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VI. CONCLUSIONS

The primary purpose of this paper has been to gen-
eralize the Ginzburg-Landau phenomenological theory
to include the Josephson effect, and in this way develop
a tool which will be useful in dealing with problems diffi-
cult to handle with existing microscopic theories. The
primary contribution of this paper has been to show
that self-consistent solutions do exist to the equations
of the model, provided that the current does not exceed
a certain critical current identified with the maximum
Josephson current.

There are several other treatments of the Josephson
effect in existence all of which have two important points
in common : The properties of the oxide are lumped into
a single number, the transmission coefficient; and the
type of configuration which can be handled conven-
iently is limited to the one-dimensional problem treated
in Sec. III. The present approach, being based on a phe-
nomenological theory, differs from the earlier models in
just these respects. This tends to give the present model,
if not a fundamental, at least a very distinct practical
advantage. For it is applicable to more complex con-
figurations, as shown in Sec. IV; and the description of
the oxide in terms of an effective potential, as pointed
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out in Sec. V, leads to an estimate of the effective
current carrying area of the junction.

The present model, in addition, leads to a useful
physical interpretation of the Josephson effect: In
certain respects, a nonsuperconducting gap placed
between two superconductors behaves like a weak super-
conductor, allowing small nondissipative currents to
pass; the maximum Josephson current being associated
with the critical current for the weak superconductors.

Finally, it must be stated that the development of the
model suggested by Maki? is far from complete. There
remain several problems which need to be investigated,
of which only two will be mentioned. First, there needs
to be an accurate determination of the effective po-
tential. Until this is done, it will only be possible to
make order-of-magnitude calculations for the quantities
of interest. Second, it is essential to be able to include in
a self-consistent manner the effect of both electric and
magnetic external fields. Work is now in progress on
both of these problems.
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The collective excitations of a dense electron gas containing a fixed point charge with neutralizing positive
background are investigated. A dielectric formulation, evaluated in a self-consistent-field approximation,
yields a single-particle Schrodinger equation describing the collective modes. This equation has solutions
belonging to the continuous spectrum (free plasmons) and to the discrete spectrum (bound plasmons). A
cross section is derived for scattering of free plasmons by the point charge. The bound plasmon, representing
a density wave trapped at the impurity site, has no counterpart in the uniform gas; it exists only for
negative impurity charge and has an excitation frequency lying in the range wy/V2Z <o <ws, where w, is the
plasma frequency. The bound plasmon appears to be a reasonably well-defined excitation with a lifetime
~10715 sec in metals. A simple hydrodynamical model provides further physical insight. The experimental
detection of bound and free plasmons in metals and the relationship between surface plasmons, experimentally
observed in many metals, and the predicted bound plasmon are discussed.

1. INTRODUCTION

N modern many-body theory attention has been con-
fined almost exclusively to uniform systems. This
may be attributed, first, to the mathematical difficulties
associated with nonuniform systems and, secondly, to
the hope that most important many-body effects are
exhibited by uniform and nonuniform systems alike, and
the treatment of the latter would add only mathematical
* This work is based on a Ph.D. dissertation submitted to Yale

University and was supported in part by the U. S. Air Force
Office of Scientific Research.

complexity. Nevertheless, while the uniform system
serves as a useful model for many problems, it is de-
sirable to have at least a qualitative understanding of
the effects that may be introduced by nonuniformities.
The present paper is devoted to that end.

As a simple departure from a uniform system, we
consider a dense electron gas immersed in a static
electric field due to the presence of a single fixed point
charge. A uniform background of positive charge pro-
vides over-all electrostatic neutrality. This ideal model
is not without practical interest. The point charge
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represents roughly an impurity atom or ion in a metal.
In a previous study Layzer! has investigated the
quasiparticle excitations of this system. He finds for a
positive point charge a discrete spectrum of bound
holes, finite in number, which vanishes at sufficiently
high electron densities. In contrast, we examine the
collective excitations of the system. For a uniform elec-
tron gas the dispersion relation for collective oscillations
is given by?

wr=wy+2vp2k240(kY), 1

where w,, is the usual free-electron plasma frequency,
wp= (4me*n/m)'?, )

n is the electron number density, and vp is the Fermi
velocity. In brief, we wish to determine how Eq. (1) is
modified by the presence of the point charge.

Our approach is an adaptation of the work of Ehren-
reich and Cohen,? later generalized by Cohen.* In the
former study a time-dependent self-consistent field
(SCF) is employed in a dielectric formulation of the
many-electron problem. The SCF theory provides a
simple means for calculating the longitudinal, wave-
vector and frequency-dependent dielectric constant for
a uniform gas, and from this the properties of the system
may be deduced. In the subsequent study by Cohen this
treatment is generalized to include nonuniform systems.

We apply a modified version of the Cohen-Ehrenreich
theory to the particular system under consideration. In
Sec. 2 a brief description of the SCF approximation is
given, and the linearized dielectric response of the
system to a weak external perturbation is computed in
this approximation. In the absence of external perturba-
tions, the dielectric response furnishes the desired con-
dition for self-sustained oscillations or normal modes of
the system.

In Sec. 3 the results of the microscopic theory are
considered in the light of a crude hydrodynamical
model, and experiments in solids relevant to the theory
are briefly discussed.

2. SCF THEORY AND DIELECTRIC FORMULATION

We treat a system of IV electrons contained in a large
volume Q. An external static field due to a uniform posi-
tive charge density [ (V—2)/€Q]e and a single fixed point
charge ze, located at the origin of coordinates, acts on
each electron. Since @ —c implies N —c for fixed
electron number density N/Q, it is clear that N>z
for finite z.

The Hamiltonian for the system may be written

2

N p;
H=3% ——2z 3 vp-qti 2 vlpep—q—N],
i=12m q7#0 970

1 A. J. Layzer, Phys. Rev. 129, 908 (1963).

2D. Bohm and D. Pines, Phys. Rev. 82, 625 (1951); 85, 338
(1952) ; 92, 609, 626 (1953).

3 H. Ehrenreich and M. H. Cohen, Phys. Rev. 115, 786 (1959).

4 M. H. Cohen, Phys. Rev. 130, 1301 (1963).
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where v, and pq are the Fourier transforms of the
Coulomb potential and the electron number density, i.e.,

vg=4ne’/Qg, 4)

N
po= 2 exp(—iq-r;). ©)

i=1

The q=0 terms, missing from Eq. (3), cancel exactly
against the term containing the uniform background of
positive charge.

SCF Approximation and Linear Response

Following Ehrenreich and Cohen® and Cohen,* we
define a self-consistent field (SCF) approximation to the
true Hamiltonian. The time-independent SCF Hamil-
tonian is given by

?

2m

HsO:Z_ EO ”q[2—<9"0|l’ql ®0) Jp—q (6)

and satisfies the time-independent Schrodinger equation
H| ¢n)= x| on).

Equation (6) is obtained from Eq. (3) by means of
a variational principle in which the approximate
factorization

{¢0] pap—q| €0)=X( @0 pq| €o){¢0| p—q| #0)

is made. Since H,° can be written as the sum of identical
single-particle operators, the eigenstates | ¢.) are Slater
determinants.

Having defined a set of SCF states, we wish to
examine the linear response of the system to a weak
external time-dependent field. First, a simple generaliza-
tion of Eq. (6) is required to incorporate time depend-
ence into the formalism:

e M A  I  S

Here,

d
H,|y)=it—|¥). ®
at

Eq. (7), called the time-dependent SCF Hamiltonian,
follows from a time-dependent formulation of the
variational principle.

The following time-dependent perturbation is
considered:
Hy(t)=22q Uq(Dp—q, ©
where for all q
Uq(t),\,e(~iw+a) t (10)

Here, we depart from Cohen, who considered a pertur-
bation having a single spatial Fourier component. This
modification will prove necessary in the subsequent
analysis. The parameter « is a positive infinitesimal
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which serves to turn on the perturbation adiabatically
and to ensure that the response of the system is causal.

To determine the linear response, we consider a
classical test charge located at the position r. The po-
tential V(r,f)/ —e measured by this test charge is given
by Poisson’s equation. Fourier transformation in space

gives
Vi)=v[@|pe|¥)—2]4+U, 0.  (11)

The change in V4 when the perturbation H, is turned
on constitutes the response of the system. At = — o« the
system is assumed to be in the SCF ground state | ¢o).

AV =V )= Vy(—o)=00p)+ U, (12)
A(Pq>=<¢|l’ql¢>_<<ﬁolpq[‘Po)- (13)

Equation (12) relates the response AV to the applied
potential U4 To proceed further, we must express
Alpy) in terms of U,.

Application of first-order, time-dependent perturba-
tion theory (equivalent to the use of a linearized density
matrix) gives

> [5qq’_ D(q,q'; w)vq']A<Pq'>
q’#0
=Z iD(qu.,;“‘))[]q’; q#o (14)
q’

where

1 n n|P—q’
£D(q,q’;w)= )3 _,:(‘p(’lpql @ ><90 [p q I‘PO>
n#0 h w——wno—l—w

_(soolp-q' | @n){en|pal wo):l 15)
w+wn0+7:a

and

For a uniform gas D(q,q’; w) is “diagonal” since for such
a system the states |¢,) are momentum as well as
energy eigenstates.

The formal solution of Eq. (14) for A{p,) may be

written in matrix notation
Ap=MDU, aan

where Ag and U are vectors whose components are A{pq)
and Uy; D is a matrix whose components are D(q,q’; w);
and 9 is a matrix whose inverse is defined by

(M) g = 8qq'— D(q,9"; w)vg - (18)
Similarly, Eq. (12) can be written using Eq. (17)

AV=¢"10U, (19)
where the inverse dielectric matrix ¢! is defined
el=]4vmo. (20)

Here, I is the unit matrix, and v is a diagonal matrix
with components v484q. Equation (19) is easily inverted
with the use of Egs. (18) and (20). The result is

U=¢AY (21)
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which defines the dielectric matrix

e=[—vD. (22)

In component form Egs. (21) and (22) are written
U=2¢ (a9 ;0)AVy (23)
(0,95 ©) =040 —24D(q,; @) - (24)

The physical significance of Eq. (23) is this: An
applied potential U with single wave vector q gives rise
to a response AV having many Fourier components
AV . In other words, an input wave is scattered by the
nonuniform gas. For a uniform gas ¢(q,q’; w) is diagonal,
and the wave vector of the response is identical to that
of the input. The need to include all Fourier components
in the perturbation, Eq. (9), follows from the fact that
in deriving the dielectric matrix, we solve first for a
single Fourier component of the response, AV,. For a
nonuniform gas this necessarily involves all Fourier
components of the applied potential.

Of paramount importance are the conditions under
which a response exists in the absence of a perturbation.
Such conditions describe the normal modes of the sys-
tem. Normal modes exist for certain frequencies w
such that

2o €(q,q’; w)AV ¢ =0. (25)

This expression, with e(q,q’;w) defined by Eq. (24),
yields a dispersion relation for w whose form we seek for
the collective modes of the system.

Equation (25) is in general complex. If the collective
modes are assumed to be reasonably well defined, i.e.,
wsKwi, w1 and we being the real and imaginary parts of
w, then a Taylor series expansion of Eq. (25) is
permissible:

dei(q,q’; )
2 { e(q,q'; w)+i|:€2(q,Q'; w)+w2—1————~

q’

]}AVZZ)

Here, €; and e are the real and imaginary parts of e.
First-order perturbation theory gives

Zq’ e1(q,q’; w) AV @ =0

w

@7

and

we=—[2 AV P%e(q,q"; 0)AV @] /
q,q’

der(q,q’; w)

[2 AV, — -AV¢<0>], (28)
1.9’ w

where AV is the zeroth-order approximation to AV,
Equation (27) determines the normal modes w= w1, and
Eq. (28) the lifetime 7~1/|ws| of these modes.

Evaluation of the Dielectric Matrix

Further progress can be made only by detailed
examination of e; and e, for the system in question. For
this purpose we evaluate D(q,q’; w), defined by Eq. (15).
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Since the eigenstates | ¢.) are Slater determinants in
the SCF approximation and pq is the sum of single-parti-
cle operators, the N-particle matrix element (o] pq| @)
reduces to a single-particle matrix element. The single-
particle states satisfy the following Schrédinger equation

hZ
{———w— 5 olz—(ulpal e0)] explia o) (o)

2m a0
=eui(r). (29)
In terms of these states D(q,q’; w) becomes
D(q,q'; @)
(ui| exp(—iq-1) | o;)ous | exp(—iq+x) | us)*
=22 Tot-ei— e+ iha
here X(fi—fi), (30)

(ui[exp(—iq-r)[uj>=/dmi*(r) exp(—iq-1)u;(r), (31)

fi1s a Fermi factor defined by

fi=1
=0 (32)

and ey is the Fermi level of the states e;. The factor 2
appearing in Eq. (30) accounts for spin degeneracy.

As written, Eq. (29) must be solved self-consistently
for the lowest N/2 (~1023) states in order to determine
the SCF ground state |¢o). Fortunately, this tedious
task can be avoided by virtue of a simple physical
argument.

From Poisson’s equation the Fourier transform of the
induced electron density due to the presence of a fixed
weak point charge ze is given by

{p")=2{1—[e(q,0) 1}, (33)

where €(q,0) is the static form of the wave vector and
frequency-dependent dielectric constant for a uniform
electron gas. The expectation-value symbol is used here
to denote a thermal average over the states of the system
in the presence of the point charge. In the SCF approxi-
mation for a dense electron gas, we may take

(g™~ (@0l pg| 00) q7=0.
Thus, Eq. (29) becomes approximately

#? Uq
|:————V2—z >
2m a0 €(q,0)

e<ep
€>€r,

(34)

exp(iq-r)]ui(r) =eui(r). (35)

In effect, the Coulomb potential of the fixed point charge
is shielded by the dielectric constant of the electron gas.
This could have been written down on physical grounds
at the outset. It is more reassuring to find, however, that
it follows directly from the SCF approximation of Cohen
and Ehrenreich.

A 1073

The static dielectric constant for the uniform gas is
well known in the SCF approximation®
] . (36)

kel krr q° q+2ky

PR L A
@ L2 2¢ 4ky? q—2ky

Here kr and kpr are the Fermi and Fermi-Thomas wave

vectors, the latter defined by

kFT= (4kF/7Tdo)1/2 ,

where a, is the Bohr radius.

The potential appearing in Eq. (35) becomes a
Yukawa potential with shielding length 1/kpr if the
long-wavelength approximation to e(q,0) is employed,

viz.,
(q,0) :»0 1+-krr?/¢2.

(37)

(38)

Equation (35) has a finite number of bound states.
One can show by means of a WKB calculation® that for
metallic densities z must be greater than about 2 if
bound states are to exist at all. In the high-density limit,
the number of bound states drops to zero for finite z.

In evaluating D(q,q’; w) to determine the collective
modes, we will find that the bound-state solutions of
Eq. (35), even if present, can be ignored. Hence, we may
confine attention to the scattering (continuum) states
of this Schrédinger equation.

Roughly speaking, the first Born approximation to a
scattering state is valid throughout the entire continuous
spectrum if the scattering potential is too weak to
support a bound state. In the high-density limit this
condition is satisfied by the potential in Eq. (35). For
the intermediate densities characteristic of metals, the
validity of the Born approximation is not assured for
all €;>0. Nevertheless, this approximation is made here
with the hope that results will be at least qualitatively
correct in the intermediate density region.

In the first Born approximation, we find for the
matrix element

(| exp(—ig-x) [

Vi’ —k—q
=0/ ktq— % (1= 8w 14q)

e(k'—k—q, 0)
X [(ék— €x/—q— iﬂ)—l—' (€k+q'_‘ €k’ —7/B>—1] ) (39)

where |uy) denotes a scattering state of Eq. (35) labeled
by the incident wave vector k, and the limit 8 — O+ is
implied. Substitution of Eq. (39) and an analogous ex-
pression for (ux|exp(—iq’+r)|uw) into Eq. (30) gives to
first order in z (with neglect of contributions from possi-
ble bound states)

:D(q’q,: w) = ®(Q>w)5q.q’+m(‘lrQ’; w)(l— 3qq’); (40)
®J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat. Fys.
Medd. 28, 30 (1954).

¢W. G. Holladay, J. B. Thomas, and C. R. Smith, Am. J.
Phys. 31, 16 (1963).
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where D(q,w) and 9(q,q’; w) denote the diagonal and nondiagonal components, respectively, of D(q,q’; w).

Je— frtq

D(qw)=22

, (41)

k fiw— extq+ extih0

Vg—q’ Je— fitq

U(q,9"; w)=—2z - .
é(q_‘q ) O) k | Aw— €k+q+ 6k+$ha

Je— fera

E(fk— 5k+q—q'+iﬁ)—1_ (5k+q’_ €ictqt iﬁ)_l___l

T
hw— exyq+ ext+iha

[(ex— extq—q—18) 71— (extq—expq—i8)71]F . (42)

For a uniform gas only the diagonal components D(q,w) appear. These have poles for w= ex+q— ex corresponding
to quasiparticle excitations. The nondiagonal components 91(q,q’; ») have, in addition, poles corresponding to
elastic scattering of quasiparticles by the fixed point charge.

If consideration is restricted to the plasmon region defined by 7w greater than both exyq— ex and exrq— e, the
infinitesimal @ may be omitted from Eqs. (41) and (42). Within this region, where collective effects dominate,
D(q,w) is real and N(q,q’; w) separates into the following real and imaginary parts:

Vg—q’ { Je— ftq
e(q—q’,0) & lhw— €xtqT €x

MNi(q,q'; w)=—22

+

a-q’ { Je— futq
e(q—q’;0) x lhw— ecpqte

mz(q,q’; w) =27z

Here, P denotes principal value. Strictly speaking, P
has meaning only if thek sum is transformed to an
integral sign. Note that 97; and 9, are symmetric and
antisymmetric in q and q’, respectively.

The sums in Eqgs. (43) and (44) may be transformed to
integrals and evaluated in the limit q, ¢’ — 0. An order-
of-magnitude argument shows that the resultant con-
tribution from possible single-particle bound states is
negligible. A surprisingly simple result for 9%, is found.
Details are given in the Appendix.

Ta(adse) = | —e[1—(la—a, )T+ ] .
mw

(45)

1,40

A comparison of Egs. (45) and (33) immediately gives

qq
(9,95 @) = (Pg—g ™)+ - - (46)
0,070 4750

A generalization can be made for an arbitrary impurity-
charge distribution. Because of the linear approximation

with respect to z in Eq. (33), the induced density due
to a collection of point charges can be written as the sum

(pt2)=23"; (pi™%)s,

where {px'»d); is the linearized contribution of the ith
charge. Hence, Eq. (46), derived for a point charge, is

Pl (ex— €rq—q) ™ — (entq — €xsq) ]
Je— fero

hw— €k+ql+ €x

P[(ek—ek+q'_q)‘1“(€k+q“€k+q')_1]} , (43)

[8(ex— extq—q) — (entq— €xtq) ]

Jo— furo

+——————Ea<ek—ekﬂ'_q)—a(ekﬂ—ekﬂ,)]]. (44)

ho— exyqtex

valid for nonuniform gases, in general, provided that the
nonuniformity is sufficiently weak. Later we shall use
this fact and show that it leads to an experimentally
observed result.

An interesting similarity in form between the diagonal
and nondiagonal components of Di(q,q’;w) may be
deduced. The wave vector and frequency-dependent
dielectric constant for a uniform gas e(q,w) has been
evaluated by Lindhard in the SCF approximation.5 Use
of Eq. (24) then gives for the diagonal components of
D1(q,9’; ») in the long-wavelength limit

¢°N
D(qw) = —»(1 (47
'l"om

w?
Since N={¢o| po| ¢0), we may write

’

q-q
D(q,w)dqq’ :»o m(ﬁ"o [pa—a [ oo
w
3 ‘Upz
X<1+‘ g+ ')5«1’- (48)
5 w?

This should be compared with Eq. (46) where (pq_q4)
is replaced by (@o|pe—q | ¢0). One sees that the diagonal
and nondiagonal components of 1(q,q’;w) have identical
form in the limit q, ¢’ — 0, a fact which is not apparent
on cursory inspection of Eqs. (41) and (42).
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For the complete matrix Di(q,q’; @) we have from
Eqgs. (40), (46), and (48) ‘

D1(q,q"; @) = ——(¢0| pa—q | ¢0)
0970 g002

3 vp2
X[1+" gt ] , (49)
5 w?

where for the present system

<<P0 l Pq—q" ‘Po)
=Nbqy+3s[1—(e(q—q’, 0))1](1— 0q07) . (50)

The real part of the dielectric matrix may now be
inferred from Eq. (24) and the above expressions. In
the long-wavelength limit

’ wp® 1 3 vp? ,
o) o oo ()
2wy’ q-q
—(1—8qq) ‘“—p'———[l—(e(q——q’, )14+t
N o ¢

QY

Equation (51) shows that the ratio of nondiagonal to
diagonal components of €1(q,q’; w) is of order z/N (<1).
Also, the “width” or departure from diagonal form in
momentum space is seen with the aid of Eq. (38) to
be of order kpr.

Collective-Mode Dispersion Relation

If for all collective modes, AV ©® is different from 0
only when ¢S krr, we may use e(q,q’; w) as evaluated
in the long-wavelength limit in Eq. (27). This will be
the case if the collective modes are well defined. For, if
AV overlaps the quasiparticle spectrum, rapid decay
of collective modes into single-particle excitations is to
be expected. Under this assumption substitution of
Eq. (51) into Eq. (27) gives the following homogeneous
integral equation. (The summation sign and Kronecker
deltas are replaced by an integral sign and delta func-
tions in accordance with the usual prescription.)

(q2—3§E)¢(q>= —A / K@) o). (52)

Here,
o(q)=gAV,© (53)
2M 5 w?fw?
—FE=- —-—(———- l)kFT2 (54)
B 9wy \wy?
2 5 w?
A= ——fpq? (55)
(NV/2)(21)3 9 wp?
I4 q ) q, 4
Kaa) =1 —(a=a, )] (56)
99
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The form of Eq. (52) is deliberately chosen to re-
semble a single-particle Schrédinger equation in the
momentum representation. The kernel K(q,q") is sym-
metric (a consequence of the fact that Di(q,q’;w) is
symmetric) which means that the eigenvalue E is real.
Since K(q,9’) depends on both q and ¢’ rather than on
their difference, the “potential” seen by the effective
single particle is velocity- as well as position-dependent.

The identification of Eq. (52) as a Schrédinger equa-
tion is indicative of the particle character of a collective
mode or plasmon. In effect, we have reduced the
N-particle problem to a single-particle problem describ-
ing the collective modes of the system.

We recall that the origin of Eq. (52) is a statement of
Poisson’s equation [Eq. (11)] for classical electrostatics.
Quantum mechanics enters only in the calculation of the
expectation value A{p,).

As a check on the valdity of Eq. (52), we considerthe
special case of a uniform gas (z=0). For this system the
coupling constant A vanishes, and a free-particle
Schrédinger equation results with the solution

e(@)=6(q—k), (57
where
5 w?fw?
2= -——(———— l)km2. (58)
9 wp?\wy?

Straightforward manipulation of Eq. (58) reproduces
Eq. (1), the known dispersion relation for collective
modes in a uniform gas. Moreover, Eq. (57) when
transformed to coordinate space gives the required plane
wave with wave vector k.

Continuous Spectrum Solutions

For nonvanishing z the solutions of Eq. (52) are not
trivial. The possibility exists for solutions belonging to
both the discrete spectrum (£<0) and to the continuous
spectrum (E>0). The latter solutions, called free
plasmons, are similar in character to those of the
uniform gas. We treat this case first.

The excitation spectrum for a free plasmon in the
presence of a fixed point charge is identical to that ob-
tained above, viz., Eq. (58), from which Eq. (1) follows.
We find that the only effect of the point charge is to
act as a scattering center for free plasmons. To deduce
the scattering cross section, Eq. (52) is recast in the
form of a Lippman-Schwinger equation

|@)= |K)-+Hlim (By—HoHie 'V |#),  (59)
where |k) is a free-particle eigenvector with eigenvalue
Ex=1*%*/2M, H, is the free-particle Hamiltonian, and
the following identification is made:

(9| @)= o(q)
V|g')=AK(q,q')— .
(a|V|qg)=A WHGM

(60)
(61)
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In the first Born approximation Eq. (59), written in
the coordinate representation, reduces to

N
(r| >~(2

ﬂ.)3/2

{exp(ikor)
A /d (iqe1) K(q,k) }
exp(iq:t)——1 .
aexplia-n) —

The integral appearing above can be evaluated in the
limit r — .

<r[q>> ,-Tao (27T)3l2

eikr
{exp(ik- -+ f(fk)T} . (62)

Here,
f(Pk)= —2m2AK (7% k) (63)

and 7k denotes a vector a magnitude % oriented in the
r direction.

Equation (62) has the familiar asymptotic form of an
ingoing plane wave plus an outgoing spherical wave,
i.e.,, the free plasmon is scattered by the impurity
charge. The function f(7k) is the usual scattering ampli-
tude. In the long-wavelength limit

arsfag 10

— C
(9 /4)11% 9112

f?R) ~ — osf, (64)

k>0

where 8 is the scattering angle and 7, is the interparticle
spacing parameter.

30 \U3
4‘)1'0031\7

Thus, the differential cross section | f(#%)|? for plasmon
scattering has dipole character as k— 0.

The total cross section is of order z%,%a® which is
comparable to the cross-sectional area of the induced
density distribution. This result suggests that the free
plasmon is scattered by the nonuniform density rather
than directly by the impurity charge itself.

(65)

Discrete-Spectrum Solutions

We now seek solutions of Eq. (52) belonging to the
discrete spectrum. These have no counterpart in the
uniform gas. They correspond to a plasmon bound to
the impurity site and are analogous to the trapping of
phonons at lattice defect sites.

Since E is negative, we set

2M
thF’I‘2

2 —

yi= E. (65")

Eq. (52) may be written in nondimensional form

(@7 o(x)
- _ZS[H(I_%)”}@; Jaxrex)o, o

™
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where

(67)

and use has been made of the fact that 42 and w are
related through Eq. (54).

w*/wp*={1+[1—(36/5)y*]"?} /2. (68)

A second root of the quadratic equation yielding Eq.
(68) is rejected as unphysical.

One notes in Eq. (66) that the coupling constant de-
pends on the eigenvalue 2. Since 42 is positive and o
must be real, we conclude from Eq. (68) that solutions
belonging to the discrete spectrum are possible only in
the range

x=q/kpr

0<y2<5/36, (69)

corresponding to
1>w/w,>1/V2. (70)

The original many-particle Hamiltonian, Eq. (3), is
invariant under rotations. Hence, the eigenfunctions
¢(x) transform according to the full rotation group, i.e.,

@(x) = Qin(%,0,6) = Fu(x) YV (0,0) . (711)
Substitution of Eq. (71) reduces Eq. (66) to a one-
dimensional integral equation,

@A WRDOA, 0
0

where

Julx)=aFu(x) (73)

1

Kie) = / du (i)

-1

X [1—(e(x? 22— 222, 0))~1], (74)

10 36 \12rsd2
e L () I
9 5 2

™

(75)

Here, P,(u) is the Legendre polynomial of order 7.
In the long-wavelength approximation, we have from
Eq. (38)

1—[e(x?+ 22— 2x2'u, 0) 1= (w24 22— 22’ u+ 1)1,

With this approximation Eq. (74) can be integrated
exactly,’

a1
Y 1=0
2xx’
a2 +a'241 A |
=( )Qz( ) 10, (76)
2xx’ 2xx

where (Qi(z) is the /th order Legendre function of the

7 Use is made of the usual recurrence relations for Legendre
polynomials and an integral formula given by E. T. Whittaker
and G. N. Watson, Modern Analysis (Cambridge University
Press, Cambridge, England, 1962), 4th ed., p. 320.
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second kind. The lowest three orders of K;(x,x") are

a1y /()
Ko(x,x’)=( )ln( >—1 , 77
dxx’ (x—a')2+1
W I\ a2
R G [
2xx’ dxx’
A 2+ 1
x ln(ch) - 1] , (18)
(x—a)*+1

a?a 241\ (10 saa21\2
ist)=(— o)) )
2xx’ 4 2xx’

<o) a ) ™

Equation (72) with /=0 was solved numerically on an
IBM 7090 computer. The method employed is an adap-
tation of a numerical iteration scheme described by
Salpeter.® In this procedure, it is convenient to regard A
as the eigenvalue and y2 as a known parameter. In other
words, the binding energy is prescribed, and the problem
is to deduce the coupling constant. The method is
suitable for finding the lowest eigenvalue A, correspond-
ing to an eigenfunction without nodes.

Numerical solutions were obtained for five values of
v2(0.02, 0.06, 0.10, 0.12, 5/36). These values encompass
nearly the entire permissible range of 4?2 as indicated by
Eq. (69). The computed eigenfunctions and eigenvalues
are plotted in Figs. 1 and 2. Asassumed, AV (@ — f(g)/¢*
lies mainly in the plasmon region. Over its full range A
varies nearly linearly with y2 and deviates from a con-
stant value (=3.0) by less than 4 percent. Since N\ is
positive, z must be negative in accordance with Eq. (75).

» fo(x)

RADIAL WAVE FUNCTION

lowl-

RADIAL 'MOMENTUM COORDINATE , x =

x
a

F

Fic. 1. Radial wave functions for bound S-state plasmon.

8 E. E. Salpeter, Phys. Rev. 84, 1226 (1951).
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DIMENSIONLESS PLASMON BINDING ENERGY, )’2

Fic. 2. Eigenvalues for bound S-state plasmon.

Thus, bound S-state plasmons exist only for negative
impurity charge.

From Eq. (75) the product —zr,3/? is fixed once A and
42 are known. For metals 7, has the approximate range

1.857,<5.5.

These limits are indicated in Fig. 3 where the impurity
charge —z is plotted as a function of binding energy 2.
In low-density metals (7,=5.5), an impurity charge of
z=—1 appears to be just sufficient to support a
bound plasmon. At higher densities larger values of
—2 are required. ;

In Eq. (72) the binding energy appears in nondimen-
sional form. Its magnitude in energy units can be de-
duced from Eq. (65’) if the effective mass M of a
plasmon is known. If the usual formula for effective

rs-I.B}/

N
AN

7
. e
w
< 6
X
F /(r/
>
= 5
['4
2
S
= 4
3
2 )/‘
rg=5.5
__._-—<>/(

O

o
o 002 004 006 008 0.0 0.l2 5/36
DIMENSIONLESS PLASMON BINDING ENERGY , yg

F16. 3. Magnitude of impurity charge required to support
a bound S-state plasmon.
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mass is assumed to hold

M=h(3%/0k>)1, (80)
we have from Eq. (1)
M= (5/9)(hkrr®/wp) (81)
and
—E=(9/10)hwyv?. (82)

Since % has the maximum value 5/36, the binding
energy of a bound plasmon must lie in the range

0< —E< Tuoy/8.

For metals #w,/8~1 eV.

An interesting connection between Schridinger equa-
tions for a plasmon and for the hydrogen atom is worth
mentioning. If in Eq. (72) for /=0 we take the limit
krr— 0, corresponding to the absence of shielding, the
resultant equation becomes identical with the /=1 radial
equation for the hydrogen atom.?

A large portion of the preceding analysis is predicated
on the assumption that the plasmon, whether bound or
free, is a reasonably well-defined excitation. The validity
of this assumption is known for the free plasmon in the
long-wavelength limit. We must show that the bound
plasmon is also well defined. For this purpose we turn
to Eq. (28).

The linewidth of an S-state bound plasmon is given by

0 o(g)
/ dq dq’f (g)ez(q,q’;wo)f !

(83)

q2 /2
w2= ’ n’
fo(g) dex(a,q’; wo) folq")
dq | dq’
qZ 8(.0 q’2

where wo denotes the S-state eigenfrequency. An order-
of-magnitude evaluation of Eq. (84) will suffice. Con-
sequently, we include only the diagonal portions of

¢; and e. o
/ dg - Z e2(q,wo)

q
~— ) (85)
o(9) | ? dex(g,0)
/ dqlf Il q
¢t Ow

The real and imaginary parts of the uniform-gas dielec-
tric constant have been evaluated elsewhere in the SCF
approximation.’ For example, we find

ael/a"" | w=wy" 2/"’1’ )

which may be substituted into Eq. (85). The remaining
integrals were performed numerically for the particular
solution y2=0.02 illustrated in Fig. 1. The result

9H. A. Bethe and E. E. Salpeter, Quanium Mechanics of One-
and Two-Electron Atoms (Academic Press Inc., New York, 1957),
p. 38.
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obtained is

ws/wp~—0.1,

(86)

which indicates that the bound plasmon is a fairly well-
defined excitation. (The negative sign signifies damping
[See Eq. (10)].) Finally, the lifetime of the excitation is
given approximately by

~1/|we| ~1/0.1w,, (87)
or for metallic densities
7~10715 sec. (88)

3. DISCUSSION

We have seen that in the presence of an impurity
charge two distinct types of plasmons may exist. The
first, called a free plasmon, has the same excitation
spectrum found for the uniform gas. The nonuniformity
acts as a scattering center for free plasmons.

In contrast, the bound plasmon has no counterpart
in the uniform gas. It exists (at least for /=0) only if the
impurity charge is negative. Furthermore, it belongs to
the discrete spectrum with an excitation frequency less
than the plasma frequency of the surrounding uniform
gas.

The detailed microscopic theory sheds little light on
the physical mechanism responsible for the existence of
bound plasmons. Seeking an explanation, we consider an
idealized model of the nonuniform gas in which the
induced density distribution due to the point charge is
replaced by a simple step-function approximation. In-
side a radius ro(~1/krr) centered at the impurity site,
the electron density is treated as a constant Ny; outside
this region the density N is also constant. Clearly, for
positive z, the quantity V1> NV while for negative z, the
quantity N1< V.. Since the density is uniform, we may
apply uniform-gas results to either region. For the
moment we overlook the fact that certain matching con-
ditions must be satisfied at the interface »=r7, in order
for a valid solution to exist.

The dispersion relation for free-plasmon excitation in
regions 1 (r<<ro) and 2 (»>7r) is

Wr=w, @ Jyp(@2% 2 g=1 2 (89)
where w,(® = (4re?N o/m)'/?, etc. It is important to note
that for fixed frequency w the wave vector k, is, in
general, different in the two regions.

If z is negative, we may consider solutions in the fre-
quency range w,V<w<w,?®. By virtue of Eq: (89) k;
is then real and ks pure imaginary. This means that a
propagating wave in region 1 must be matched to a
damped wave in region 2, resulting in a wave trapped at
the impurity site, i.e., a bound plasmon. Conversely, if
2 is positive, no trapping is possible. Only propagating
waves, i.e., free plasmons, may then be constructed.
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Hydrodynamical Model

The validity of the preceding argument rests on the
assumption that a progapating plasma wave may be
matched to a damped plasma wave at the interface
r=r,. To investigate this assumption, a simple hydro-
dynamical theory patterned after the work of Bloch!?
and Jensen!! is constructed. In this theory the electron
gas is treated as a fluid whose pressure is related to the
zero-point energy of the particles.

The linearized Bloch equations for irrotational flow
(with neglect of retardation) are

ou e 4re?
f P n=0 ) (90)
a m  mkpr?
an
—=V-n,Vu, 1)
ot
Vip=4mwen. (92)

Here, # is the velocity potential, ¢ the electric field
potential, and » the electron number density. These
three quantities are regarded as perturbations on the
steady-state flow field, and 7 is the steady-state number
density. Equation (90) originates from the equation of
motion of a fluid; Eq. (91) from the continuity equation;
and Eq. (92) is Poisson’s equation.
With the choice

=Ny, r<ro
=N2; r>r0, (93)
Egs. (90), (91), and (92) may be combined to give
. (agﬂ(a)/aﬁ)+wp(a)2[n(a) — (kFT(a)>—2v2n(a)]= 0. (94)
Solutions of the following form are sought:
n@(r,t)= N @ (r)ett
(@ (x,t)= U@ (r)eit (95)
o (t,)= B (R)et.
Equation (94) reduces to a Helmholtz equation
VIN (@4 E 2N =0, (96)
where
b=k @ (w0, @0 @1]. O))

Since Eq. (96) constitutes two equations, a total of
four boundary conditions are required. Two of these are

® Jy W (4x)

(bwﬂﬂﬂ/
2l ™ (in) I
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conditions at 0 and . The remaining two are matching
conditions at the interface r=7o. When use is made of
Eq. (90), these may be written

4re 4re
I:q)(n__ N @ -__l:q;(z)_ N @) (98)
kF’I‘(l)2 r=rQ kFT(Z)2 =10 ’

9PM)  4dre N
il ]
ar kFT(1)2 dar resrg
I®®  4ge GND
=N2l: :I . (99)
or  kpr®2 9y peto

Equations (98) and (99) express the irrotational
character of the velocity flow field and conservation of
mass flow across the interface. For application to Eq.
(96) these must be expressed in terms of N (),

The electric potential satisfies the equation

®(r)= —e/dr’N(a)(r) .

|e—r'|

(100)

In the absence of any surface charge or dipole layer, ®
and its radial derivative are continuous across the inter-
face. Thus, the matching conditions, Egs. (98) and (99),
are

(kFT(l))_zN(l) l r=r) = (kFT(2))—2N(2) l r=rq (101)

a
(NV1—N3) / dt'N@(¢')—
7 | t—1| | yerg

Ny 9NW Ny ON®@
—I-47r[ -

kFT(1)2 ar kFT(2)2 or

] =0. (102)
r=rp

As predicted, if the charge 2 is negative, bound solu-
tions of Eq. (96) subject to Eqgs. (101) and (102) may
be found in the frequency range w, <w<w,®. Since
ks is pure imaginary, we set ka=1ks. The required well-
behaved solutions are

N(l‘) =4 ljl(k 17’) Ylm(0)¢) ) r<rg
= BV (ixor) Y i™(0,6), 7>70

where 7i(z) and /M (z) are spherical Bessel and Hankel
functions.

If in Eq. (102) 1/|r—1’| is expanded in terms of
spherical harmonics, Egs. (101), (102), and (103) com-
bine to form

(103)

]

dx+i(E) Clns® (in)— (1 Do (i) ]

2

; (104)

&)

1 F. Bloch, Z. Physik 81, 363 (1933).
11 H. Jensen, Z. Physik 106, 620 (1937).

o

I+1 ¢ £\’
(1—e)-£;; /0 xl”jz(x)dx-l-E(El) [a(8)— (+1) ua(8)]
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where
E=kiro
N=Ka¥o
105
e=Ny/N2 (105)

Ro=Fkpr®r,.

The quantities £ and 7 are related through Eq. (97)

£ 72
+ =1. (106)
[(1—e€)/e/3]R? (1—e¢)Ry?

To compare with the microscopic theory, we consider
the special case /=0. Equation (104) then reduces to

coté 1 11
b e—us[_+—] .
¢ £ n 7

Equations (106) and (107) must be solved simultane-
ously by graphical or numerical means. These relations
bear a striking resemblance to equations appearing in
the well-known problem in quantum mechanics, first
treated by Margenau,'? of a particle bound in a three-
dimensional square well. It is particularly interesting to
note that in this analog the same disparity between !
values exists as in the microscopic theory. Equation
(107) corresponds to the /=1 equation in the quantum-
mechanical analog.!?

A graphical solution of Egs. (106) and (107) is
illustrated in Fig. 4. Two intersections occur at the
values (£,7)=(3.36, 2.46) and (6.29, 0.25). Their corre-
sponding eigenfrequencies are deduced from Eq. (97) to
be w/w,®=0.60 and 0.997. _

Further details of the solution are relatively un-
interesting. We have seen that solutions corresponding
to bound plasmons are found in the hydrodynamical
theory when the charge z is negative. It is easy to show
that propagating-wave solutions or free plasmons also
exist. In short, the hydrodynamical theory provides a

(107)

T
€ =0.1
e > Ro= 1A
n
(l—e z ¥+ s
'-%)Ra (1-€)R,
€
m
L/
° |
L
(o] > T 321 2w

FiG. 4. Sample graphical solution of Egs. (106) and (107).

12 {, Margenau, Phys. Rev. 46, 613 (1934).
1B, I. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1955), 2nd ed., p. 79.
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qualitative check on the predictions of the microscopic
theory as well as physical insight into the nature of
these predictions.

Experimental Detection of Bound
and Free Plasmons

It is well known that plasmons may be excited in
metals by fast electrons. In the Born approximation the
transition rate for inelastic collisions of fast, charged
particles with a uniform electron gas is readily ob-
tained.!* We wish here to indicate briefly how the results
of such an analysis are modified for a nonuniform gas.

We consider a high-velocity particle with charge ze
moving through the electron gas. Since the velocity is
large, a classical path approximation is permissible,

R=vy; vo=const, (108)
where R and v, are the position and velocity of the
particle.

The interaction Hamiltonian is
Hing=—20 2_x0 tu(px—32) exp(tk-R).  (109)

Applying Fermi’s golden rule of time-dependent per-
turbation theory

2w
wo'.n(w)——-;z-l <<P0|Hint(w)| <Pn>|25(w_wn0) ) (110)

where Hini(w) is the Fourier component in time of Hiyg,
we obtain for the full transition probability due to Hing

w=Zk ‘W(k, k'Vo) . (111)

Here,

w(k, kevo)=

27rZo"2

Py Vi D, VirOkevy. k' ovo
K50

X é}o (ol p| en){@n]p—xr | ©0)0 (ks Votwno) (112)

gives the transition probability for momentum transfer
—#k and energy transfer —#k-vo to the nonuniform
gas. For a uniform gas Eq. (112) reduces to the known
result!4

2
w(k, kvo)=

7I'Z()2

H2

w2 2 |[{@o] px| @n)|?
n#0

XB(k‘Vo"l‘wno). (113)

In the analysis beginning with Eq. (110), it is im-
portant to recognize that the states | ¢,) are eigenstates
of the true Hamiltonian, Eq. (3). Past convention has
been to use this notation for the eigenstates of the SCF
Hamiltonian, Eq. (6). Since the distinction will soon
become important, hereafter we use |¢,*) for SCF
eigenstates and | ¢,) for true Hamiltonian eigenstates.

14 See, e.g., D. Pines, Elementary Excitations in Solids (W. A.
Benjamin, Inc., New York, 1963), pp. 126-128.
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In the new notation Eq. (24) is written
SCT(I k' w) = 6w — 0 DSCF(k K ), (114)

provided

@SCF(k’kI; o)) - Z ~{I:(‘Po“lpkl ¢n8><¢n3|p_k/ I <p0*’>

n 0 & w—wno®4ia

rlerloedlalod]
wtwno+ia

In contrast, Cohen* finds for the inverse of the true
dielectric matrix

e_l(k,kl; w) = 3kk'+vkﬁ)(k,k,; w) ’ (116)

where D(k,k’; w) is given by Eq. (115) with the super-
script s omitted throughout.
Inspection of Egs. (112) and (116) shows that

2202
‘U)(k, k'Vo) = e Z’ vkl(;k.v(,‘kr.,,o
h k0

XImei(k, k'; —k-vy), (117)
where the prime on the summation sign restricts k' to
values for which k’-v, and hence k- v, are negative. For
uniform gas Eq. (117) reduces to

w(k, k- vo) = — (230%/1)vi Im[e(k, —k-vo) ],

where e(k,w) is the frequency and wave-vector de-
pendent dielectric constant for the uniform gas.

Because ¢ l(kk’;w) is the inverse of an infinite
dimensional matrix, Eq. (117) is difficult to analyze
quantitatively. Nevertheless, its essential features are
clear. As a reasonable approximation ¢ '(kk’;w) may
be replaced by [¢3¢F(kk’; w)1™!. We have seen that the
matrix S¢F(k,k’; w) has the eigenvalue zero for fre-
quencies  corresponding to the collective modes of the
system. Hence, Eq. (117) will have resonances when
—k- v, approaches a collective mode. These absorption
peaks correspond to the excitation of plasmons within
the electron gas. Thus, both bound and free plasmons
can be excited by fast electrons, the presence of the
former depending, of course, on the existence of negative
impurity sites.

If the preceding argument is correct, existing experi-
mental data should show evidence for bound as well as
free plasmons in solids. A noteworthy feature of the
early (prior to about 1959) measurements of character-
istic electron energy losses in solids is the frequent dis-
agreement in results reported by different observers
and even by the same observer at different times.!® Often
a main resonance peak is found by all observers at the

(118)

16 For a review of the experimental methods, results, and dif-
ficulties up to 1955, see: L. Marton, L. B. Leder, and H. Mendlo-
witz, Advances in Electronics and Electron Physics (Academic
Press Inc., New York, 1955), Vol. 7.
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predicted plasma frequency, but there the similarity in
results ends. Additional satellite peaks are frequently
observed which defy identification. Marton!¢ has at-
tributed such anomalies to certain instrumental diffi-
culties and/or impurities (volume or surface) in the
solid specimen.

The latter explanation accords with the present
analysis. Satellite peaks in the frequency range w,/V2
<w<w, may well represent the excitation of bound
plasmons at negative impurity sites. Once created, a
bound plasmon in the ground state may be further
excited to higher bound states or even ionized (i.e.,
transformed into a free plasmon). Hence, bound plasmon
effects are not confined to the range wo/V2<w<w,. The
complete plasmon excitation spectrum may have a
richness comparable to that of the hydrogen atom.

In more recent experiments (since about 1959), great
care has been taken to obtain pure samples and to avoid
effects of surface oxidation and contamination by the
specimen support.!” With certain notable exceptions
this care has led to a marked diminution in the number
of satellite peaks observed. These exceptions have been
positively identified as surface effects of one of two
types: (1) a modified plasma loss due to the presence of
an oxide layer on the surface, and (2) a plasma loss at
the frequency w=uw,/V2 representing the excitation of
a “surface” plasmon.

Surface plasmons were first predicted theoretically by
Ritchie!® who used a hydrodynamical model applied to
a finite metal foil. In classical terms a surface plasmon
represents an electron density wave trapped at the
surface and hence bears a close resemblance to a bound
plasmon. To investigate this connection, we suppose, as
previously argued, that Eq. (46) is valid for nonuniform
gases in general and apply it to a system consisting of a
semi-infinite metallic slab. The lattice potential is ap-
proximated by a uniform background of positive charge
which terminates in a plane. The resultant electric field
appears to an electron as a distribution of #egative charge
at the surface. The induced electron density distribution
may be calculated in some suitable approximation and
substituted in Eq. (46). Equation (27) then yields a
one-dimensional Schrodinger equation by virtue of the
symmetry of the system. The exact form of this
Schrodinger equation is relatively unimportant. What
matters is that its energy eigenvalue is again given by
Eq. (54), and as we have seen, bound-state solutions
(E<0) are limited by Eq. (54) to the range w,>w
>w,/V2. Furthermore, the limiting value w=w,/V2 is
obtained for sufficiently large, applied, negative, surface
charge.

Thus, the surface plasmon, experimentally observed
in many different solids at the excitation frequency

16 T,, Marton, Rev. Mod. Phys. 28, 172 (1956).

7 See, e.g., C. J. Powell, Proc. Phys. Soc. (London) 76, 593
(1960).
18 R. H. Ritchie, Phys. Rev. 106, 874 (1957).
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APPENDIX
We wish to evaluate the sum appearing in Eq. (43) in the limit ¢, ¢’ — 0. Equation (43) may be rewritten

4204 o €ictq— €k

— L Py [eira—esar) = (ekpamy— )]
a—a,0 T ()= (aga—e)r e

MNi(q,q';0)=—

€ktq’ T €k

+
(769)?— (€xyqr— €x)?

e e = (xsgma= o0~ . (AD
In the long-wavelength limit

450q—q €letq ™ €k Eitq’ T €k
Ni(g,q'50) ~ — ——P3 fk[l— ] . (A2)
LU0 e(q—q, 0)(hw)?  k €ktq'—q €k €ktq—q’ T €k

With the replacement

s / ik

-

£ (2m)?

duvg—g Q / dk[ B 2k-q+¢? 2k-q'+q"
k<kp 2k-(q—q)+[q—q'|* 2k-(¢'—q)+|q—q'|?

Eq. (A2) becomes

] @

N (q,q,' w) ~ =
T w0 g —qf, 0)(h)? (20

The first integral yields

/ dk=4rky?.
k<kp

The second and third integrals are identical if the interchange q, ' — q’, q is made. Straightforward evaluation gives
lq—q’l?) ,ZkFJr la—a'] ]}
In .
4 2kr— |q—q|

/ ik 2k-q+¢* _ o {% Fsq-(q—q’) { qqf
rip Zke(a—a)+|a—a' | |g—q] la—q] 4L
Finally, substitution into Eq. (A3) yields

PWe—qq*q’ %[1 1 (kr*— lq—‘-ll|2/4)l
e(q—q’, 0)(7uw)? 2x la—q'|kr

lq—q'lkF+(kF2—

(A4)

, 2kr+|q—q’|
T(q,q'; w)= :| .

!
2kr—|q—q'|

On comparison with Eq. (36), this result assumes the surprisingly simple form revealed by Eq. (45).



