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Emission of plasmons caused by quasiparticle injection to a higf-. superconductor

S. E. Shafranjuk
Research Institute of Electrical Communication, 2-1-1, Katahira, Aoba-ku, Sendai 980-77, Japan

M. Tachiki
National Research Institute for Metals, 1-2-1 Sengen, Tsukuba 305, Japan
and CREST, Japan Science and Technology Corporation, Kawaguchi, Saitama 332, Japan
(Received 3 December 1998

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 emissif®0163-18209)01921-9

The electromagnetic properties of cuprate superconductmay become negative for special sets of the electron-plasma
ors attract significant interest. Due to the high anisotropy otollision rate, the tunneling rate, and the bias voltage, indi-
the layered crystal lattice, theb plane and the-axis electric ~ cating the generation of-axis-polarized coherent plasma
transport have a distinct origin. Across the layers, the supewaves. The power of the EM emission in the last case is
current is due to the intrinsic Josephson effeaused by the ~estimated to be quite strong.
weak coupling of the adjacent superconducting atomic £uO  The transverse dielectric function is expressede@s)
planes through the interstitial regions. The crystal itself con-= €»— {47 o, (@)}/, €. being the high-frequency dielec-
stitutes an array of microscopic Josephson junctions withfic constant, andr, () is calculated from the microscopic
well established coherence. It results in the appearance of tiEnneling approach.To conduct the computations, we as-
Josephson plasma mod&M) composed by the interlayer sumed(see, also, Ref_.)4that_the gle_ctron transport is a 'Fun-
electric current and by the-axis-polarized electromagnetic nelmg_ a_Iong thec axis, Wh"e_W'th”_‘ theab planes it IS
(EM) field. Since the plasma frequengy, typically is much _metﬁalhcl:ke. Thedquas_lt—)tvgojdlmensmn]:al hsugéerconduct]wty
lower compared to the superconducting energy 4agnd to In the planes is described In terms of the Cooper pairing.
the optical phonon frequencies,, most of plasma damping Then the componentg of theaxis ac conductlylty in the

o ’ : . layered superconducting sample S are written in the general
processes are prohibited to occur in the superconducting .4
state? Actually, a sharp resonance peak due to the JPM has
been observetlin this paper we show that when quasiparti- .
cles are intensively injected into the cuprate sgperconduptor o(w)= ﬁ[fqp(w)JFIJos,;iw)],
S from the normal metal N through the insulating tunneling w
barrier I (in so-called N-I-S junctiop the Josephson plasma
oscillations are excited in S by the recombination of the qua- onNL
siparticles into the superfluid condensate and due to the el- op(w)=- T[qu,l(“’)J“IJosi“’)]’ @
ementary electron-plasmon scattering processes. The excited
JPM is converted then into the electromagnetic wave inyhere o;=Reco, , o,=Imo,, and oy, is the average
vacuum whose linewidth is determined by the width of thenormal-state interlayer tunneling conductivity that in the
plasma resonance, and thus is extremely narrdf)  |ow-frequency region may be approximated by a constant.
*Reo|,-q, (0, is the c-axis ac conductivity The  The tunneling functiong,, andZ, , in Eq. (1) are propor-
plasma excitation by quasiparticle injection is discussed irional to the contributions from the quasiparticle curréa-
the following way. An intensive injection of quasiparticles tive and reactive, respectivelywhile Z,os ;andZ;, ,are re-
causes the deviation of their distribution functibp from  lated to the Josephson and interference components of the
equilibrium. In the nonequilibrium staté, is calculated current® In the nonequilibrium state, the expressions for the
implementing a kinetic equation. Using the obtained distri-functions Z(w) can be obtained using the approich
bution function, and taking into account the Josephson couwhere the c-axis electric transport is described as the
pling between the CuDplanes in the S electrode, we calcu- incoherent tunneling. For the sake of simplicity we neglect
late the transverse dielectric functior(w) in the the gap anisotropy effects. Then one obtains
nonequilibrium state. The plasma frequency is determineqqp(w):fdgﬁs_wﬁapéw, Tqpa(w) = fde Ug[Uy_,,
from the condition that Re(w)} vanishes. The complex +0,, ,]F2, Troe {@)=de D[0ssutosu]F2,
wave number of the transverse plasma wave inside S is de- L~ o~ 1 5 °
fined ask= (w/c) Je(w). Its imaginary partk,=Imk , gives Lyosdw)=Jdev, 0 Fe,,  Fou=ne—p,—n., F,=(1
the damping constant of the JPM, which is usually small and™ 2Nj«|)/2, Fi=(Ne=ne)/2, Fi,=(Ne_o=N, =N,
positive. We show that due to an instability transitidg, +n,)/2, that in the equilibrium coincide with the formulas
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derived in Ref. 4. In our notations, =Reu._, .= Rev scribe the electron energy conservation in the electron-
. * e e & e ~ o~
U.=Imu. and v.=Imuv U =slé v, =AlE ¢ plasmon collision processes, while the terms likgu,
& € € e € e € e & ~ o~
= Je2— A2 *v,.v,.+1 are related to the coherence factors. Contrary to

The distribution functions of the electroms and of the the electron-plasmon interaction, that have a resonant char-
acter, the electron-phonon collision term acts in a wide en-
ergy range and is approximated here @&&P\(f, )~ —(f,

, L . 29U £(0) : ) . )
introduce the distribution function of Bogolubov quasiparti- fs) Tepn vv_here Teph IS the respective relaxation time.
The last term in formuld2) is the tunnel source for the N-I-S

cles that is connected with, andn, as f,=n_6(e)+ (1 :
: e asf.=n.0e) +( junction that according to Refs. 6,71s- (f.) 1= a7Q+(f,),

—n,)6(—¢) and f_,=n_6(e)+(1—n,)6(—¢). From the wh S g :

s) I e e s) VA8 . ere ar=[4m?e®N(0)Ry] ! is the tunneling rat& N(0)
aforesaid one can infer that the nonequ!hbngm effgct_ IS 8% the density of electron states at the Fermi level, Bpds
counted for the presence of the quasiparticle distributio

functionf, . This function can change its shape under exterr-lhe normal-state resistance of the junction. This kind of

nal influence. Here we would like to consider the N-I-S junc->o0 oo has a proper@:(f,) # Qr(f,) that results in the

. . : . charge imbalance phenoméramd causes the shift of chemi-
tion where the plasmon emission can be achieved in condiz

tions of a nonequilibrium instability. In this kind of device, cal potential(see, also, Ref.)9

the intensive quasiparticle injection from the adjacent N In this paper we implement the above formulas to con-
q P J ) sider the nonequilibrium emission of the EM wave from the

?lﬁgtg/ii;rgaéleesci?gnng::?u'“ibsnglrgosgitcerégstgg Saﬁfiggg% electrode in conditions of the intensive tunneling injection
9 ay ' d% guasiparticles using the N-I-S setup. The emission func-

dissipates dl.Je to inelastic elementary CO”'S'OU ProCessey, s obtained from the plasmon-electron collision integral
The mechanism of the electron energy relaxation strongI)IIn the form

depends on the interaction with other excitations in the sys-
tem. Although in general, the excitation spectrum may be
quite complicated, the matter of interest in this paper belongs G=FH )G+ 0], @
to a relatively low-energy regiom~,<A. Due to the _ . .
sharp plasma resonantthe probability of the electron- WhereF(w) is the plasmon density of states having a sharp
plasma collisions is expected to dominate over the probabiltesonance maximum atw=Q,, G =/ ds(u.u, .,
ity of other processes. Then, the quasiparticle distribution-y v, _,)f.f,_, is related to the contribution of elemen-
function is determined from the following Kinetic tary recombination processes when, e.g., two electrons are
equation®’ converted into a condensate with emission of a plasmon, and
- ) R Go=/".de(U,U,_,+v.v,_,)f.(1—f._,) corresponds to
u,f,= TP TP U, (f )T, 2) the relaxation part when the electron loses its energy emit-
where 7¢P' is the collision integral of electrons with plas- ting a plasmon. The above Eq®)—(7) must be completed
mons by the self-consistency equation for the superconducting or-
der parameter that also is affected in the nonequilibrium
state'® For the sake of simplicity, we describe the SC order
parameter in terms of the effective temperatili‘e that is
used here as a parameter.

holes n, satisfy n,=1-n, [in equilibrium, n,=n{
=(expe/T)+1)~! is the Fermi distributioh One can also

je_pl{fa,Nw}:ale dS,[El(S(S’_S—QpD

+E0(e—e'—Qp)+E38(e +e—Qy)], At the beginning, we apply Eq$l) to calculate the equi-

3) librium dielectric functione(w) that depends on the Fermi
distribution function of electrona’®)= 1] exp/T)+1]. For

E,=(U,U, +0,0, = D)[f, —f. ]+ 00U, +0,0, F1) certainty we accept the following normal-state parameters:

€.=23, oy, =1.6 Q7! cm L. The calculated results for

X[f_gr =Tl 4 the real parte;(w) are presented in Fig. 1. The curve A in
Fig. 1 belongs to the equilibrium case at temperaflire0
E,=(Uu, +v.0 =D, —f. ]+UU, +v,0,F1) with no bias voltage applied across the junctivis 0. One
can see tha¢;(w) vanishes atv=0.74(the frequency, the

Ko =Tl ®) bias voltageV, the electron energy and the temperature are
—— expressed in units of the energy gap magnitddat T=0).
E3=(UUy—vu + 1[I —f.,] At this frequency »=0.74, one obtainse,=Im{e(w

~— o~ =0.74)}~0.5 that is small enough to provide a sharp reso-
(Ul —vve D[ =], ®  nance(JPM) with 0)=0.74[case(i)]. The magnitude of
where a,=(2/3)(11/7,)(eEy/Qy)? is the electron- the plasma frequency in cuprate 3€,=0.5-10 mV is
plasmon collision rate that must be determined selftypically smaller compared to the value of the energy gap
consistently|l | is the c-axis electron mean free path, is =~ A~10—-40 mV.
the c-axis scattering time, ané, is the c-axis-polarized To find the quasiparticle d-istribution function in the non-
electric-field amplitude of the elementary Josephson plasmegquilibrium but stationary case =0, we reduce Eq2) to a
oscillations. FormallyE,, is related to the interlayer phase set of linear differential equations with respect to functions
difference ¢,,-1 by the Josephson relationshi,  of the kindf.,, fietﬂp" f. .-y and their derivatives. This

=(h/2e)(g'on'n,1/ci). The & functions entering Eq(3) de- is achieved, e.g., if one implements the condition that at
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FIG. 2. The nonequilibrium distribution functions of electrons
n, for the same parameters of injection and relaxation as in the
FIG. 1. The real part of the dielectric function(w) in the  previous figure.

layered superconductor for different parameters of the quasiparticle

injection and of the electron energy relaxation. The inset shows thd€épendencél, versusay (all the other parameters are the
dependence)(ar) for the same parameters as for curves BS@M€ as befojeis essentially nonmonotonic with the two
and B. branches aw+>0.036. If the intensity of the quasiparticle

injection is increased, the JPM may be even washed out. One

s (0) : can see that from curve vhere we us&/=2.2, T*=0.3,
large e (namely e>maxA,Qy,,V}) f,=f.". Besides we =091, crg.y=0.1, andae 5.3, caseiii)] of the same

assume tha_t the electron-phonon_ collisions are Weal_<, becaugg, 1 wheree; (w)>0 in the whole frequency range and
the peaks in the phonon density of states are situated @fyerges atw—0. The small value ofxe and relatively
higher frequencies. At this point, we have to specify the nonjarge value ofe,., is used because the electron energy re-
equilibrium value of the plasma frequently, that is present  |axation mechanism for the cagii) is mostly due to the

in Eq. (3), and that must be determined self-consistently. Tohonresonant electron-plasmon and electron-phonon colli-
compute(),, we implemented the following recursion pro- sions just like in classic superconductargrom this curve
cedure. Initially we accepted the trial value of the plasmaC one can see that the JPM is entirely vanished in such
frequencme:Qgﬁ). At a fixed bias voltage/, for given  conditions. In this limit, the calculations show that the imagi-
rates of the tunneling injectionr; and of the electron- nary part of the dielectric functioe,(w)|,_.o=0 becomes
phonon collisionae =/ 7e.p,, We solved the kinetic equa- small at the low frequency— 0, providing thus a transpar-
tion (2) and obtained the nonequilibrium functidp. Then, ency window for EM waves. The disappearance of JPM cor-
using Egs.(1), we calculate the dielectric functioa(w). responds to a nonequilibrium instability of S with respect to
Implementing the condition of the plasma resonaaggv) its screening properties, causing a static homogeneous elec-
=Re{e(w)}|,=a =0, one obtains the nonequilibrium value tronic ferroelectric state.

of the plasma frgquendgl L in the first iteration. According If the tunneling injection from the N electrode to S is

(
to Egs. (1), d d the sh f the distributi perpendicular to the atomic Cy@lanes, the nonequilibrium
0 Egs. (1), e(w) depends on the shape of the distribution o, < G6710 ¢ cqtaplished on the diffusion lengfh,

function, therefore the position of the plasma resona(mfjé ~ D7 wh is the el | ion tind
is generally shifted with respect fo(?). Then, the calculated ~ ¥°7e: W erer, Is the electron energy relaxation tima,
P leve/3, ve being the Fermi velocity, although the electron

valueQ(}’ is used to proceed to the second step, solving the, % e SIS
o ) ) . : ) élastic mean free pathy, along thec axis in cuprates is quite
kinetic equation2) and computings(w) again to find(}

. L . P> small! (Igq~c,~1 nm). For a cuprate SC,lp/lg
Etc(}) The(iiegocegl)ure 'S repeatqd.tlmes until thg ra}go = \/7,/37¢~10— 10? where is the elastic scattering time.
|95—Qpr|] /2y, b.(la.go.mes lsufﬂue_ntlyd;mgll, g'\lll'nl?lpl Thus, the nonequilibrium region may involve at least0
=y T € nonequilibrium alternation Lpi 1S Well 1lluS- — 107 layers. For the tunneling injection along thb planes,
trated by Fig. 1 where we plat(w) for a different intensity ¢ gjz¢ of the mentioned region can be much larger.

of the quasiparticle injection and of the electron energy re- e giactron distribution functions, obtained for the
laxation rates. At finite bias voltage, the quasiparticle tunnel'nonequilibrium caseéi-iii ) are presentéd in Fig. 2. The pa-

ing i”J'ef?“O” from t_he N-electrod_e changes th? shapk, ar rameters used for calculations of curves A, B, and C are the
S causing the shift of JPM. This tendency is observed als

i . ! g =7 “"'same as for corresponding curves of Fig. 1. For instance,
ready at a relatively small intensity of the quasiparticle in-¢, e A corresponds to the equilibrium distribution, while
jection. From curve B of Fig. Icase(ii)] corresponding to

. curve B in this Fig. 2 is related to, in the limiting casd(ii)
V:495, T :03, OZT:O.OB, ae_p|=2.l5, a.nda.e_ph.=. 019 Of relatively |0W injection.
one finds the new \{(z)a)lu@p|=0.53 that is significantly Due to the elementary electron-plasma interaction, the
smaller compared t);”. At some level of tunneling rate a1t of the energy from the injected quasiparticles may be
at, the nonequilibrium dielectric function can vanish twice, gmitted as an EM wave polarized along thexis. In equi-
atQ3 andQp. That can be seen, e.g., from curve @&lcu-  jibrium, due to the electron-plasmon and the electron-phonon
lated for the same parameters as before but wik0.037.  collisions, there is a uniform background of the emission. At
It gives two Josephson plasma frequenci@§=0.17 and finite bias voltageV+0, the excess energy of injected qua-

lezo.46. From the inset to Fig. 1 one can also infer that thesiparticles is consequently transferred to the plasma excita-

freq./gap
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situation may be, e.g., realized for deviations of kiéf,
= (f,— FO)/f e~ (@~ w0)’x \where parameters, and
are estimated from the approximate solution of the kinetic
equation(2) referring to a definite experimental setup. One
can appraise the power generated in the elementary electron-
plasma collisions from the balance equation Rs,= P+
— Pepn, Where the power supplied by the tunneling junction
is Pr=atfdeeQ+(f,), while the power scattered due to the
electron-phonon collisions i@e_ph=fdssje'p*tf8). If one
- : = implements the parametevs=0.5-A/e=15 mV (e.g., for Bi-
05 lfre(ll'/sgapz 25 3 based compounils Ry=10 k), N(0)=10?" m%eV, it
| gives ar=a,=~2x10"° k~0.3, andwy=0.3. Accepting
FIG. 3. The emission function of far infrared. also the valuesl, /c, =5, eVy,/nQy,=0.02, whereV,
) ) ) =Eyc, , /7, =0.3, andc, =1 nm is thec-axis lattice con-
tions. Because.the sharp peak in the den_sny of states of trge[ant, one find€,~15 V/mm, and the flow of energy per
plasmonsF(w) in the S electrode, the emissidijw) has a unit area isP, = GOFEFZFZ mW/mn?, wherec=10F m/s.

maximum atw=Q,. However, if the tunneling injection :
. p . : Indeed, the generation of the coherent plasma wave takes
from the adjacent N electrode is weak, the emitted power

remains insignificant. As the level of injection grows, it in- place if the conditionk,<0 is fulfilled. The sufficiently

creases the external energy supply to the cuprate SC elets:t-.rong EM emission was recently observed in the tunneling

= : e ihjection experiment?
trode, providing the monochromatic emission as shown by Let us emphasize riaht now the essential difference be-
curves B and B, [in this cas«(ii), B, is related to the func- P 9

. . . S tween the EM emission from the nonequilibrium state of the
tion Gy in Eq.(7), Wh'le BZ corresp_onqls 1G] in Fig. .3' The cuprate superconductor compared to the known effect of the
width of the maximum in the emission spectrum is remark-

: . phonon emission from the ordinary low temperature SC.
ably narrow, 5dRe Ui"”:ﬂpl' As the bias voltage in- First, the JPM frequency, and thus the frequency of the EM

creases, the sharp line in the emission spectrum is gradualgfmssionzﬂpl is typically 10— 17 times lower compared to
transformed into the thresholdlike behavior with a widehe magnitude of the energy gap in cuprates. Contrary, the
maximum atw=2A becoming nonresonafitee curves & peak of the phonon emission in ordinary SC is attributed
C, belonging to caséii)]. The mentioned curves;Gnd G rather to the BCS singularity in the electron density of states
show a finite emission ab— 0, corresponding to a tail from 4t muych larger frequencies=2A. Second, the width of the
the JPM that is strongly damped in cagie). line 8Q is much narrower in the case of the plasmon emis-
Although the emission of plasmons in the above'sion,ﬂp@Re 0, ()| y_a . compared to classic SC where

conglderejd ca_se(g)—(m) Is not generally cohe_rentz ON€ MaY e linewidth is determined by the rate of inelastic collisions,
achieve, in principle, a strong coherent EM irradiation from.

the N-I-S setup as well. Such kind of far-infrared plasma..’ oQ=ImA. Third, the phonon emission from ordinary
laser may be (fbtained allt the following conditions Fpor cer-SC is always incoherent, while from the cuprate electrode,

) y ¢ fotlowing : j one may achieve the coherent EM irradiation. Finally, the
tain shapes of the electron distribution functiopn, when the

L - plasma frequency in classic SC materiaig,~10'° s, is
decremenk, = (w/c)Im{Ve(w)} changes its sign, becoming gy erai orders of magnitude higher cgln?pared to the JPM
negative, there occurs another kind of nonequilibrium insta

N frequency,Q,~10°—10* s~ 1. It means that in ordinary
bility in the electron system of S. It corresponds to the am-, vob . :
olifying of the EM wave at the given frequenay. If the SC, the EM field with frequencies below, may propagate

I ists its d ina is sAalh only at surface or in thin films. Contrary, tleeaxis-polarized
plasma resonance exists, Its damping 1s s €N any  emMwaves with frequencies<{1, may be generated in the
weak disturbance of the JPM is amplified due to the transfe ulk of the cuprate SC electrode
of energy from the nonequilibrium electrons to the resonan '

plasmons. The phase coherence is established by the initial We acknowledge I. Iguchi and T. Yamashita for their
excitation that develops into the electromagnetic wave. Thigaluable comments.

e-m emission

IR. Kleiner and P. Mler, Phys. Rev. B49, 1327 (1994; P. (1994); O.K.C. Tsui, N.P. Ong, and J.B. Petersdrid. 76, 819
Muller, in Festkaperprobleme Advances in Solid State Physics (1996.
Vol. 34, edited by R. HelbigVieweg, Braunschweig, 1994 4SE. Shafranjuk, M. Tachiki, and T. Yamashita, Phys. ReB3B
2M. Tachiki, T. Koyama, and S. Takahashi, Phys. ReGB7065 15 136(1996; 55, 8425(1997).
(1994; S.V. Pokrovsky and V.L. Pokrovsky, J. Supercosq. SA. Barone and G. PaternBhysics and Application of the Joseph-
183(1995. son EffectiWiley, New York, 1982; K.K. Likharev, Dynamics
3Y. Matsuda, M.B. Gaifullin, K. Kumagai, K. Kadowaki, and T. of Josephson Junctions and Circui@ordon & Breach, New
Mochiku, Phys. Rev. Lett75, 4512(1995; O.K.C. Tsui, N.P. York, 1986.

Ong, Y. Matsuda, Y.F. Yan, and J.B. Petersdnid. 73, 724 81.E. Bulyzhenkov and B.I. Ivlev, zh! lESp. Teor. Fiz.74, 224



PRB 59 EMISSION OF PLASMONS CAUSED B . .. 14 091

(1978 [Sov. Phys. JETR7, 115(1978].

"V.P. Seminozhenko and S.E. Shafranjuk, Fiz. Niz. Teh@p273
(1984 [Sov. J. Low Temp. Phys10, 141 (1984]; E.M.
Rudenko, I.P. Nevirkovets, and S.E. Shafranjuk, ZksfE Teor.
Fiz. 95, 2053(1989 [Sov. Phys. JET®BS8, 1187(1989].

8M. Tinkham and J. Clarke, Phys. Rev. Le28, 1366(1972; M.
Tinkham, Phys. Rev. B, 1747 (1972; S.N. Artemenko and
A.F. Volkov, Uspekhi Fiz. Nauk 28 3 (1979 [Sov. Phys. Usp.
22, 295(1979]. ;

9S.N. Artemenko and S.V. Remizov, Pis'ma Zkkdp. Teor. Fiz.
66, 811 (1997 [JETP Lett.66, 853(1997]; S.N. Artemenko

and A.G. Kobelkov, Phys. Rev. Let%8, 3551 (1997; D.A.
Ryndyk, ibid. 80, 3376(1998.

10G.M. Eliashberg, zh. Esp. Teor. Fiz.61, 1254 (1971 [Sov.
Phys. JETR34, 668 (1972].

113.E. Sonier, J.H. Brewer, R.F. Kiefl, D.A. Bonn, S.R. Dunsiger,
W.N. Hardy, Ruixing Liang, W.A. MacFarlane, R.I. Miller, and
T.M. Riseman, Phys. Rev. Letf9, 2875(1997; A. Hosseini,
Saeid Kamal, D.A. Bonn, Ruixing Liang, and W.N. Hardlyid.
81, 1298(1998.

12| 1guchi, K. Lee, H. Arie, and E. Kume, Phys. Rev.38, 2387
(1997; K. Lee, I. Iguchi, H. Arie, and E. Kume, Jpn. J. Appl.
Phys., Part 87, 278(1998.



