl—3(Q!QO) 8 QO EFQ pF
N(e+Q+w)N(—w)n(—e¢) 2pe 2pe
N(Q) X|In| 1+ T)_ZDF'f‘K (12

A A
XImG™(p,)IMGH(p+Q+a.e+0Fw)  4ng ot jow temperatureF <0y,

XImVA(q,0)|G(p+Q,e+ Q)

B 1 (Qug)? 2
+G(p+q,etw)? 7 7?-3(Q,Qo)=g—5:5 (K)

— |1 ( + ﬁ) __2pr
Pr 2petk
where the electron Green’s function is definedGf{p, €) (13
=(e—£,—10)"1, &,=p?2m—Eg, Eg is the Fermi energy, . o

andn(e) andN(Q) are Fermi and Bose distributions corre- ~ In the plasmon region thé function in Eq.(8) takes care
spondingly. Performing first the integration over the electrorof the » integration, and as a result

energy one obtains

2 3
pl :Z 9 _
J dglmGA(p,e)ImGA(p+Q+q,e+Q+w) ¥1-3(Q,Q0) 2 ( K) (EF) [1/2+N(Q)]. (14
=28 Q+w—v~(Q+q)+(Q+q)2 ) The imaginary part of the last diagrarR,, consists of
2m |/’ two terms
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2p [de’ d?p’ (dw d’q n(e—w)n(—e)n(—e +w)n(e' +Q)
m?) 2w (2m)2) 2w (2m)? N(Q)

de d
|mPf§a(Q,Q)=—32f i B

X IMGA(p,e)IMGA(p—q,e— ) IMGA(p' —q,€e' — w)

XIMGA(p'+Q, e+ Q)V(q,0)V(q+Q,0+Q)|G(p+Q,e+Q)G(p'€e')], (15
[
and 1
PNQ,00)=————| dwol
. _[do % N(etQIN(-o) v4a (Qfo) sszFQJ wol
|mP4b(QaQ)_l6JE(2ﬂ_)2 N(Q) 2p¢ dq « 2
X IMVA(Q, 0)IMVA(q+Q, w+ Q) +N(“’)]n(w)f|w/vF? q+x
de d? 1 T2 [ [4E 2pe+
xUﬁ(sz)sz,e)G(pm,em) T m({)—m( Pr
2 2p|:K
XG(p—0q,e-w)| . (16) BTt (20)

The correction InP},(Q,(2) describes plasmon-plasmon Note that, unlikey? ", the contributiony2; " is not propor-

scattering. The straightforward analysis shows that the enjonal to Q2. The temperature dependences of attenuation are
ergy and momentum conservation lawghidden in ghown in Fig. 2.

ImV*(g,0)ImVA(q+Q,w+€Q)] cannot be satisfied for  pjasmon attenuation in a double-layer electron system.
plasmons with ~ the dispersion relationQ1=Q,  Now we consider a system of two identical electron layers
=ve(xQ/2)"? therefore the correctiof16) is zero. Tuming  separated by the distandeThe nonscreened interlayer Cou-
to ImP3,(Q,Q2) one finds upon integrating over the electron jomb potential isU,=V, exp(—qd). The screened potentials
energy: are given hy

fdglmGA(p,e)ImGA(vaQ+q,e+Q+w) v—l Vo+U, +1 Vo— Uy o1
21-P(Vo+tUgy) 21—P(Vo—Up)’ (21)
=7725(Q+w—v(Q+q)),
1 Vo+Ug 1 Vo—Uq

J d¢'ImGA(p’ —g,€' — w)IMGA(p’ +Q, e’ +Q) U=31- P(Vo+Ug) 21-P(Vo—Up)' 22

=m720(Q+w-V'(Q+Q)). (17 The plasmon spectrum is determined by the poles of the
potentials. There are in-(X,), and out-of-phase,({_),

By their very structure, the Coulomb potentials in Eq. plasmon modes, which in the long-wave lim@d<1, as-
(15) cannot have singularities for real variables, thus®&8  g;me the form

makes sense only in the particle-hole region where in accor-
dance with Eq(17)

0002 -TTII|lllllllllllllllllll[llllIlllllllll-
V(g,0)V(a+Q,0+Q)|G(p+Q,e+Q)G(p’ €'
1/ x \21 0.015
“2lgvx) a7 (18
The product of distribution functions in Eq15 can be < m
transformed into the following form:
N(e—w)n(—e)n(—e' +w)n(e' +Q) 0.005 |
N(Q)
an(e) an(e’) n(—e +w) 0 H *
=w)| — - [1+N(w)]————, 0 5 10 15 20 25 30 35 40
de de’ n(—e’) T

19
(19 FIG. 2. Temperature dependence of attenuation of two-
and finally one arrives gcompare with Ref. B dimensional plasmons in a single layer.
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Q. (Q=ve(kQ)"% O _(Q)=veQ L ha(Q,02) r [(1+2xd)*+2]
=Ve(K , _ =vpQ—mm—. Ay )= K
: ] "N (11 26d) 2 Y4a = 1281+ xd)2Q . Ef
(23)
4Er pd pd+2Kd(1+Kd
For «d>1 g]e out-of-phase mode becomel_(Q) x| In| =~ T ped) 2kd(1+ xd)
=vpQ(xd/2)Y2, )
One can easily see that for the diagrams of Fig. 1 only the A[(1+2kd)*+1]xd(pd)(1+ «d)
intralayer potentiaV is relevant. In the particle-hole region N [pd+2kd(1+ kd)][2kd(1+ «kd)]’
the static intralayer potential is
(29
1 k(1+2kd) wherepd=min{2pgd, 1}. The numerical evaluation of Egs.
V(q,00= >+ 2r(1+ xd)’ (24 (27)—(29) shows that the temperature dependence of attenu-
ation in a double-layer system is quantitatively very close to
and as a result that shown in Fig. 2
0 Note that the presence of two types of plasmons with
UF linear and square-root dispersions makes possible the
- 3(Q Q)= 16( Q. ) EFQ. B,y Qa<T. (25 plasmon-plasmon scattering processes. However, the result-
ing relaxation still appears to be much less effective than the
and processes considered above.
We have calculated the attenuation of gapless plasmons in
1 (Qug)? a two-dimensional electron system due to the Coulomb
YETR(Q.0Q.)= 167 Ec0. A, T<Q., (2600 electron-electron interaction. The attenuation may be de-
F scribed as relaxation process due to plasmon-electron-hole
where scattering. The main results of the present paper are given by

Eqgs.(12—(14), and(20) for one layer and by Eq$28) and

w2 P (29) for a two-layer system. In experimérthe temperature
A= (—) (1+2kd)? + PEEPT interval used for measurements was 38 K< 100 K, while
Pr k(14 kd) the Fermi energy waBg=78 K (pe=1.1x10cm1). Un-

der these conditions the electron gas is almost nondegenerate
(270  and the Landau damping mechanism used in Ref. 1 holds.
Note that the frequencies of out- of—phase plasmons studied
int, O_=20 K for q=1.1x10° cm * and Q_=30 K for
In the plasmon region both plasmon modes contribute tg=1.6x10° cm !, satisfy conditionQ_<T where our
the relaxation Egs. (28) and (29) also qualitatively describe experimental
data. Note that conditioh'<(} is always satisfied.
Q\2 Q. We have demonstrated that the kinetic contribution due to
Y 5(Q.0.)= ( ) [1/2+N(€Q - )]( )[Z(E_) plasmon-electron-hole scattering dominates plasmon damp-
F ing at low temperatures <30 K and for small wave vec-

P
Pr+ k(1+kd)|

tors, where Landau damping proportional to exp(Q?T)

K
+pz_d : (28)  becomes exponentially small.
F
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