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Surface plasma waves over bismuth–vacuum interface
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Abstract. A surface plasma wave (SPW) over bismuth–vacuum interface has a signature of mass
anisotropy of free electrons. For SPW propagation along the trigonal axis there is no birefringence.
The frequency cutoff of SPWωcutoff � ωp�

�
2�εL � ε� lies in the far infrared region and can be

accessed using free electron laser. The damping rate of waves at low temperatures is low. The
surface plasma wave may be excited by an electron beam of current�100 mA propagating parallel
to the interface in its close proximity.

Keywords. Surface plasma waves; bismuth;semimetals; plasma processing.

PACS Nos 52.38.-r; 52.35.Hr; 52.35.-g; 52.50.Sw; 52.50.-b

1. Introduction

Laser ablation of materials is emerging as a powerful tool in microelectronics [1–3]. It
causes heating, evaporation and plasma formation only over a small width of the target
surface, leaving the rest of the target fairly unaffected. The promptness of the process,
using picosecond laser pulses, makes it ideally suited for depositing superlattices. Ex-
periments on laser ablation of metals have revealed an order of magnitude enhancement
in ablation yield when the laser gets mode converted into a surface plasma wave (SPW)
[4,5]. A SPW is a mode of electromagnetic wave propagation over a free space–metal in-
terface whose amplitude falls off sharply away from the interface on both sides [6–8]. Ursu
et al [9] have developed an elegant formalism of energy coupling from laser radiation to
metallic surfaces and SPW. Zherikhinet al [10] have studied laser induced decomposition,
evaporation and ablation processes in 1�2 �3 superconductors. Akhmanovet al [11]
have reviewed the physical effects occurringat the surfaces due to high power radiation.
Liu and Tripathi [12] have studied coupling between laser and SPW in the presence of a
surface ripple. Smolyaninovet al [13] have reportedin situ measurements of surface plas-
mon scattering by the individual defects created by a fiber tip at various sizes and shapes
of the defects. Bozhevolnyi and Pudonin [14] have developed microcomponents of two-
dimensional (2D) optics of surface plasma waves, viz., micromirrors, microcavities, and
corner square micromirrors.
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In this paper we study the nature of surface plasma modes over bismuth, a semimetal
with non-spherical energy surfaces [15,16]. Bismuth has wide ranging applications in
Hall effect devices, hyper frequency power sensors, thermopiles, microwave detectors, etc.
[17,18]. Further, due to low free carrier density as compared to metals, the frequency
cutoff of surface plasma wave may fall in theinfrared region and could be accessed by free
electron laser, a fast emerging device of high power coherent radiation. In�2 we derive the
dispersion relation for surface plasma waves using a fluid theory. In�3 we study the SPW
excitation by an electron beam. A discussion of results is given in�4.

2. SPW propagation

Consider a bismuth (Bi)–free space interface�x � 0� with bismuth occupying thex � 0
half space,z-axis is along the trigonal axis of bismuth. A surface wave propagates along
z-axis, witht�z variation as

�E � �A�x�e�i�ωt�kzz�� (1)

They-variation of fields is zero while thex-variation has to be obtained by solving the wave
equation. In free space�x � 0�, the wave equation∂2�E�∂x2�α 2

1
�E � 0 in compliance with

the Poisson’s equation,∇ � �E � 0 gives�A�x� � �A1e�α x where�A1 � A1z�ẑ� x̂ikz�α1� and
α 2

1 � k2�ω2�c2.
In bismuth the electrons in the conduction band are equally divided into three groups.

Group I electrons have an effective massmI , where

mI �

�
� m1 0 0

0 m2 m4
0 m4 m3

�
� � (2)

Group II, III electrons have the same mass tensor, in the frames obtained by rotating the
reference frame about the trigonal axis by�120Æ. The mass tensor of second and third
group electrons in the first frame aremII � O� �mI �O, andmIII � O �mI �O�, respectively.
HereO is the transformation matrix, withOxx � Oyy � cosθ�Oxy � Oyx � sinθ, Ozz �

1�Oxz � Ozx �Ozy �Oyz � 0. O� is transpose ofO, i.e. O�
i j � O ji, O� � O�1 andθ � 120Æ.

The oscillatory velocity of group I electrons due to the laser can be obtained by solving the
equation of motion,

�vI �
e

i�ω� iv�
β I ��E� (3)

where�e is the electronic charge,v the collision frequency andβ I � �mI��1 the in-

verse mass tensor, withβ I
xx � �m2m3�m2

4��M, β I
yy � m1m3�M, β I

yz � β I
zy � �m1m4�M,

β I
zz � m1m2�M, other components being zero andM � m1m2m3�m1m2

4. Similarly the
oscillatory velocities of groups II and III electrons are

�vII �III �
e

i�ω� iv�
β II �III ��E� (4)

whereβ II � �mII ��1�β III � �mIII ��1.
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β II �
1
M

�
��

1
4�3m1m3�m2m3�m2

4�
�

3
4 �m1m3�m2m3�m2

4�
�

3
2 m1m4�

3
4 �m1m3�m2m3�m2

4�
1
4�m1m3�3m2m3�3m2

4�
1
2m1m4�

3
2 m1m4

1
2m1m4 m1m2

�
�� �

andβ III can be deduced fromβ II by replacing
�

3 by��3. The net current density in the

material due to all the three groups of electrons is

�J ��n0

3
e��vI ��vII ��vIII � � σ ��E� (5)

whereσ � �iω2
pm���12π�ω� iv���β I � β II � β III � is the conductivity tensor andω2

p �

4πn0e2�m1. Using eq. (14) in the wave equation governing the propagation of electromag-
netic waves,�∇ 2�E ��∇ ��∇ ��E� � ��4πiω�J�ω2εL�E��c2 we get,

�∇ 2�E ��∇ ��∇ ��E� �
ω2

c2 ε ��E� (6)

whereε � εLI � iσ�ω andI is the identity matrix. We presume a well-behaved solution

of this equation�E � �A2eα2xe�i�ωt�kzz�. Then we can write�∇ � ikzẑ�α2x̂ in (6) to obtain,
D ��E � 0, whereD� ��k2

x �k2
z �I��k�k��ω2�c2�ε � andkx ��iα2. For non-trivial solution,

we should have,	D	� 0, which gives

kx �� 1�
2

�
���2k2

z �2εL
ω2

c2 � ω2
p

c2 � ω2
pm1m3

c2�m2m3�m2
4�

�1�2
�
� � (7)

Using the Gauss’s law�∇ ��D � 0, �i�k � ε ��E � 0� we get the value ofEx in bismuth:

Ex �
kz

iα2

εzz

εxx
Ez� (8)

Using eqs (1) and (8) in the Maxwell’s equation�∇ 
�E � ��1�c��∂�B�∂ t�, we obtain the
y-component of the magnetic field in free space and bismuth as,

Hy �
c

iω

	
�kz

kz

α1
�α1



Ez� (9)

and

Hy �� c
iω

	
�kz

kz

α2

εzz

εxx
�α2



Ez� (10)

respectively. Applying the continuity of displacement vector,DxI �DxII at the interface and
using (1) and (8) we obtain the dispersion relation,α2�α1 ��εzz, which on simplification
gives

kz �

�
mp�2mqε2

L �ω2εL�ω2
p�1� εL���mq�

2ε2
Lω2

p�ω2

c2��2mqε2
L�ω2� �1� ε2

L��ω2
p ��mq�2ε2

Lω2
p�ω4�

�1�2

� (11)

wheremp � m1m3��m2m3�m2
4� andmq � m1m2��m2m3�m2

4�.
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Figure 1. Variation of ω�ωp with ckz�ωp for the following parameters of bismuth:
m0 � 9�1�10�28 g, m1 � 2�5�10�3m0, m2 � 2�5m0, m3 � 0�05m0, m4 � �0�25m0,
v � 5�1010/s,c � 3�1010 cm/s andεL � 100.

In figure 1 we have plotted the variation of normalized frequencyω�ωp with normalized
wave vectorckz�ωp for the following parameters of bismuth:m0 � 9�1
10�28 g, m1 �

2�5
 10�3m0, m2 � 2�5m0, m3 � 0�05m0, m4 � �0�25m0, v � 5
 1010�s, c � 3
 1010

cm/s andεL � 100. The SPW frequency saturates at largerkz.

3. Excitation of surface plasma waves

We consider the propagation of an electron beam with densityn0b and velocityvbẑ, slightly
above the bismuth surface. The beamhas a Gaussian density profile inx and hasy-width
asb:

n0b � N0e��x�x0�
2
�a2� (12)

The beam current isIb �
�

πN0abevb. The oscillatory velocity and density of the beam
due to SPW are governed by the equations of motion and continuity as:

∂
∂ t

�γ�v� �� e
m



�E �

�v
c

�B

�
(13)

and

∂n
∂ t

� ∇ � �n�v� � 0� (14)

respectively. Hereγ � �1� v2�c2��1�2 is the relativistic gamma factor. We perturb�v, n
andγ as �n��v� � �n0b�vbẑ� � �n1��v1�e�i�ωt�kzz�e�α z, γ � γ0 � γ3

0vbv1z�c2, and solve the
linearized equations [eqs (13) and (14)] to obtain the perturbed current density

�J1 ��n0be�v1�n1evbẑ�

J1x �� n0be2

miγω
Ex� n0be2α1vv0bEz

ωmγ0�ω� kzvb�
� (15)
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J1z �� n0be2

miγ3
0�ω� kzvb�2



1� α 2v2

b

ω2 γ2
0

�
Ez� n0be2α1vbEx

mγ0ω�ω� kzvb�

�∂n0b

∂x

e2α1v2
bEz

miωγ0�ω� kzvb�2 � (16)

For Cerenkov resonanceω 
 kzvb, i.e.,vb � c��1� ε��ε�1�2, γ0 � 	ε	1�2, α1 � ω��c	1�
ε	1�2�, we find that the factor�1�α 2v2

bγ2
0�ω2� in J1z vanishes. We would be interested in

retaining only those terms in current density that go as�ω� kzvb�
�2. Thus

�J1 
�∂n0b

∂x

e2α1v2
bEz

miωγ0�ω� kzvb�2 ẑ� (17)

We define�Es and�Hs as the mode structures of the fields of the SPW in the absence of the
beam, satisfying Maxwell’s equations

�∇ 
�Es � i�ω�c��Hs� �∇ 
 �Hs ��i�ω�c�ε � ��Es� (18)

with appropriate boundary conditions at the interface. Hereε � � I in medium I�x � 0�
andε � � ε in medium II �x � 0�. In the presence of the beam current, let the fields be,
�E � A�t��Es, �H � B�t��Hs ��E and�H satisfy the Maxwell’s equations

∇ 
�E ��1
c

∂ �H
∂ t

� ∇ 
 �H �
4π
c
��Jlb � �JlP��

εL

c
∂�E
∂ t

� (19)

where�JlP � σ �A�Es � i�∂σ�∂ω��∂A�∂ t� � �Es�σ is the electrical conductivity of bismuth
related to effective permittivity. Outside bismuth,εL � 1, σ � 0 whereas inside bismuth,
ε � εLI �4πiσ�ω. From (18) and (19) we obtain

∂B
∂ t

��iω�A�B�� (20)

	
∂A
∂ t

∂
∂ω

�ε �ω�� iωε��A�B�



��Es ��4π�Jlb� (21)

Using (20) in (21), assuming�∂B�∂ t� 
 �∂A�∂ t�, multiplying the resulting equation by
�E�

s and integrating overx from�∞ to �∞ we obtain

∂A
∂ t

�ΓA ��



2π
� ∞

0
JIZE�

SZdx

��
� ∞

�∞
�Es ��E�

s dx

�
�

P2

i�ω� kzvb�2 A� (22)

where

P2 �
ω2

pb

γ0

2
�

πα2
1v2

bα1a f

ω�1� ε��1�1�ε2�

and

f �

�
π

2
�1� er f �α1a� x0�a��e�α 2

1a2�2α1x0��
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Figure 2. Growth rate of a surface plasma wave as a function ofω�ωp for the follow-
ing parameters:Ib � 100 mA,a � 10 µm, b � 300µm, x0 � 300µm.

Writing ω � kzvb �δ, ∂A�∂ t ��iδ we obtain

δ2�δ � iΓ� � P2ei2lπ� l � 0�1�2� � � � � (23)

If damping coefficientΓ is neglected then (22) gives the growth rate

ωi � Imδ �
��

3�2
�

P1�3
2 � (24)

In the other case whenΓ � δ the growth rate is

ωi �
1�
2
�P2�Γ�1�2� (25)

In figure 2 we have plotted the growth rate of SPW as a function ofω�ωp for Ib � 100 mA,
a � 10 µm, b � 300 µm, x0 � 300 µm, εL � 100 andωp � 3
1013 rad/s. The growth
rate peaks atω�ωp � 0�15.

4. Discussion

The dispersion characteristics of surface plasma waves are similar to those of SPWs over
the conductors. However they manifest mass anisotropy effects and the frequency cutoff,
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ωcutoff, for these waves is two orders of magnitude down due to low carrier density. The
thickness of the surface layer, in which they are localized, is larger than in conductors.
These waves can be excited by a relativistic electron beam propagating parallel to the
interface. The required beam energy for excitation of SPW isEb � γ0mc2 whereγ0
	ε	1�2,
which is quite large unless one is closer toω 
ωp�

�
ε2�1.

These waves can also be excited using submillimeter waves from a free electron laser.
This would require a ripple on the surface so as to satisfy the phase matching condition.
One may also employ the attenuated total reflection configuration [13] in which bismuth
film is deposited on a prism and wave is launched onto the prism–bismuth interface at an
angle such that the component of propagation constant of the electromagnetic wave in the
glass along the interface equals the propagation constant of the surface. The surface waves
thus generated can be employed for annealing the bismuth film or its sputtering. Bismuth
may also be employed for fabricating surface wave devices.
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