
PHYSICAL REVIEW B 1 JUNE 1999-IVOLUME 59, NUMBER 21
Emission of plasmons caused by quasiparticle injection to a high-T c superconductor
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When the nonequilibrium electron distribution is created by intensive tunneling injection into a cuprate
superconductor, the transverse monochromatic Josephson plasma wave is effectively generated in the process
of electron energy relaxation. We calculate the generation rate of the Josephson plasmons and find the condi-
tions of coherent electromagnetic emission.@S0163-1829~99!01921-9#
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The electromagnetic properties of cuprate supercond
ors attract significant interest. Due to the high anisotropy
the layered crystal lattice, theab plane and thec-axis electric
transport have a distinct origin. Across the layers, the su
current is due to the intrinsic Josephson effect1 caused by the
weak coupling of the adjacent superconducting atomic Cu2

planes through the interstitial regions. The crystal itself c
stitutes an array of microscopic Josephson junctions w
well established coherence. It results in the appearance o
Josephson plasma mode~JPM! composed by the interlaye
electric current and by thec-axis-polarized electromagneti
~EM! field. Since the plasma frequencyVpl typically is much
lower compared to the superconducting energy gapD and to
the optical phonon frequenciesvc , most of plasma damping
processes are prohibited to occur in the superconduc
state.2 Actually, a sharp resonance peak due to the JPM
been observed.3 In this paper we show that when quasipar
cles are intensively injected into the cuprate supercondu
S from the normal metal N through the insulating tunneli
barrier I ~in so-called N-I-S junction!, the Josephson plasm
oscillations are excited in S by the recombination of the q
siparticles into the superfluid condensate and due to the
ementary electron-plasmon scattering processes. The ex
JPM is converted then into the electromagnetic wave
vacuum whose linewidth is determined by the width of t
plasma resonance, and thus is extremely narrow,dV
}Res'uv5Vpl

(s' is the c-axis ac conductivity!. The
plasma excitation by quasiparticle injection is discussed
the following way. An intensive injection of quasiparticle
causes the deviation of their distribution functionf « from
equilibrium. In the nonequilibrium statef « is calculated
implementing a kinetic equation. Using the obtained dis
bution function, and taking into account the Josephson c
pling between the CuO2 planes in the S electrode, we calc
late the transverse dielectric functione(v) in the
nonequilibrium state. The plasma frequency is determi
from the condition that Re$e(v)% vanishes. The complex
wave number of the transverse plasma wave inside S is
fined ask5(v/c)Ae(v). Its imaginary part,k25Imk , gives
the damping constant of the JPM, which is usually small a
positive. We show that due to an instability transition,k2
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may become negative for special sets of the electron-pla
collision rate, the tunneling rate, and the bias voltage, in
cating the generation ofc-axis-polarized coherent plasm
waves. The power of the EM emission in the last case
estimated to be quite strong.

The transverse dielectric function is expressed ase(v)
5e`2$4p is'(v)%/v, e` being the high-frequency dielec
tric constant, ands'(v) is calculated from the microscopi
tunneling approach.4 To conduct the computations, we a
sumed~see, also, Ref. 4! that the electron transport is a tun
neling along thec axis, while within theab planes it is
metalliclike. The quasi-two-dimensional superconductiv
in the planes is described in terms of the Cooper pairi
Then the components of thec-axis ac conductivity in the
layered superconducting sample S are written in the gen
form4

s1~v!5
sN'

v
@Iqp~v!1IJos,2~v!#,

s2~v!52
sN'

v
@Iqp,1~v!1IJos,1~v!#, ~1!

where s15Res' , s25Im s' , and sN' is the average
normal-state interlayer tunneling conductivity that in t
low-frequency region may be approximated by a consta
The tunneling functionsIqp andIqp,1 in Eq. ~1! are propor-
tional to the contributions from the quasiparticle current~ac-
tive and reactive, respectively!, while IJos,1andIJos,2are re-
lated to the Josephson and interference components o
current.5 In the nonequilibrium state, the expressions for t
functions I(v) can be obtained using the approac4

where the c-axis electric transport is described as t
incoherent tunneling. For the sake of simplicity we negle
the gap anisotropy effects. Then one obta
Iqp(v)5*d«ũ«2vũ«F«,v

1 , Iqp,1(v)5*d« ũ«@ ŭ«2v

1ŭ«1v#F«
2 , IJos,1(v)5*d« ṽ«@ v̆«1v1 v̆«1v#F«

3 ,

IJos,2(v)5*d« ṽ«1vṽ«F«,v
4 , F«,v

1 5n«2v2n« , F«
25(1

22nu«u)/2, F«
35(n̄u«u2nu«u)/2, F«,v

4 5(n«2v2n̄«2v2n«

1n̄«)/2, that in the equilibrium coincide with the formula
14 087 ©1999 The American Physical Society
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derived in Ref. 4. In our notations,ũ«5Reu« , ṽ«5Rev« ,
ŭ«5Im u« and v̆«5Im v« , u«5«/j« , v«5D/j« , j«

5A«22D2.
The distribution functions of the electronsn« and of the

holes n̄« satisfy n̄«512n« @in equilibrium, n«5n«
(0)

5„exp(«/T)11…21 is the Fermi distribution#. One can also
introduce the distribution function of Bogolubov quasipar
cles that is connected withn« and n̄« as f «5n«u(«)1(1
2n«)u(2«) and f 2«5n̄«u(«)1(12n̄«)u(2«). From the
aforesaid one can infer that the nonequilibrium effect is
counted for the presence of the quasiparticle distribut
function f « . This function can change its shape under ext
nal influence. Here we would like to consider the N-I-S jun
tion where the plasmon emission can be achieved in co
tions of a nonequilibrium instability. In this kind of device
the intensive quasiparticle injection from the adjacent
electrode creates the nonequilibrium state in the S electr
The average electron energy is also increased, and th
dissipates due to inelastic elementary collision proces
The mechanism of the electron energy relaxation stron
depends on the interaction with other excitations in the s
tem. Although in general, the excitation spectrum may
quite complicated, the matter of interest in this paper belo
to a relatively low-energy regionv;Vpl,D. Due to the
sharp plasma resonance,2,3 the probability of the electron
plasma collisions is expected to dominate over the proba
ity of other processes. Then, the quasiparticle distribut
function is determined from the following kineti
equation:6,7

ũ« ḟ «5J e-pl1J e-ph1ũ«~ ḟ «!T , ~2!

whereJ e-pl is the collision integral of electrons with plas
mons

J e-pl$ f « ,Nv%5aplE
2`

`

d«8@J1d~«82«2Vpl!

1J2d~«2«82Vpl!1J3d~«81«2Vpl!#,

~3!

J15~ ũ«ũ«81 ṽ«ṽ«861!@ f «82 f 6«#1~ ũ«ũ«81 ṽ«ṽ«871!

3@ f 2«82 f 6«#, ~4!

J25~ ũ«ũ«81 ṽ«ṽ«861!@ f «82 f 6«#1~ ũ«ũ«81 ṽ«ṽ«871!

3@ f 2«82 f 6«#, ~5!

J35~ ũ«ũ«82 ṽ«ṽ«871!@12 f «82 f 6«#

1~ ũ«ũ«82 ṽ«ṽ«861!@12 f 2«82 f 6«#, ~6!

where apl5(2/3)(l'
2 /t')(eEpl /Vpl)

2 is the electron-
plasmon collision rate that must be determined s
consistently,l' is the c-axis electron mean free path,t' is
the c-axis scattering time, andEpl is the c-axis-polarized
electric-field amplitude of the elementary Josephson pla
oscillations. Formally,Epl is related to the interlayer phas
difference wn,n21 by the Josephson relationshipEpl

5(\/2e)(ẇn,n21 /c'). The d functions entering Eq.~3! de-
-
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scribe the electron energy conservation in the electr
plasmon collision processes, while the terms likeũ«ũ«8
6 ṽ«ṽ«861 are related to the coherence factors. Contrary
the electron-plasmon interaction, that have a resonant c
acter, the electron-phonon collision term acts in a wide
ergy range and is approximated here asJ e-ph( f «)'2( f «

2 f «
(0))/te-ph where te-ph is the respective relaxation time

The last term in formula~2! is the tunnel source for the N-I-S
junction that according to Refs. 6,7 isu«•( ḟ «)T5aTQT( f «),
whereaT5@4p2e2N(0)RN#21 is the tunneling rate,6 N(0)
is the density of electron states at the Fermi level, andRN is
the normal-state resistance of the junction. This kind
source has a propertyQT( f «)ÞQT( f 2«) that results in the
charge imbalance phenomena8 and causes the shift of chem
cal potential~see, also, Ref. 9!.

In this paper we implement the above formulas to co
sider the nonequilibrium emission of the EM wave from t
S electrode in conditions of the intensive tunneling injecti
of quasiparticles using the N-I-S setup. The emission fu
tion is obtained from the plasmon-electron collision integ
in the form

G5F~v!@G11G2#, ~7!

whereF(v) is the plasmon density of states having a sh
resonance maximum atv5Vpl , G15*2`

` d«(ũ«ũv2«

2 ṽ«ṽv2«) f « f v2« is related to the contribution of elemen
tary recombination processes when, e.g., two electrons
converted into a condensate with emission of a plasmon,
G25*2`

` d«(ũ«ũ«2v1 ṽ«ṽ«2v) f «(12 f «2v) corresponds to
the relaxation part when the electron loses its energy e
ting a plasmon. The above Eqs.~2!–~7! must be completed
by the self-consistency equation for the superconducting
der parameter that also is affected in the nonequilibri
state.10 For the sake of simplicity, we describe the SC ord
parameter in terms of the effective temperatureT!, that is
used here as a parameter.

At the beginning, we apply Eqs.~1! to calculate the equi-
librium dielectric functione(v) that depends on the Ferm
distribution function of electronsn«

(0)51/@exp(«/T)11#. For
certainty we accept the following normal-state paramete
e`523, sN'51.6 V21 cm21. The calculated results fo
the real parte1(v) are presented in Fig. 1. The curve A
Fig. 1 belongs to the equilibrium case at temperatureT50
with no bias voltage applied across the junction,V50. One
can see thate1(v) vanishes atv50.74~the frequencyv, the
bias voltageV, the electron energy« and the temperature ar
expressed in units of the energy gap magnitudeD at T50).
At this frequency v50.74, one obtainse25Im$e(v
50.74)%'0.5 that is small enough to provide a sharp res
nance~JPM! with Vpl

(0)50.74 @case~i!#. The magnitude of
the plasma frequency in cuprate SCVpl.0.5210 mV is
typically smaller compared to the value of the energy g
D'10240 mV.

To find the quasiparticle distribution function in the no
equilibrium but stationary caseḟ «50, we reduce Eq.~2! to a
set of linear differential equations with respect to functio
of the kind f 6« , f 6«6Vpl

, f 6«6V and their derivatives. This
is achieved, e.g., if one implements the condition that
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large « ~namely «@max$D,Vpl ,V%) f «⇒ f «
(0) . Besides we

assume that the electron-phonon collisions are weak, bec
the peaks in the phonon density of states are situate
higher frequencies. At this point, we have to specify the n
equilibrium value of the plasma frequencyVpl that is present
in Eq. ~3!, and that must be determined self-consistently.
computeVpl , we implemented the following recursion pro
cedure. Initially we accepted the trial value of the plas
frequencyVpl5Vpl

(0) . At a fixed bias voltageV, for given
rates of the tunneling injectionaT and of the electron-
phonon collisionae-ph5\/te-ph, we solved the kinetic equa
tion ~2! and obtained the nonequilibrium functionf « . Then,
using Eqs.~1!, we calculate the dielectric functione(v).
Implementing the condition of the plasma resonancee1(v)
5Re$e(v)%uv5Vpl

50, one obtains the nonequilibrium valu

of the plasma frequencyVpl
(1) in the first iteration. According

to Eqs. ~1!, e(v) depends on the shape of the distributi
function, therefore the position of the plasma resonanceVpl

(1)

is generally shifted with respect toVpl
(0) . Then, the calculated

valueVpl
(1) is used to proceed to the second step, solving

kinetic equation~2! and computinge(v) again to findVpl
(2) ,

etc. The procedure is repeatedi times until the ratio
uVpl

( i )2Vpl
( i 21)u/Vpl

( i ) becomes sufficiently small, givingVpl
( i )

→Vpl . The nonequilibrium alternation ofVpl is well illus-
trated by Fig. 1 where we plote1(v) for a different intensity
of the quasiparticle injection and of the electron energy
laxation rates. At finite bias voltage, the quasiparticle tunn
ing injection from the N-electrode changes the shape off « in
S, causing the shift of JPM. This tendency is observed
ready at a relatively small intensity of the quasiparticle
jection. From curve B of Fig. 1@case~ii !# corresponding to
V54.95, T!50.3, aT50.03, ae-pl52.15, andae-ph50.19
one finds the new valueVpl50.53 that is significantly
smaller compared toVpl

(0) . At some level of tunneling rate
aT , the nonequilibrium dielectric function can vanish twic
at Vpl

a andVpl
b . That can be seen, e.g., from curve B8 calcu-

lated for the same parameters as before but withaT50.037.
It gives two Josephson plasma frequencies,Vpl

a .0.17 and
Vpl

b .0.46. From the inset to Fig. 1 one can also infer that

FIG. 1. The real part of the dielectric functione1(v) in the
layered superconductor for different parameters of the quasipar
injection and of the electron energy relaxation. The inset shows
dependenceVpl(aT) for the same parameters as for curves
and B8.
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dependenceVpl versusaT ~all the other parameters are th
same as before! is essentially nonmonotonic with the tw
branches ataT.0.036. If the intensity of the quasiparticl
injection is increased, the JPM may be even washed out.
can see that from curve C@where we useV52.2, T!50.3,
aT50.91, ae-pl50.1, andae-ph55.3, case~iii !# of the same
Fig. 1 wheree1(v).0 in the whole frequency range an
diverges atv→0. The small value ofae-pl and relatively
large value ofae-ph is used because the electron energy
laxation mechanism for the case~iii ! is mostly due to the
nonresonant electron-plasmon and electron-phonon c
sions~just like in classic superconductors!. From this curve
C one can see that the JPM is entirely vanished in s
conditions. In this limit, the calculations show that the ima
nary part of the dielectric functione2(v)uv→0⇒0 becomes
small at the low frequencyv→0, providing thus a transpar
ency window for EM waves. The disappearance of JPM c
responds to a nonequilibrium instability of S with respect
its screening properties, causing a static homogeneous
tronic ferroelectric state.

If the tunneling injection from the N electrode to S
perpendicular to the atomic CuO2 planes, the nonequilibrium
distribution6,7,10 is established on the diffusion lengthl D

.ADt«, wheret« is the electron energy relaxation time,D

. l elvF/3, vF being the Fermi velocity, although the electro
elastic mean free pathl el along thec axis in cuprates is quite
small11 ( l el;c';1 nm!. For a cuprate SC, l D / l el

.At«/3tel'102102 wheretel is the elastic scattering time
Thus, the nonequilibrium region may involve at least;10
2102 layers. For the tunneling injection along theab planes,
the size of the mentioned region can be much larger.

The electron distribution functionsn« obtained for the
nonequilibrium cases~ii-iii ! are presented in Fig. 2. The pa
rameters used for calculations of curves A, B, and C are
same as for corresponding curves of Fig. 1. For instan
curve A corresponds to the equilibrium distribution, whi
curve B in this Fig. 2 is related ton« in the limiting case~ii !
of relatively low injection.

Due to the elementary electron-plasma interaction,
part of the energy from the injected quasiparticles may
emitted as an EM wave polarized along thec axis. In equi-
librium, due to the electron-plasmon and the electron-pho
collisions, there is a uniform background of the emission.
finite bias voltageVÞ0, the excess energy of injected qu
siparticles is consequently transferred to the plasma exc

le
e

FIG. 2. The nonequilibrium distribution functions of electron
n« for the same parameters of injection and relaxation as in
previous figure.
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tions. Because the sharp peak in the density of states o
plasmonsF(v) in the S electrode, the emissionG(v) has a
maximum atv5Vpl . However, if the tunneling injection
from the adjacent N electrode is weak, the emitted pow
remains insignificant. As the level of injection grows, it i
creases the external energy supply to the cuprate SC
trode, providing the monochromatic emission as shown
curves B1 and B2 @in this case~ii !, B1 is related to the func-
tion G1 in Eq. ~7!, while B2 corresponds toG2] in Fig. 3. The
width of the maximum in the emission spectrum is rema
ably narrow, dV}Re s'uv5Vpl

. As the bias voltage in-
creases, the sharp line in the emission spectrum is gradu
transformed into the thresholdlike behavior with a wi
maximum atv.2D becoming nonresonant@see curves C1,
C2 belonging to case~iii !#. The mentioned curves C1 and C2
show a finite emission atv→0, corresponding to a tail from
the JPM that is strongly damped in case~iii !.

Although the emission of plasmons in the abov
considered cases~ii !–~iii ! is not generally coherent, one ma
achieve, in principle, a strong coherent EM irradiation fro
the N-I-S setup as well. Such kind of far-infrared plasm
laser may be obtained at the following conditions. For c
tain shapes of the electron distribution functionn« , when the
decrementk25(v/c)Im$Ae(v)% changes its sign, becomin
negative, there occurs another kind of nonequilibrium ins
bility in the electron system of S. It corresponds to the a
plifying of the EM wave at the given frequencyv. If the
plasma resonance exists, its damping is small.2 Then any
weak disturbance of the JPM is amplified due to the tran
of energy from the nonequilibrium electrons to the reson
plasmons. The phase coherence is established by the i
excitation that develops into the electromagnetic wave. T

FIG. 3. The emission function of far infrared.
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situation may be, e.g., realized for deviations of kindd f «

5( f «2 f «
(0))/ f «

(0)}e2(v2v0)2/k where parametersv0 and k
are estimated from the approximate solution of the kine
equation~2! referring to a definite experimental setup. O
can appraise the power generated in the elementary elec
plasma collisions from the balance equation asPe-pl5PT

2Pe-ph, where the power supplied by the tunneling juncti
is PT5aT*d««QT( f «), while the power scattered due to th
electron-phonon collisions isPe-ph5*d««J e-ph( f «). If one
implements the parametersV50.5•D/e.15 mV ~e.g., for Bi-
based compounds!, RN510 kV, N(0)51027 m3/eV, it
gives aT.apl.231025, k'0.3, andv0.0.3. Accepting
also the valuesl' /c'55, eVpl /\Vpl50.02, where Vpl
5Eplc' , \/t'50.3, andc'51 nm is thec-axis lattice con-
stant, one findsEpl'15 V/mm, and the flow of energy pe
unit area isPe-pl.e0c̄Epl

2 '2 mW/mm2, wherec̄.106 m/s.
Indeed, the generation of the coherent plasma wave ta
place if the conditionk2,0 is fulfilled. The sufficiently
strong EM emission was recently observed in the tunne
injection experiments.12

Let us emphasize right now the essential difference
tween the EM emission from the nonequilibrium state of t
cuprate superconductor compared to the known effect of
phonon emission from the ordinary low temperature S
First, the JPM frequency, and thus the frequency of the
emission.Vpl is typically 102102 times lower compared to
the magnitude of the energy gap in cuprates. Contrary,
peak of the phonon emission in ordinary SC is attribu
rather to the BCS singularity in the electron density of sta
at much larger frequenciesv.2D. Second, the width of the
line dV is much narrower in the case of the plasmon em
sion, Vpl'Re s'(v)uv5Vpl

, compared to classic SC wher
the linewidth is determined by the rate of inelastic collision
i.e., dV.Im D. Third, the phonon emission from ordinar
SC is always incoherent, while from the cuprate electro
one may achieve the coherent EM irradiation. Finally, t
plasma frequency in classic SC materials,vp;1015 s21, is
several orders of magnitude higher compared to the J
frequency,Vpl;101021012 s21. It means that in ordinary
SC, the EM field with frequencies belowvpl may propagate
only at surface or in thin films. Contrary, thec-axis-polarized
EM waves with frequenciesv<Vpl may be generated in th
bulk of the cuprate SC electrode.

We acknowledge I. Iguchi and T. Yamashita for the
valuable comments.
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