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Abstract: The total self-energy for a static charge of mass m= 1 near an insulator-
vacuum surface has been evaluated .The contribution to the total self-energy comes
from exciton and optical phonon excitations. We have shown that the contribution to
the exciton field for a distance close to the surface dominates over the optical
phonons. Our theoretically evaluated results are of good agreement with the other
theoretical workers.
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INTRODUCTION

The self-energy approach has proven to be a powerful technique to deal with interaction of charged
particle with polarizable medium.. The self-energy is a complex quantity whose real part is the
effective particle-medium interaction energy whose imaginary part gives the rate at which excitations
are induced in the medium. The self-energy can be introduced different ways'™*. The most rigorous
approach is that of many body theory, where the self-energy is defined as the shift in the poles of the
propagator. The real part gives an effective potential which in general is non-local and energy
dependent. For particles, whose motion is described classically a phenomenological definition of the
self-energy can be introduced. If the response of the medium is described by classical
electrodynamics, the real part is defined as one half the electrostatic potential experienced by the
particle and the imaginary part is obtained from the dissipated power’. If the medium is described by
quantum field theory as a system with many degrees of freedom, then the real part is defined as one
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half the expectation value of the time dependent interaction Hamiltonian and the imaginary part is
obtained from the transition rate’. The factor (1/2) which is required in the definition of the real part
of the self-energy for a classical particle interacting with a polarizable physical system is a
characteristic feature of the linear response approximation to polarization interactions. The factor
(1/2) appears naturally when a full quantum-mechanical treatment is applied. Monson and Ritchie’
have proposed a prescription to calculate a projected self-energy that takes into account the quantum
nature of the particle’s motion. The starting point is the energy shift as calculated by an ordinary
second order perturbation theory. This is equivalent to use the linearly response approximation for the
medium. Such approximation is widely used in the study of particle motion in condensed matter and
is known to keep most of the essential physics. Recently’, we have evaluated the real and imaginary
part of the surface contribution to the charge self-energy as a function metal-vacuum surface for

different values of parameter u(=k,/ where k, is the wave vector of the particle and
p 0o/ 0

2mo
0. = = m is the particle mass and /i@, is the surface Plasmon of the metal concerned. We

have adopted Soles and Ritchie’ formalism in our evaluation. The metal surfaces were Al, Na and K
whose /i@, has been measured experimentally. Our analysis indicates that below the threshold

(ko < QY) a small symmetric oscillations of £ _(z) start to appear whereas above threshold on each

side of z oscillations began to differentiate. In the positive side of z oscillations X (z) are
lengthening whereas in the negative side they are shortening. We have used for values of
v(=k,/Q,) in our calculations namely 0.9, 0.995, 1.005 and 1.1. For high k,(v =1.1) there is a
rapid oscillation in the negative side and in the positive side oscillations are something like exp
(iO)SZ/ u) where u is the particle velocity and u is finite. This type of signature is well pronounced
in the case of Al metal vacuum surface whereas in the case of Na and K metal surface these

oscillations are seen even for ko < QS .

In this paper, we have estimated the total self-energy, for a static charge of mass m =1 near an
insulator vacuum surface. The contribution to the total self-energy comes from exciton and optical
phonon contribution. The insulators are LiF, NaCl and KCl. Our theoretical results indicate that

2, (z) in both these insulators increase and decrease as a function of z between the value of z = -10

auto +1 au.

It was general belief that the optical phonon contribution is smaller and converges much more slowly
as z — o0 than its exciton counterpart. But from our theoretical results, it indicates that> (z) is of

same trend although the values are slightly higher of KCI and NaCl in comparison to LiF values. One
can say that in an insulator for an electron at rest, the effective cutoff due to electron’s recoil is much
more important that the stemming from the medium response. The contribution of the exciton field to
that image potential at the distances close to the surface dominates the contribution from the optical
phonons'*'2.

Mathematical formulae used in the evaluation: First, we discuss the self-energy induced by the
bulk Plasmon modes. The coupling of a charged particle with the bulk modes of a semi-infinite
medium may be written in terms of the Hamiltonian.

VaQ(Z)X X X exp(i.0.q)
0 p>0
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sin(pz)(bg + b q) (1)

+
Where ¢ :(Q, p), bq,bq , are the creation and annihilation operators of the bulk modes,

7 =(p,z) is any point for charged particle.

dre’ho
by =—— @)
q’V
I 1 . |
Here ﬁ.b =1 for the plasmons, Kb =| — —— | for the optical phonons, Kb =|1—— | for the
€, & €,

excitons and @, is the frequency of the bulk modes has been assumed dispersion less. If the

unperturbed motion of the electron is supposed to be described by plane waves then after some
calculations one can write.

Z,(2) =Q(2)1,[S(Q,,0)-S(Q,,2)] (3)

Where

Q, =(2m,w,/h)"* And
ethz, 2
S(Q,,2) :—Wja Q[ dk

exp(—Q/z) exp(ikz)
Q*+k> Q' +k’+2kk+2k,.Q+Q; —in

4)

Where u = fi(k,,k,)/m is the velocity of the particle and 7(Q,k) is the momentum transfer to

the medium 1 —> O™ . Equation (3) accounts for some well-known properties of the bulk energy. In

the case of metal plasmons, for while 7»8 = 7\.b =1 equation (3) shows that the contribution of the
surface and the bulk to the static classical electric field (both mode frequency independent) exactly

cancel in the metal. This is not the case for an insulator for which A  F 7\,b .

Another important consequence of equation (3) is that the saturation value for the bulk self-energy is
%, () = 4,5(Q,,0) )

The surface self-energy at z=0 applies identically for Zb (OO) One can in particular derive the

stopping power of the medium for a charged particle from equation (5). In order to give an expression
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for stopping power, one introduces a cutoff (], in the wave vector of the Plasmon cutoff would allow

for unphysically large momentum transfers.

The following results are obtained' >,

2.2
CCII_E —— c Oz‘)b In qmax (5a)
z u qmin
Qi = Ko — (kg — Q)" (5b)
Qe = min| q,.k, + (kg —Q})'"* | (50

Suitable choices for the wave vector cutoff ( are the limit of the Brillouin zone in the case of optical

phonons. q,/k; =(1+ o, /EF)I/2 —1 for the plasma oscillation of an electron gas'"’ q. = 1‘0_1
where 1, is the radius of the deepest atomic orbital involved in the excitation. When the cutoff plays

no role equation (6) gives the stopping power which corresponds to the self-energy S(Q,,0) .
Which is given by

2

e’w, . _
———%sin"'(r),| k, |< Q,

u
S(Q,,0) = 0 (6)
_ b (n/2+icosh_1(r),|ko )>Q,
A% :| ko | Qb

Now (... <(, is required for the stopping power to be non-zero. Since . = O, /u for high

momenta, this accounts is a simple way for the absence of losses to plasmons when slow massive
particles move in the metals.

From equations (5) and (6) the effective mass m’ of the charged particle is obtained without cutoff.

m=—0 (7
l-oc, /b

Where

oc, = Xbesz /2hw, ®)

1/2
= 7\,b (62 / h)(m/ ZhQ)b) is dimensionless coupling constant between the charge and the bulk

mode. For an electron interacting with the optical phonons of an insulator equation (8) gives the well-
known formulae for the polaron effective mass obtained from perturbation treatment'’.
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The total self-energy of the solid surface is given by

() =2.(2)+3,(2) 9
Where

>.(2) =1.5(Q.,2)

And

—-Qlz| eikz

e2Q2
— X
+k* Q*+k’=2kk+2k,Q+Q;—in

S(QS,Z) == (27_[)2

(10)

)= e
jd Q_[dez

7»8 =1 For metal surface Plasmon.

Now one proceeds to study the total self-energy for a charge near an insulator surface. The long
wavelength response of an insulator can be approximated by the schematic dielectric function.

Q? Q?
e(m)=1- € - L (11)
(@ -0 (@ o)

Where , is the frequency of the transverse optical phonons and 751(,0e is an effective excitation
energy of electronic transitions. Now, Qz =47n ocg 0)3 where n is the atomic density and oC, is

the static atomic polarizability. Qtz = (6012 —(th) Where @, is the longitudinal optical phonon
frequency.

If €, is the static dielectric constant and €  is the dielectric constant for frequencies ©, <o .

the following relations hold

2 2

g =l+—+— (12a)
O)C O)t

e, =1+Q}/ o’ (12b)

A medium described by equation (11) supports two different bulk modes together with their two
surface counterparts. One follows Mahan'® in referring to the higher frequency mode as the exciton
while lower frequency on corresponds to the optical phenomenon. The frequencies of those modes'®
are

€
2 %y 2
('Obo_ (’Ot
€y (13a)
2 _
W, =&,0
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» g+l
sO (’Ot
g, —1
(13b)
R
O)SC = 2 O)C

Where subscripts b and s stand for bulk and surface respectively and O and e optical phonon and
exciton. The corresponding constants appear in Hamiltonian (1) are given below

Ve = Y ToexpliQP)exp(-Q| 2 )(ag +a5) 19
Q

Where a(; and a, are the creation and annihilation operators for surface excitation with momentum

Q parallel to the surface.

1 1 1
Ay =———0A, =1—-—— (15a)
800 80 8oo
}Lsozso—l_sw—l
g, +1 ¢, +1
g, -1
g, +1

Since the dielectric function (11) is wave number independent, it is only strictly valid in the long
wavelength limit. The separation between electron and ionic polarizability is not entirely correct. The
fact can be partially accounted for by introducing effective charges in the displacement contribution.
The modeling of the excitonic responses by a single atomic oscillator would be appropriate for a
noble gas solid (without the optical phonon contribution), but for an ionic solid the polarizability of
both anions and cations should be induced.

The total self-energy for a charge at an insulator surface computed in straight forward manner. Both
the bulk and the surface self-energy have separate contribution form the excitons and optical
Plasmon’s.

The qualitative trends are the same as those of the self-energy at the metal surface. Difference comes
from the coupling and the energy scale. We have static limit far from and right at the interface.

2
Zt(za—w)é—m (16)
4|z| (g, +1)
20 =3¢ (,Q, +1,Q.) (6t
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i(so _1)

(16¢)
4zg, (g, +1)

z:t(Z - OO) = _%ez (}Lsono + }\‘sere) +

Equation (16a) and the second term in equation (16¢) are the well-known expressions for the classical

image potential outside and inside an insulator respectively. The optical phonon contribution to the

bulk saturation term corresponds to the body energy of the bulk polaran'*'*.

DISCUSSION OF RESULTS

In this paper, we have evaluated the total self-energy (excition plus optical phonon contribution) for a
static charge of mass m =1 near an insulator vacuum surface. The evaluation has been carried out as
function of distance z only. The insulators of our investigations are LiF, NaCl and KCI respectively.

We have taken the experimental values of 7, ,/i®, € () amd €(0) in our calculations. Our
theoretical results for total self-energy 2, () in case of LiF-vacuum interface indicates that there is a
two well defined peak of Zt(Z) both in the positive value of z = 0" and z = 8.0. In case of NaCl-

vacuum surface the value of X (z) have three well defined peak one at z=-3 a.u.,z=5a.u. and z =
8 a.u. Similarly in the case of KCI — vacuum surface, our theoretical values indicates that there is only
one peak of X (Z) as z= 6 a.u. between the value of z=-10 a.u. to +10 a.u. From these calculations

it is clear that the results are same for these insulators indicating that the exciton and phonon
contribution are exactly the same nature in these insulators'>. There is some recent results’'* which
also shows the similar behavior.

Table-1: Total self-energy (exciton plus optical phonon contribution) for a static charge of mass m =
1 near a LiF = vacuum surface. Following parameters have been used in the calculation.

Z(a.u.) 2 (z)a.u.
-6 -0.055
-5 -0.065
-4 -0.070
-3 -0.075
-2 -0.082
-1 -0.093
0 -0.162
1 -0.234
2 -0.278
3 -0.342
4 -0.318
5 -0.306
6 -0.292
8 -0.216
10 -0.253

ho, =38MeV  hw, =16.8¢V & =1.92 ¢, =8.9 LiF- Vacuum Surface

IKY[(ll J. Chem. Bio. Phy. Sci. Sec. C, February 2014-April 2014; Vol.4, No.2; 1564-1572.



A Theoretical...

Mistry and Mishra.

Table-2: Total self-energy (exciton plus optical phonon contribution) for a static charge of mass m =
1 near a KCl= vacuum surface. Following parameters have been used in the calculation.

Z(a.u.) 2 (z)a.u.
-10 -0.126
-8 -0.144
-6 -0.173
-4 -0.216
-2 -0.138
-0 -0.088
2 -0.052
4 -0.036
6 -0.075
8 -0.129
10 -0.216

h(,l)t =17.61MeV . h(,l)e =8.4eV . €, = 2.1, €(0) =4.85 KCI- Vacuum Surface

Table-3: Total self-energy (exciton plus optical phonon contribution) for a static charge of mass m =

1 near a NaCl= vacuum surface. Following parameters have been used in the calculation.

Z(a.u.) 2 (z)a.u.
-8 -0.092
-7 -0.086
-6 -0.074
-5 -0.061
-4 -0.053
-3 -0.044
-2 -0.068
-1 -0.084
0 0.124
1 -0.136
2 -0.148
3 -0.203
4 0.214
5 -0.146
6 -0.118
7 -0.098
8 -0.054
10 -0.078

ho, =20.33MeV 7w, =13.6eV e, =2.25 €(0)=5.9 NaCl- Vacuum Surface
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CONCLUSION

In this paper, total self-energy for a static charge of mass m = 1 near an insulator- vacuum surface has
been estimated. The contribution to the total self-energy comes from both exciton and optical
phonons. However, it is seen that the exciton contribution dominates over the optical phonons close to
the surface.
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