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Attenuation of two-dimensional plasmons

M. Yu. Reizer and V. M. Vinokur
Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, Illinois 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.
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Among the low-dimensional electron systems semic
ductor double-quantum-well structures occupy an exclus
position and attract intense current attention. The reaso
that being well studied theoretically such structures offe
unique test ground for a study of cooperative phenomen
the low-dimensional structures and especially for the inv
tigation of plasmon modes which play a primary role in fo
mation of electronic properties in a wealth of strongly cor
lated systems ranging from semiconducting bilay
structures to high-Tc superconductors.

In recent experiments1 the inelastic light scattering wa
used to probe plasmon properties of a double tw
dimensional~2D! electron gas~2DEG! structure. The chosen
technique allowed for not only measuring the spectrum
the in-phase and the out-of-phase plasmon modes, but
for finding the temperature dependence of the attenuation
different values of the wave vector, thus providing a dire
access to subtle many-body effects.

The results on the temperature dependence of the plas
attenuation were described by Landau damping.2 However,
for Landau damping to be effective the plasmon branch
the spectrum should cross the particle-hole branch, whe
the plasmon spectrum measured in Ref. 1 apparently
abovethe particle-hole continuum. This means that at lo
temperatures Landau damping in the degenerate syste
exponentially small and vanishes forT→0. Yet no theoret-
ical mechanism for the temperature-dependent attenuatio
gapless plasmon modes in the single- or double-layer e
tron systems alternative to Landau damping was propo
Thus while at sufficiently high temperatures~above 30 K for
the system and parameters used in Ref. 1, as we shall s
below! the plasmon damping can indeed be attributed
Landau damping, the origin of the plasmon attenuation
lower temperatures remains an open question.

Motivated by the findings of Ref. 1, we propose a mec
nism for the attenuation of gapless plasmons due to the C
lomb interaction in high orders of perturbation theory a
show that both particle-hole excitations and plasmons in
intermediate states contribute to the relaxation. The obta
results are general and can be easily extended to
superconducting-wires networks, which became recent
subject of extensive experimental attention3, and to plasmon
excitation in 2D superconductors.4,5

Definition of plasmon attenuation.In a single layer the
plasmon spectrum is determined from the equat
V0(Q)P0

R(Q,V)51, where the bare polarization operator
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P0
R~Q,V!5

n

2 S QvF

V1 i0D 2

, QvF,V, ~1!

and V0(Q)52pe2/Q is the two-dimensional Coulomb po
tential. The plasmon spectrum thus isV0(Q)
5vF(kQ/2)1/2, wherek52pe2n is the screening momen
tum andn5m/p is the two-dimensional two-spin density o
states. In the plasmon region,QvF,V, the polarization op-
erator P0 does not have an imaginary part forT50. This
implies the absence of Landau damping and the absenc
plasmon attenuation in zero approximation. The imagin
part appears upon taking into account corrections to the
larization operator,Pi(Q,V), due to the Coulomb interac
tion. In other words one have to include into considerat
the higher-order relaxation processes. A similar problem
a three-dimensional nondegenerate electron plasma was
sidered in Ref. 6.

Definingg(Q,V)52ImPi
R(Q,V)/n we can immediately

write down the equation for the plasmon spectrum with
tenuation

V2~Q!5V0
2~Q!S 112ig@Q,V0~Q!#

V0
2~Q!

~QvF!2D . ~2!

Introducing plasmon attenuation asG(Q,V)5ImV and as-
suming thatG@Q,V0(Q)#!V0(Q) we find

G~Q,V!5g@Q,V0~Q!#
V0

3~Q!

~QvF!2 . ~3!

Plasmon attenuation in a single layer electron system.In
this section we calculate the correction to the polarizat
operator Pi

R(Q,V) arising from the Coulomb potentia
VA(q,v) in a single layer. By definitionQvF,V, but as
functions of (q,v) corrections may lie both in the particle
hole region,uvu,qvF , and in the plasmon region of elec
tron excitation spectrum,qvF,uvu. The screened Coulomb
potential is

VA~q,v!5
V0~q!

12V0~q!P0
A~q,v!

, V0~q!5
2pe2

q
, ~4!

and its imaginary part in the particle-hole region reads
R16 306 ©2000 The American Physical Society
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ImVA~q,v!5Im
1

n

k

q1k~12 iv/qvF!
'

1

n S k

q1k D 2 v

qvF
.

~5!

In the plasmon region one encounters the following integ
when calculating corrections:

nE
0

uvu/qvF
dqq2ImVA~q,v!

5kv2ImE
0

uvu/qvF dq

~v2 i0!22kvF
2q/2

5
2p

vF
2

v3

uvuS 2v2

kvF
2 D 2

. ~6!

Shown in Fig. 1 are the relevant diagrams giving interact
corrections to the polarization operatorPi . In order to cal-
culate the imaginary part of the diagrams most straight
wardly, it is convenient to make use of the unitary theore
see, e.g., Ref. 7. The first three diagrams give

ImP123
R ~Q,V!58E de

2p

d2p

~2p!2E dv

2p

d2q

~2p!2

3
n~e1V1v!N~2v!n~2e!

N~V!

3ImGA~p,e!ImGA~p1Q1q,e1V1v!

3ImVA~q,v!uG~p1Q,e1V!

1G~p1q,e1v!u2, ~7!

where the electron Green’s function is defined asGA(p,e)
5(e2jp2 i0)21, jp5p2/2m2EF , EF is the Fermi energy,
andn(e) andN(V) are Fermi and Bose distributions corr
spondingly. Performing first the integration over the electr
energy one obtains

E djImGA~p,e!ImGA~p1Q1q,e1V1v!

5p2dS V1v2v•~Q1q!1
~Q1q!2

2m D . ~8!

FIG. 1. Diagrams for the correction to the electron polarizat
operator contributing to attenuation of two-dimensional plasmo
l

n

r-
,

n

The e integration gives in its turn

E de
n~e1V1v!N~2v!n~2e!

N~V!

5E de@n~e!2n~e1V!#@n~e1V1v!1N~v!#

5V@n~V1v!1N~v!#. ~9!

In the particle-hole region the angular integration is straig
forward and yields

E df

2p
dS V1v2v•~Q1q!1

~Q1q!2

2m D uG~p1Q,e1V!

1G~p1q,e1v!u2

5
1

qvF
S q•Q

mV2D 2

, cosf5
v•q

vFq
. ~10!

Finally, we arrive at the contribution to the attenuation in
form

g123
p2h~Q,V0!5

1

8p

Q2

mV3pF
2E

0

2pF
dqqS k

q1k D 2

3E
0

`

dvv@n~v1V!1n~v2V!12N~v!#.

~11!

In the high-temperature limit,V0!T, Eq. ~11! becomes

g123
p2h~Q,V0!5

p

8 S QvF

V0
D 2 T2

EFVS k

pF
D 2

3F lnS 11
2pF

k D2
2pF

2pF1kG ~12!

and at low temperatures,T!V0,

g123
p2h~Q,V0!5

1

8p

~QvF!2

EFV S k

pF
D 2F lnS 11

2pF

k D2
2pF

2pF1kG .
~13!

In the plasmon region thed function in Eq.~8! takes care
of the v integration, and as a result

g123
pl ~Q,V0!5

p

2 S Q

k D 2S V

EF
D 3

@1/21N~V!#. ~14!

The imaginary part of the last diagram,P4, consists of
two terms

.
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ImP4a
R ~Q,V!5232E de

2p

d2p

~2p!2E de8

2p

d2p8

~2p!2E dv

2p

d2q

~2p!2

n~e2v!n~2e!n~2e81v!n~e81V!

N~V!

3ImGA~p,e!ImGA~p2q,e2v!ImGA~p82q,e82v!

3ImGA~p81Q,e1V!V~q,v!V~q1Q,v1V!uG~p1Q,e1V!G~p8e8!u, ~15!
n
e

r

on

q

co

are

m.
ers
-

s

the

o-
and

ImP4b
R ~Q,V!516E dv

2p

d2q

~2p!2

N~v1V!N~2v!

N~V!

3ImVA~q,v!ImVA~q1Q,v1V!

3U E de

2p

d2p

~2p!2G~p,e!G~p1Q,e1V!

3G~p2q,e2v!U2

. ~16!

The correction ImP4b
R (Q,V) describes plasmon-plasmo

scattering. The straightforward analysis shows that the
ergy and momentum conservation laws@hidden in
ImVA(q,v)ImVA(q1Q,v1V)# cannot be satisfied fo
plasmons with the dispersion relation V5V0
5vF(kQ/2)1/2, therefore the correction~16! is zero. Turning
to ImP4a

R (Q,V) one finds upon integrating over the electr
energy:

E djImGA~p,e!ImGA~p1Q1q,e1V1v!

5p2d„V1v2v~Q1q!…,

E dj8ImGA~p82q,e82v!ImGA~p81Q,e81V!

5p2d„V1v2v8~Q1q!…. ~17!

By their very structure, the Coulomb potentials in E
~15! cannot have singularities for real variables, thus Eq.~15!
makes sense only in the particle-hole region where in ac
dance with Eq.~17!

V~q,v!V~q1Q,v1V!uG~p1Q,e1V!G~p8e8!u

5
1

n2 S k

q1k D 2 1

V2 . ~18!

The product of distribution functions in Eq.~15! can be
transformed into the following form:

n~e2v!n~2e!n~2e81v!n~e81V!

N~V!

5vVS 2
]n~e!

]e D S 2
]n~e8!

]e8
D @11N~v!#

n~2e81v!

n~2e8!
,

~19!

and finally one arrives at~compare with Ref. 8!
n-

.

r-

g4a
p2h~Q,V0!5

1

8p2EFV0
E dvv@1

1N~v!#n~v!E
uvu/vF

2pF dq

q S k

q1k D 2

5
1

32

T2

V0EF
F lnS 4EF

T D2 lnS 2pF1k

k D
2

2pFk

~2pF1k!kG . ~20!

Note that, unlikeg123
p2h , the contributiong4a

p2h is not propor-
tional toQ2. The temperature dependences of attenuation
shown in Fig. 2.

Plasmon attenuation in a double-layer electron syste
Now we consider a system of two identical electron lay
separated by the distanced. The nonscreened interlayer Cou
lomb potential isU05V0 exp(2qd). The screened potential
are given by

V5
1

2

V01U0

12P~V01U0!
1

1

2

V02U0

12P~V02U0!
, ~21!

U5
1

2

V01U0

12P~V01U0!
2

1

2

V02U0

12P~V02U0!
, ~22!

The plasmon spectrum is determined by the poles of
potentials. There are in-, (V1), and out-of-phase, (V2),
plasmon modes, which in the long-wave limit,Qd!1, as-
sume the form

FIG. 2. Temperature dependence of attenuation of tw
dimensional plasmons in a single layer.
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V1~Q!5vF~kQ!1/2, V2~Q!5vFQ
11kd

~112kd!1/2
.

~23!

For kd@1 the out-of-phase mode becomesV2(Q)
5vFQ(kd/2)1/2.

One can easily see that for the diagrams of Fig. 1 only
intralayer potentialV is relevant. In the particle-hole regio
the static intralayer potential is

V~q,0!5
1

n

k~112kd!

q12k~11kd!
, ~24!

and as a result

g123
p2h~Q,V6!5

p

16S QvF

V6
D 2 T2

EFV6
A, V6!T, ~25!

and

g123
p2h~Q,V6!5

1

16p

~QvF!2

EFV6
A, T!V6 , ~26!

where

A5S k

pF
D 2

~112kd!2F lnS 11
pF

k~11kd! D
2

pF

pF1k~11kd!G . ~27!

In the plasmon region both plasmon modes contribute
the relaxation

g123
pl ~Q,V6!52pS Q

k D 2

@1/21N~V6!#S V6

EF
D F1

4 S V6

EF
D 2

1
k

pF
2dG . ~28!

The contribution from the last diagram forV6,T is
D

nd
e

o

g4a
p2h~Q,V6!5

T2

128~11kd!2V6EF

@~112kd!212#

3F lnS 4EF

T

pd

pFdD2 lnS pd12kd~11kd

2kd~11kd! D G
2

4@~112kd!211#kd~pd!~11kd!

@pd12kd~11kd!#@2kd~11kd!#
,

~29!

wherepd5min$2pFd, 1%. The numerical evaluation of Eqs
~27!–~29! shows that the temperature dependence of atte
ation in a double-layer system is quantitatively very close
that shown in Fig. 2.

Note that the presence of two types of plasmons w
linear and square-root dispersions makes possible
plasmon-plasmon scattering processes. However, the re
ing relaxation still appears to be much less effective than
processes considered above.

We have calculated the attenuation of gapless plasmon
a two-dimensional electron system due to the Coulo
electron-electron interaction. The attenuation may be
scribed as relaxation process due to plasmon-electron-
scattering. The main results of the present paper are give
Eqs.~12!–~14!, and~20! for one layer and by Eqs.~28! and
~29! for a two-layer system. In experiment1 the temperature
interval used for measurements was 30 K,T,100 K, while
the Fermi energy wasEF578 K (pF51.13105cm21). Un-
der these conditions the electron gas is almost nondegen
and the Landau damping mechanism used in Ref. 1 ho
Note that the frequencies of out-of-phase plasmons stu
in1, V2520 K for q51.13105 cm21 and V2530 K for
q51.63105 cm21, satisfy condition V2,T where our
Eqs. ~28! and ~29! also qualitatively describe experiment
data. Note that conditionG!V is always satisfied.

We have demonstrated that the kinetic contribution due
plasmon-electron-hole scattering dominates plasmon da
ing at low temperatures,T,30 K and for small wave vec-
tors, where Landau damping proportional to exp(21/Q2T)
becomes exponentially small.
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