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It is shown that in degenerate semiconductors or semimetals with appreciably different conduction 
and hole electron masses ( mn << mp) and relatively high mobilities, a specific superconductivity 
mechanism, due to the interaction of the electrons with the low-frequency weakly-damped branch 
of the collective longitudinal oscillations of the electron-hole plasma (the so called "plasma sound") 
may exist. The critical temperature of the transition of the semiconductor (semimetal) to the 
super conducting state is determined by the Langmuir (plasma) frequency or the Fermi energy of the 
"heavy" holes and, in principle, can be much higher than in metals (Tc ~ 10 2 deg K ). 

1. INTRODUCTION 

SuPERCONDUCTIVITY is a rather universal phenome
non, wherein any arbitrarily weak attraction between 
the electrons near the Fermi surface leads, as is well 
known to the formation of bound electron pairs (the 
Cooper phenomenon[ll). 

For most pure metals, the main electron-pairing 
mechanism is electron-phonon interactionrz-sJ. In many 
cases, however there are apparently also other causes 
of superconductivity, not connected with the crystal
lattice vibrations, as indicated, in particular, by the 
absence of the isotropic effect in some of the super
conductors raJ. 

In this connection, and principally with an aim at 
discovering superconducting materials with sufficiently 
high critical temperatures, various nonphonon conduc
tivity mechanisms have been discussed for ferro- and 
antiferromagnets [7, 8 1, in transition metals and 
alloysr9 • 10l, in polymers[uJ, and also in thin metallic 
films with dielectric or semiconductor coatings 
(''sandwiches ")[121. 

It is shown in this paper that in degenerate semi
conductors or semimetals with greatly differing effec
tive masses of the conduction electrons and the holes 
and with relatively large free- carrier mobilities there 
can exist a unique superconductivity mechanism due to 
the interaction of the electrons with the low-frequency 
weakly-damped branch of the collective longitudinal 
oscillations of the electron-hole plasma (the so-called 
"plasma sound"). The width of the energy gap in the 
conduction-electron spectrum, which characterizes the 
binding energy of the Cooper pairs, is determined by 
the Langmuir (plasma) frequency or by the Fermi en
ergy of the "heavy" holes, so that the critical tempera
ture of transition to the super conducting state may, in 
principle, be much higher in such semiconductors 
(semimetals) than in metals. 

2. "PLASMA SOUND" IN A DEGENERATE ELECTRON
HOLE PLASMA 

Let us consider the collective oscillations of a de-

generate electron-hole plasma of semiconductors1 > or 
semimetals whose band structure is such that the hole 
effective mass mp is much larger than the effective 
mass mn of the conduction electrons. As is well 
known, if the free-carrier mobility is sufficiently high, 
there can exist in such a plasma, besides the electron 
Langmuir (plasma) oscillations at the frequency iln 
= ( 47Te~n/mn )112, where Nn is the concentration of 
the conduction electrons, also a low-frequency weakly
damped branch of collective longitudinal oscillations 
with a phase velocity in the interval VFp < w/q < VFn, 
where VFn and VFp are the Fermi velocities of the 
degenerate electrons and holes (it is assumed that the 
crystal temperature is close to absolute zero, T i'::l 0 ). 

In the simplest case of an isotropic semiconductor 
(semimetal), the dispersion equation of these oscilla
tions is 

4rte2 
e(q, w)-- {lin('!, w) + llp(<J, u1)} = 0. (2.1) 

£{2 

Here E ( q, w) is the longitudinal dielectr-ic constant of 
the crystal, and lin ( q, w) and lip( q, w) are the polari
zation operators of the conduction electrons and of the 
holes, which are respectively equal tor 13• 14l 

3Nn { ( q ) n lwl } lln(<J,v>)~-;-- g 1 -- +i-;-~-
2EFn 2PFn ' 2 qvl'n 

(2.2) 

(2.3) 

where 

1 { 1 - x 2 I H- x ~~ x' g(x)= ·· 1 +--ln ~--- ;::;: 1----
~ 2x 1- x I 2 

(O<.r< 1);(2.4) 

EFn = Ppn/2mn is the electron Fermi energy, reckoned 
from the bottom of the conduction band, PFn 
= ( 31T~n )1/ 3 is their Fermi momentum (Ii = 1 ), Np is 
the hole density (we assume henceforth for simplicity 
that Np = Nn = N ), and Tp is the time of hole momen
tum relaxation due to scattering by impurities (defects) 
and phonons. 

!)In intrinsic semiconductors, a degenerate electron-hole plasma can 
be produced by external carrier injection (for example by "pumping" the 
crystal with a laser). 
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Assuming that the frequency of the oscillations in 
question lies far from the natural frequencies of the 
crystal (and, in particular, does not coincide with any 
of the optical or acoustic branches of the lattice vibra
tions), so that we can approximately assume that 
E J':j const, we obtain if ~Tp >> 1, i.e., at a sufficiently 
high hole mobility, the following expression for the 
oscillation frequency from (2 .1 ), with allowance for 
(2.2) and (2.3), 

{ qz }''• Re w == Qq = QP 2 2 ( ) , 
q +xn q 

(2.5) 

where Up= ( 47Te 2 N/Emp )112 is the Langmuir (plasma) 
frequency of the "heavy" holes (mp >> mn ), and 

[ 6ne2N ( q )]-''' 
Xn- 1(q) = ----g -- . 

EEFn \ 2pl<' 

is the electron Debye screening radius. 
We see that as q- 0 the oscillations have an acous

tic character ( Uq J':j qu, where u = VFn ( mn/3mp )11 2 ), 

whereas in the region q >> Kn they constitute plasma 
oscillations of the holes ( Uq J':j Up). This is why this 
branch of oscillations is frequently called "plasma 
sound" 2>. The weak damping of plasma sound in the 
region w > qvFp is due to single-particle electron 
excitations3 > and to the finite hole mobility. The damp
ing decrement, according to (2.1)-(2.3), equals 
(UpTp » 1) 

{ n xn2 Qo" i } 
Imw==-11 =- +-

q 4 q2 + x 2,, qvFn 2'tp 

In the region of q 2: Up/vFp the resonant damping 
of oscillations on the holes becomes appreciable 
(Im w;::: Re w). 

We note that at a sufficiently high carrier density 
the maximum frequency of plasma sound Up may 
greatly exceed the limiting Debye frequency of the 
phonons Wo. But on the other hand Up« EFn if the 
condition PFan >> mn/mp is satisfied, where an 
= E/mne 2 is the effective Bohr radius of the conduction 
electron. 

3. SUPERCONDUCTIVITY MECHANISM 

We shall show in this section that interaction of the 
conduction electron with the aforementioned low
frequency collective oscillations of a degenerate elec
tron-hole plasma, of the "plasma sound" type, can 
lead to the formation of bound electron pairs near the 
Fermi surface, and consequently to the occurrence of 
superconductivity in certain semiconductors (semi
metals). 

As is well known, the Coulomb interaction between 
particles in a degenerate plasma is described by the 
following vertex partP4 l: 

f;;(q, w) = 4ne;e;(q2 - ~ 4ne;•II;(q, w) )-1 == 4ne;e; , (3.1) 
i q2e!(q, w) 

2>This branch of longitudinal oscillations was investigated earlier for 
the particular cases of strongly-compressed matter [ 15] and a dense degen
erate electron-hole plasma [14]. In a rarefied non-isothermal plasma 
(Te > T1), a similar branch of collective oscillations is called "ion" (or 
"non-isothermal") sound [16,17]. 

3>such a damping is the quantum analog of resonant Landau damp
ing [16,17]. 

where IIi( q, w) is the polarization operator (loop) of 
the particles of species i, and Ez(q, w) is the longitud
inal (self-consistent) dielectric constant of the plasma4 >. 
In the general case the vertex (3.1) takes into account 
effects of the delay of the interaction, and has poles 
near the natural frequencies of the collective plasma 
oscillations, when Re Ez(q, w) = 0 and Im Ez(q, w) 
- 0. In particular, the longitudinal dielectric constant 
of the degenerate electron-hole plasma of an isotropic 
semiconductor (semimetal) in the frequency (energy) 
region qvFp < w < qvFn equals (see (2.1), (2.5), and 
(2 .6)) 

( Xnz)( Ql) e1 (q,w)~e 1 +q2 i-~ , (3.2) 

so that the vertex of the electron-electron interaction 
in this region is of the form (compare with the "jelly" 
model[l8 ' 191 ) 

w• 
(3.3) 

It follows therefore that when w < Uq (but w > qvFp 
wehave Rernn(q,w)<O (but IRernniimrnnl), 
i.e., the interaction between conduction electrons has 
the nature of attraction that results from exchange of 
virtual "plasmons," which are quanta of collective 
plasma-sound oscillations. Indeed, the vertex rnn can 
be represented in the form 

fn,.(q, w) = -D(q, w)+ f(q), (3.4) 

where 

Qq { i 1 } iJ(q,iil)=f(q)- --+---- , 
2 Qq-w Qq-+w 

(3.5) 

(3.6) 

The function D plays here the role of a "Green's 
function" of the plasmons 5 >' whereas r describes the 
Coulomb repulsion. 

In the region w s Uq we have Re D( q, w ) s r ( q ), 
i.e., the effective attraction due to the "electron
plasmon" interaction prevails over the repulsion6 >. In 
the regions w > Uq and w s qvFp• to the contrary, 
the Coulomb repulsion of the electrons prevails 
( Re r nn ( q, w) > 0, with I Im r nn I 2: Re r nn in the 
region w ~ qvFp ). In particular, when w/q- 0 we 
have 

4ne2 

fnn (q, 0) == fo(q) = -Eo-c-[q--:-2_+_%_n.,-2 (q)+ %p'"{qfj (3. 7) 

where Eo is the static dielectric constant of the 

4>we note that expression (3.1), which is obtained in the high-density 
approximation (i.e., under the condition Pp a0 > I, where a0 is the Bohr 
radius), is valid with sufficiently good accuracy and for not too dense 
systems, when Ppa0 $I (see [1°] ). 

5>compare with the phonon Green's function in the case of electron
phonon interaction [5•13]. 

6>In other words, the presence of "heavy" holes leads in this case to 
the effect of "antiscreening" of the Coulomb interaction between the 
conduction electrons, just as the presence of bound d-electrons in transition 
metals leads to a net attraction between the free s-electrons [9• 10]. 
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crystal7 > and Kp1 ( q) is the effective radius of screening 
of the charge by the ''heavy" holes ( K~ = K~mplmn ). 
Nonetheless, as will be shown below, the electron
plasmon interaction leads under definite conditions to 
a pairing of the electrons near the Fermi surface. 

The equation for the energy gap in the conduction 
electron spectrum at T = 0, as is well known[ 5• 10• 201, 
is of the form 

1 . 
L\n(k,w)=-- \' dk'dw'Fn(k',w')fnn(k-k',w-w'), (3.8) 

i(2rr)'.) 

where 

count, and the maximum negative value of Q(w, 0) has 
an absolute value ( Bq ~ lj2T p) 

IQ(Rm, 0) I~ 112\n laRptpl. (3.17) 

According to (3.14), the function f(w) in the region 
w « Slp equals 

. aw 12+a 1 !("')95, ---In ----
2- rt 2a I 

(f(w) < 0). 

and when w >> Slp its modulus decreases like 1/ w 
with increasing w. 

(3.18) 

It must be borne in mind, however, that Eq. (3.12) 
Fn(k, w)= L\n(k, w)H~n(k, w), (3.9) has been obtained under the tacit assumption that 

On(k, w)= [w- ~n(k)- ~n(k, w) ][ w + Sn (k)+ 2;n(k,- w) ]-L\n2 (k, w), .6. > qm VFp ~ 4EFp (where EFp = pj;.j2mp is the 

(3.10) Fermi energy of the holes, so that in the entire inter-
i;n(k) is the electron energy reckoned from the Fermi val w, w' 2: .6. the vertex r nn is determined by the 
surface, and ~n(k, w) is in turn determined by the expression (3.4). Actually, this condition can be satis-
equationrsJ fied only subject to the very strong inequality Slp 

,, k 1 \ d , , 1 k' , (3 11 ) » EFp, i.e., at rather large effective-mass ratios 
"-n(·,w)=-:--.--.1 kdw'Gn(k,w')fnn(<- ,w-w); • / ) 

l(2n)' · ( 1J. = m mn >> 1 , but small carrier densities 

here Gn(k, w) is the Green's function of the conduc
tion electrons (with pairing taken into account). 

We assume first for simplicity that expression (3.4) 
for rnn(k- k', w- w') is valid for all values of 
I w - w' I (see below). Then, assuming that Slp « EFn• 
and consequently that I k- k' I ~ PF, we obtam with 
the aid of the method developed by tliashbergrsJ the 
following equation for the function C ( w ) characteriz
ing the binding energy of the electron Cooper pairs: 

.. ~ Q(w,w')C(w') d ' (3.12) C(w)= w, 
4 1w"- C2 (w') 

where 
qm 

1 [ j(w) ]-' \ Q(w,w')=--1 1--- .) f(q)qdq 
4.:t2VFn (() O 

{ Qq [ 1 1 ]' } X-· •+ -1 
2 w' - w + Qq ul' + w + Qq ' (3.13) 

qm 

1 r I Qq +(I) I f(w)= --- J f(q)Qqln --- qdq, 
8n2DFn 0 Qq- w (3.14) 

.6. = C(O) is the gap parameter on the Fermi surface, 
q = I k - k' I, and ~ ~ 2PF. 

It is easy to see that when w - 0 the kernel 
Q(w, w') of the integral equation (3.12) is negative for 
all values of w'"' 0. On the other hand, when w' = 0, 
we have in accord with (3.13) 

Q(w,O)= ~;w) :[ 1- f~) r In 11 ~(~\w) I, (3.15) 

where 
~(w)= awz 

Qp2 -w 2 (1-a/2) 

The kernel Q(w, 0) is positive when (3(w) :s Ij2 , i.e., 
in the vicinity of w ~::; ?ip = Slp(l + %a rl/ 2 ' and is 
negative when w > Slp, diverging logarithmically at the 
point w =Om= Slp(l + a/2 t 112 (i.e., at (3(w) = 1 ). 
This divergence disappears, however, when the finite 
damping of the collective oscillations is taken into ac-

1lfor certain crystals, e0 may be much larger than the dynamic 
dielectric constant in the frequency region w - ilp. 

(a = Knf 0 )/2pF » 1 ). For real semiconductors (semi
metals), however, the parameters 1J. and a are not 
very large ( 1J. $ 10, a ~ 1 ), and therefore the case 
when Slp 2: EFp and .6. « EFp is of practical interest. 
It is necessary here to take into account the fact that 
expressions (3.4) and (3.13) no longer hold in the 
vicinity of I w - w' I $ E Fp. In particular, when 
w = w' = 0 we have, according to (3.7) 

IJm 

Q(O,O)= --1-\ fo(q)qdq 
4:rt2VFn 0• 

=-~ a ln 12+a(1+clj. 
eo 2-a(1+ft) I 2a(1+ft) 

But since Eq. (3.8) with the exact interaction 
4ne2 

fnn(q,6J-.w')= 2 ( ') 
q e1 q,w- w 

(3.19) 

can be solved only by numerical methods, we confine 
ourselves here to a consideration of a certain model 
equation for the gap8 ,: 

L\(s)= S K~) a-s', (3.20) 
1£'2 + L_\2(£') 

where (cf.r 10 ' 211 ) 

(3.21) 

Here p 1 = -Q(O, 0) > 0 (see (3.19)), and the constants 
p 2 and p 3 are the mean values of the kernel Q( w, 0 ) 
in the positive and negative regions, respectively: 

1 ~ 1 ~. 

pz=--5 Q(w,O)dw, P3=--\ !Q(w,O)!dw. (3.22) 
W2- W 1 W3- W2 • 

~ ~ 

Assuming further for simplicity that .6. ( 0 = .6. 1 when 
I i; I :s w 1, that .6. ( i;) = .6. 2 at w 1 < I i; I < w 2, and that 
.6.(!;} =.6.3 when w2< li; l:s W3, i.e., replacing the exact 

8>such an equation can be obtained, in particular, with the aid of 
the Bogolyubov transformation [3] by a suitable choice of the effective 
electron-electron interaction Hamiltonian. A numerical solution of the 
exact equation for the gap is now in progress. 
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values of the gap by their mean values in the corre
sponding regions, we obtain in lieu of the integral equa
tion (3.20) the following system of equations (cf.r 101): 

(3.23) 

where 

(3.24) 

and p3 is the renormalized Coulomb-repulsion con
stant, equal to9 > 

p, = 1 + p,!~:(w,/w,). (3.25) 

It was assumed above that ~ 2, I~ 31 << w 2, w 3· If 
furthermore ~ 1 , ~ 2 << w 1 , then the system (3.23) has, 
subject to the condition 

r==-(p,+r,)+ (p,+p,-p,) >O (3.26) 
1- (p2 + p,- p,)ln(w,/<•l!) 

the following solutions: 

-liP A (t P1 + P•) A !\1 =2w1e 1 P, u, = + ----p- '-'t. 

p, [ - "'') !\3 = -~ 1 + (p + p1 + p2) In--" !\1 • 

p "'' 

(3.27) 

We see that in spite of the Coulomb repulsion (which 
incidentally is strongly screened by the "heavy" 
holes), the gap in the spectrum of the conduction elec
trons near the Fermi surface can be finite and positive 
in the energy region w :S EFp· 

We note that in the case of the very strong inequal
ity w2» w, (but w2« w3) the system (3.23) admits 
also of solutions in the form (w 1 « ~ 1 , ~ 2 « w2 ) 

-
!\1 = ~2 = 2w2e-t'P:', !\3 = - ~3 !\2, (3 .28) 

rv rv P2 
where P2 = P2 + P3- p3 (these solutions correspond to 
the case a, 11-- oo). 

By way of an example, let us consider a semicon
ductor (semimetal) with conduction-electron effective 
mass mn "'" 0.3 mo and hole mass mp = 3m0 ( mo is the 
electron mass), and with a free- carrier density N "'" 3 
x 1019 cm-3 • As shown by numerical estimates, in this 
case (subject to the condition E "'" 1 and Eo "'" 2 ), the 
width of the energy gap near the Fermi surface is, 
according to (3.27), ~1"'" 2 x 10-2 eV, corresponding to 
a critical temperature of transition to the supercon
ducting state Tc"'" 10 2 deg K10 >. 

Thus, the interaction of the conduction electrons 
with the collective oscillations of an electron-hole 
plasma in degenerate semiconductors or semimetals 
can lead, under certain conditions, to the occurrence 
of superconductivity with relatively high critical tern-

9>compare with the renormalization of the Coulomb interaction in 
the phonon model of superconductivity [3]. 

10lof course, this estimate should be regarded as roughly tentative. 
More reliable results can be obtained only by numerically solving the 
problem. 

perature. Such a conductivity mechanism can be called 
"plasmon" mechanism. 

In conclusion we note that the formation of bound 
electron pairs is possible only when the so-called 
"coherence length" ~o ~ vFn/~ is small compared 
with the electron mean free path in the crystal, Zn 
~ VFnTn (where Tn is the electron momentum relaxa
tion time), and the characteristic electron pairing time 
~ ~ _, is much shorter than the damping time of the 
collective (plasma-sound) oscillations, ~Tp, i.e., 
under the condition 

(3.29) 

For the example considered above, this corresponds 
to Tn,p >> 3 x 10-14 sec. . 
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marks, and also to V. V. Vladimirov, E. A. Muzalevski'l, 
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