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Spontaneous decay of a two-level atom near the left-handed slab
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Spontaneous decay of a two-level atom near the left-handed material (LHM) slab is investigated. The
contributions of the guided modes and the surface-plasmon polariton (SPP) modes supported by the LHM slab
to the spontaneous decay are studied at length. We find that the atomic decay near a LHM slab is much
different from that near a dielectric slab or metal slab. The first—the dielectric slab with arbitrary thickness—
supports at least two guided modes (one for TE polarized and one for TM polarized), but LHM slab may
support none of the guided mode for certain thickness. The second—the atom near the LHM slab—may decay
through both TE- and TM-polarized SPP, but the atom near the metal slab can decay only through TM-
polarized SPP. The third, when the LHM slab supports only TE-polarized SPP modes, the atom near such slab
cannot couple to the SPP mode when its dipole moment is perpendicular to the interface. Even if LHM
contains weak loss, above analysis is also valid, and the decay rate directly related to material’s losses (defined
by the decay through dissipation here) can be distinguished from the total decay rate. Most interesting, we find
that the decay through SPP will be larger than the decay through dissipation when the atom is placed at an
appropriate position. Our results will give constructive reference to the design and fabrication of the quantum

device made of LHM.
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I. INTRODUCTION

It is known that the atomic spontaneous decay depends on
both properties of itself and surrounding environment [1].
Recently, the quantum effect of the atom in the structure
containing left-handed materials (LHMs) [2] has attracted
considerable attention [3—10]. The LHM possesses negative
permittivity, permeability, and refractive index simulta-
neously. In the LHM, the wave vector is antiparallel to the
direction of energy flow, so that the electric field, magnetic
field, and the wave vector form a left-handed triplet. In 2003,
Dung et al. [3] discussed the electromagnetic-field quantiza-
tion and spontaneous decay in isotropic left-handed materials
with real-cavity model. Ruppin and Martin [4] obtained the
lifetime of an emitting dipole near interfaces of the LHM
with a classical electromagnetic calculation. Kistel and
Fleischhauer [5] found that an ideal LHM slab mounted on a
perfect mirror can completely inhibit the spontaneous decay
of a two-level atom when the atomic dipole is parallel to the
interface. The influence of the absorption of the LHM on the
spontaneous decay of the two-level atom was studied in
[6,7]. The quantum interference of a Zeeman V-type atom in
the cavity containing LHM [8] or one-dimensional photonic
crystals containing LHM [9] was investigated. Van der Waals
interaction and spontaneous decay of an excited atom in a
superlenslike geometry was also studied in Ref. [10].

Most of the previous studies focused on the radiative de-
cay [5-9]. Besides the radiative decay, they defined the other
decay channels as nonradiative channels due to the losses
roughly [3,4,7,8,10]. In this paper, we mainly consider the
spontaneous decay of atom near the LHM slab and classify
the decay channels into four kinds: decay through radiation,
through guided mode, through surface-plasmon polariton
(SPP) mode, and through dissipation due to losses of mate-
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rials. We found that the spontaneous decay of atom near the
LHM slab is much different from that near the dielectric slab
and the metal slab due to the contribution of the guided mode
and the SPP mode, and our result has potential application in
single-photon source and other quantum devices.

This paper is organized as follows. In Sec. II, we intro-
duce the model and the interaction Hamiltonian. The formula
of decay rates of a two-level atom near LHM slab is given in
Sec. III. The numerical calculations have been performed in
Sec. IV. Finally we give the conclusion in Sec. V.

II. MODEL AND INTERACTION HAMILTONIAN

The space structure is plotted in Fig. 1, which the left-
handed slab is marked by “M” with indices &, uy, 1y, and
thickness d, and its left and right semi-infinite dielectrics are
vacuum, i.e., e, =gx=¢gy and u; = ur=wo. The absolute value
of the refractive indexes of the LHM is larger than that of the
vacuum. Interfaces are in the x-y plane, and the origin of the
z coordinate is taken at the left interface of layer M.

Here we adopt the quantization method used in Refs.
[3,7-9], which is suitable for both loss and lossless cases to
study the spontaneous decay of a two-level atom with the
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FIG. 1. Sketch of the structure we considered.
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FIG. 2. (Color online) The number of guided mode as a function
of thickness. (a) the LHM slab with g),=—2 and uy=-1; (b) the
dielectric slab with gy,=2 and uy,=1. The black square refers to
Nrg, while the red rotundity refers to Nyy. Here A=27¢/ w, and the
step of d is 0.05\.

transition frequency w, placed at arbitrary position on the z
axis r,=(0,0,z,). Following Ref. [3], the Hamiltonian of the
whole system under the rotation wave approximation can be
written as

A=

A=e,m

d3rf dwhwf'{(r,w) -fA}\(r, w) + hoy o,
0

- [&v’a.r dwE(ru,w)+H.c.], (1)

0

where f'{(r, ) and fA)\(r, w) are the fundamental vector opera-
tors of the environment composed of the electromagnetic
field and the medium [3], and the subscript A=e,m denotes
the electric and the magnetic excitons. The operators satisfy
the following commutation relations:

[rilr, @),/ @)1= S 88 = 1) dw - '), (2)

[, 0), frrir @)1= 0, (3)

where i,j=x,y,z are three orthogonal components in Carte-
sian coordinates. In Eq. (1), 6=|[){u| and 6*=|u)(l| are the
Pauli operators of the two-level atom. Here |/} and |u) mean
that the atom is in the lower and upper levels, respectively.
P,=(l|P,Juy=(u|P,|l) is the transition dipole moment. The
electric field operator satisfies the following equation [3]:

2
V X B(r.0) - Selr.)B(r.0) = iopgyr.o).
E ; E J

V X
u(r, )

(4)

Here JjN(r’,w) is the noise current operator, which can be
expressed by the fundamental operators as [3]

2 fi .
Iy, o) = w4/ ﬂIm er,w)f,(r,w)+V
= T

h .
X \/- —Im——f,,(r,w). (5)
Ty M)

The solution of Eq. (4) can be formally written as
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E(r,0) = iow, J Er'Grr o) -fur' ), (6)

where G(r,r’,w) is the classical Green’s tensor satisfying
the equation

2

V X V X E(r,r’,w) - %s(r,w)(?(r,r’,w)
c

ulr, o)
=8r-r'). (7)

The wave function of the whole system at time ¢ is

1)) = C,()e™0'|u,0)
+ 2

A=e,m

d3rf dwe™Cy (r,w,1) - |1,1,(r,»)), (8)
0

where the state vector |u,0) describes the atom in the upper
level with no exciton, and the state vector |I,1,(r,w)) repre-
sents the atom in the lower level with one exciton of
I\(r, o), ie., fi(r,0)|0)=|1,(r, »)).

The atom is prepared in the upper level initially. Inserting
Egs. (1) and (8) into the Schrodinger equation, the dynamic
equation of atomic upper-level amplitude can be obtained
under the Markovian approximation,

2

. 1 2 wp <
Cu(l) == Ecu(l) %_ﬁ?Pa -Im G(ra’ra’w()) : Pa
1
== Ercu(t), (9)

where Im G(r,,r,, ) is the imaginary part of the classical
Green’s tensor at frequency wq and position r,. The atomic
dipole moment can be parallel to the interface (along the x
axis and denoted by ) and perpendicular to the interface
(along the z axis and denoted by 1 ). With the Green’s tensor
in hand (see Appendix A), we get the formula of spontaneous
decay rate of an atom at arbitrary position as [7]
(i) The atom is placed in the left region (z,=0),

" dK, K
o KiK.

TE |, TE 2iK,,d
rpy+rygpe” TMZT
X |:1+Me—quza:|
Drg

2 ™ | M 2iKyzd
KLz|:1 _ Tm * "ure

K7 Dy

3
FHTolal(Za) = ZFO Re u;n;

e—ZiKLZza:|
(10a)
0 KLZ Kz

T™M |, TM 2iK,,,d
riytryre” M
X{l+—

DTM

3
I tow(za) = EF o Re urng

e—ZiKLZza:| '

(10b)
(ii) The atom is placed in the middle slab (0<z,=d),
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“ dK, K, {{1 erL TE E 2iKyzd rTE 2iKy72a 4 rTE 2iK ) /(d-z, )}
— +

DTE
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Because the structure is symmetry, the decay rate of atom in
the right region (z,=d) has the same value as that in the left
region. Here K;=n;Ky=n;wy/c (i=L,M ,R), K| is the compo-
nent of wave vector parallel to the interface, K, is the z
component of wave vector in the ith region and they relate
to each other through K2+K =K?, Ty= pawo/(37780ﬁc ) is
the decay rate in free space. “The coefficient ™ s the
reflection coefficient of the electromagnetic field incident
from M to L for TE/TM polarization and ri s ™ is the reflec-
tion coefficient from M to R for TE/TM polarization, which

,TE MrrKyz = puKprz

"MLIR = (12)
wrrKyz + iyKprz
e rKuz— enKirz

r E\gm = (13)

e rKyz+ euKirz

Drg/mv originates from the multireflection effect and has the
form

Dy=1- rMLr;‘l &2 Kuzd (14)

III. ANALYSIS OF SPONTANEOUS DECAY
A. Decay through radiation

Decay through radiation refers to that of the atom transits
from the upper level down to the lower level through emit-
ting a propagating photon. Because ng=n; =
cay through radiation is embodied by the integration over K|
from 0 to n; K, in Egs. (10) and (11). Because this kind of
decay in various environments had been studied in many
previous works [4-9], we do not discuss it in detail and only
note that KMZ=—V’8M,U,MK%—Kﬁ if layer M is made of the
left-handed materials, while K,;,= \r’sM/LMKS—Kﬁ if layer M
is dielectric.

B. Decay through guided modes

The guided modes refer to modes which are evanescent
waves in the two semi-infinite regions and standing waves in
layer M. The guided modes exist when K falls into the re-
gion (n;Ky,|ny|Ky), where K, , and Ky, become pure imagi-
nary and K, is real. According to the Maxwell equations
and the boundary condition, the guided modes only occur at
discrete propagation constant K, leading to D=0 for TE

polarization and D=0 for TM polarization [11-13].

If Drgrym=0, the integrands in Egs. (10) and (11) are
divergent; thereby the decay rate related to the guided mode
can be calculated through several methods, such as renormal-
izing the density of mode [13] and the residue theorem for
the pole [11,12]. Here we adopt the residue theorem for the
pole to obtain the decay rate of atom with dipole moment
parallel to the interface through guided mode. (The formula
for atomic dipole normal to the interface can be obtained
with the similar method.)

For z,=0, we have

Ntg

FHWG(Z(J) - F() Re MLE —‘Lqu(rLM + VMReleMZ/d)
Jj=1 B LZj

-1
) e_izKLZqu
K=Ky,

N e
Lz
- —FO Re u; >, —g—gm( 7+ rapge Kumzed)
=1 Ko

JD
X TE
K|

-1
¥ ) e—iZKLZgz,,7 (15)
K=K

and for 0<z,=d, we have

N1g K,
Dywelz,) = Fo Re uy >, — i 2 + rifs e Kmzita
j=1 Bymzj

dD1g

+ I‘kagiZKMZj(d_Za)]( o,

)—1
Ki=K;
NTM

K Kyz, .
—FO Re uy, E —g?g mi[2 - rMLe’ZKM<gZu
g=1 ny

-1
— ) . (16)
K=K,

where K; and K|, represent the propagation constants of the
guided modes for TE and TM polarizations, respectively. To
get the above decay rates, K; or K, can be identified as the
first-order pole of the integrand, and the reside number can
be achieved by replacing Drgmy in Egs. (10) and (11) by
D1/ 9K [11,12]. The integers Nqg and Ny are the num-
bers of the guided modes for TE and TM polarizations.

T™ i2K ). (d-z,)
— rMRe Mzg a ](
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In the case of the dielectric slab, the analysis expression
of Npg and Ny are [13]

d | 2

772\
Ko 7 1 Ky Ny, — 1R
Nip=1+ —\'nM n; — —arctan| ———=
T o

MR\”zzw‘”Z _’
(17)
2 2\ ]
Kod 5——= 1 ey\n; —n
Npy=1+ L\'nil—ni——arctam<M—L*Iz) ,
o aa SR\/nM_nL |
(18)

where [£] denotes the largest integer that is smaller than or
equal to & It is clear that for the dielectric slab with , there
always exists at least one guided mode for both TE and TM
polarizations whenever the thickness is small or large.
However, for LHM slab, Ntz and Ny for the LHM slab
cannot be given analytically and can be calculated numeri-
cally. It should be noticed that Ntg or Ny may be zero when
the thickness of LHM slab is small (see Appendix B). For
example, we set the indexes of the dielectric slab are g,,=2,
My=1, while the indexes of the LHM slab are g,,=-2, wy
=—1. Note that K,,=—VeyuyKs—K: for the LHM slab,

while K,,,= \e’sM,u,MKé—Kf for the dielectric slab. Nyg and
Nty varying with thickness of the slab are shown in Fig. 2.
From Fig. 2, the number of the guided mode for the LHM
slab is much different from that for the dielectric slab. Nyg
and Ny for the dielectric slab increase monotonously with
thickness in a form of a ladder. However, for LHM slab,
though Nyg and Ny increase with thickness in general, they
accompany with fluctuation. Note that for the LHM slab in
Fig. 2(a), there is none of the guided mode for both TE and
TM polarizations in the region of thickness [0,0.15\] and
[0.5X,0.85\] [see the spare shade in Fig. 2(a)].

C. Decay through the surface-plasmon polariton modes

The SPP mode refers to the electromagnetic mode which
propagates along the interface and exponentially decays
away from the interface in all three regions [14]. SPP has
promising applications on fabricating plasmonic chips, plas-
monic couplers, plasmonic modulators, plasmonic nano-
lithography, and plasmonic light sources. SPP near the metal
surface had been studied at length over several decades
[11,12]. Recently, SPPs near semi-infinite LHM [15] and
LHM slab [16] has also been found. Different from the metal
surface where only TM-polarized SPPs exist, both TM- and
TE-polarized SPP modes can occur near the surface of LHM.
The reason is that negative permittivity and negative perme-
ability of LHM provide TE- and TM-polarized SPP modes,
respectively, satisfying the Maxwell equation and boundary
condition. Although the classical properties of the SPP near
LHM have been studied at length, the spontaneous decay of
atom near LHM through the SPP is rarely mentioned.

The SPP mode can occur as K> |n,,|K, for the LHM slab
and K;>n;K, for the metal slab but cannot exist for the
dielectric_slab. In the region of K, for SPP, K,
=—iyKﬁ—sM,u,MK§ is negative pure imaginary in the LHM,

but KMzzi\r’Kﬁ—eMp,MK(z) is positive pure imaginary in the
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metal. In other words, the amplitude of evanescent wave de-
creases as far away from the source in the metal but in-
creases as far away from the source in the LHM. Similar to
guided modes, the excitation condition of the SPP mode is
also D=0 for TE polarization and Dpy=0 for TM
polarization.

The propagation constant of SPP K| satisfying D=0 or
D1y=0 is also the first-order pole of integrand in Egs. (10)
and (11). So the corresponding decay rates can be achieved
with the residue theorem similarly. The decay rates through
the SPP mode have the same formation with that through the
guided mode except that K, is pure imaginary for SPP.

For z,=0, we have

Mg

3 Ij
[yspp(z,) = lﬂo Re MLE 7Tl(rLM + "MR€21KMZjd)
j=1 Krzj

3

2 Dlghrzg 2iK 17,4

- =Ty Reu; >, SR mi(ry g + 1y e Kmzed)
4 g=1 Nl

-1
Ky ) ez, (19)
K=K,

and for 0<z,=d, we have

Mrg
Lispp(za) = I‘0 Re 1y 2, _j_7Tl[2 + 1y 2 Knzita

j=1 B™MZj
D1 )—‘
K=Ky,

’ rﬁgzmmj(d_za)]( JK,

M
3 MK K
—FO Re uy > —gﬂg mi[2 — rypy e Knzgta
g=1 ”MKO
. D -
TM 2iK ). ,(d—z,) =™
—ryge” M ]( ) (20)
Ky K=K
8

It should be noted that for arbitrary thickness, the number of
TM-polarized SPP M1y, for metal slab is no larger than 2 and
Mp=0 [11,12]; while both My and My are no larger than
1 for the LHM slab [16]. It means that the maximum number
of the SPP in the LHM slab equals to that of the metal slab.
In Fig. 3, we plot the dispersion relation of the SPP varying
with thickness in the metal and the LHM.

From Fig. 3(a), there are two TM-polarized SPP modes
for the metal slab with certain thickness. When thickness is
larger than 0.35\, two TM-polarized SPP modes degenerate.
There is none of SPP mode when thickness is larger than
0.92\. For the LHM slab &;,=-2, uy,=—1 in Fig. 3(b); only
one TM-polarized SPP mode exists when d<<0.2\ and only
one TE-polarized SPP mode exists when 0.2<<d<<0.32\.
Thereby, TE SPP mode cannot coexist with TM-polarized
SPP for arbitrary thickness. If we set permittivity and perme-
ability both deviating from -1, i.e., gy,=—1.5, up=—1.2 in
Fig. 3(c), both TE- and TM-polarized SPP modes can coexist

043812-4
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FIG. 3. The dispersion relations of SPP mode vary with the
thickness. (a) The metal slab with &,,=—2 and uy,=1; (b) the LHM
slab with gy,=-2 and wy;=—1; (c) the LHM slab with &,,=—1.5 and

MM=—1.2.

for 0.09A <d<<0.22\. However, the number of SPP mode
cannot exceed two. It should be noticed that the maximum
thickness supporting the SPP mode in the LHM slab is much
shorter than that in the corresponding metal slab; this means
that the mode volume of the SPP for the LHM is much
smaller than that for corresponding metal, if the SPP mode
exIsts.

D. Decay through dissipation

This kind of decay occurs only if the middle slab contains
losses. If the middle slab is made of transparent materials,
i.e., &y and u,, are both real, the decay through dissipation
disappears. Here we restrict the cases which the imaginary
part of &), or w;, is much small. Under such condition, the
decay through dissipation can be distinguished from the total
decay, which is I'p;=Trou—1'raa=T'wo—1'spp, here Ipoy is
the numerical result of Eq. (10). When the middle slab con-
tains losses, the spontaneous decay of atom embedded in it is
much complicated because the modified factor of decay rate
is dependent on the radius of real cavity surrounding the
atom and cannot tend to a constant with the decreasing of
radius [3]. In addition, if the real cavity is considered much
small which is the order of the distance between constitute
atoms of the middle slab, the slab cannot be identified as
uniform materials. So, if the slab contains losses, we do not
discus the decay rate of atom embedded in middle slab here
and only consider the cases of atom near the surface of slab.

IV. CALCULATION AND ANALYSIS

In this section, we calculate the atomic decay rates as
function of the position for different materials. We omit the
near field effect when the atom is embedded in middle slab
because it can be normalized easily by the decay rate in
corresponding infinite materials.
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FIG. 4. The decay rates as functions of the atomic position when
the thicknesses of slab are d=N\ and the atomic dipole is parallel to
interface. (a) The dielectric slab with g;,=2 and =1, (b) the
LHM slab with g,,=-2 and w;;=-1, and (c) the metal slab with
ey=—2 and uy=1.

A. Transparent slab

We will compare the case of dielectric slab of £,,=2 and
=1, the case of LHM slab of e,,=-2 and w,;=-1, and
the case of metal slab of g),=—2 and uy,=1. The atomic
dipole is assumed to be parallel to interface.

At first, we consider the thickness of middle slab being
one wavelength. From Fig. 2, the dielectric slab supports two
TE- and two TM-polarized guided modes, while the LHM
slab support one TE-polarized guided mode and one TM-
polarized guided mode. The surface-plasmon polariton mode
cannot exist in all the dielectric, the LHM and the metal
slabs for d=N\. The corresponding decay rates in such dielec-
tric, LHM and metal slab are plotted as the function of the
atomic position in Fig. 4.

From Figs. 4(a) and 4(b), it is clear that the decay rates
through the guided modes exponentially decrease as the in-
creasing of the distance between the atom and the interface
and oscillate when the atom is in middle slab (see the dotted
lines). Reference [13] pointed out that the total decay rate is
close to un;I'| for the dielectric slab if the thickness is large,
which fits to Fig. 4(a) very well. However, from Fig. 4(b),
the total decay rate of atom in the LHM slab is apparently
larger and lower than wuymn,l", depending on the atomic po-
sition. For the metal slab, the decay rate is zero when atom is
in the middle of slab because there are evanescent fields in
the metal.

Second, we consider the thickness of slab is 0.5 wave-
length, where the dielectric slab supports one TE-polarized
guided mode and one TM-polarized guided mode; but the
LHM slab supports neither guided mode nor SPP mode (see
Figs. 2 and 3). The metal slab supports two SPP modes ac-
cording to Fig. 3(a). The decay rates are plotted as the func-
tion of the atomic position in Fig. 5.
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FIG. 5. The decay rates as functions of the atomic position when
the thicknesses of slab are d=0.5\ and the atomic dipole is parallel
to interface. (a) The dielectric slab with g,,=2 and uy=1, (b) the
LHM slab with g,,=—2 and w,=-1, and (c) the metal slab with
ey=-2 and uy=1.

Although the number of the guided mode for the dielec-
tric slab with d=0.5\ is less than that for d=\, the magni-
tude of the decay rate through guided mode in Fig. 5(a) does
not change compared with Fig. 4(a). So there is no obvious
difference between Figs. 4(a) and 5(a) except that the num-
ber of oscillation of decay rate in the slab in Fig. 5(a) is less
than that in Fig. 4(a) because such number is proportional to
the number of the guided mode [13]. On the contrary, there is

2.0 25
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15 “M=1 weToq 20¢ ruws/roi
280 — rHTouI/r 15} - FHSPPIFW
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FIG. 7. The decay rates as functions of the atomic position for
the LHM slab with d=0.25\, gy,=-2, and uy=-1. The atomic
dipole is perpendicular to the interface.

only radiative modes for LHM slab with d=0.5\ and conse-
quently the total decay rate in the middle of the slab is only
0.4T;. In other words, the atomic decay can be deeply inhib-
ited in a LHM slab with certain thickness though the LHM
slab is transparent and has high absolute value of refractive
index. For the metal slab, the decay rates near the surface are
much higher because of the coupling of the atom to the SPP
mode.

The decay rates for d=0.25\ are plotted in Fig. 6. For the
LHM slab with d=0.25\, g,,=-2, and w,,=-1, there are the
radiative mode, the guided mode, and the SPP mode. The
atomic decay through the SPP modes plays the prominent
role when the atom is near the surfaces of the slab, as shown
in Fig. 6(b). For the corresponding metal slab, the atom near
the surfaces can decay through radiative mode and SPP mode
but without guided mode shown in Fig. 6(c). For d=0.25\,
the decay rate near LHM slab is much larger than that near
the metal slab because the field of the SPP for the LHM slab
concentrates near the surface much stronger than that for the
metal slab.

Interestingly, we note that for LHM slabs with the same
refractive index but different &, and w,, if the absolute
value of permeability is larger than that of permittivity [see
Fig. 6(d)], the decay rate near such slab surface is much
larger than the opposite case which the absolute value of

(@) z (b) z permeability is smaller than that of permittivity [see Fig.
8 — T 100 .y 500 400
SM_-2 T ruRad/ru £M_-1 -- 4t
”M=1 1eeeTo 801 ,=-2 300
ol 6ol 5? 300 g: 200
& 200} %5 i
401 = — 100
100
20} o 0
0 . i 040, 20.08 006 0,04 =0.02 10.00 0100 -0.075 -0.050 -0.025 0.000
350 025 000 025 050 075 850 025 000 025 050 075 (a) z/x (b) z/x

(c) z (d) z/n

FIG. 6. The decay rates as functions of atomic position when the
thicknesses of slab are d=0.25\ and the atomic dipole is parallel to
interface. (a) The dielectric slab with £,,=2 and =1, (b) the
LHM slab with g,=-2 and uy=-1, (c) the metal slab with g,
=-2 and uy=1, and (d) the LHM slab with g;,=—1 and pu,=-2.

FIG. 8. (a) (Color online) For losses LHM slab with g;,=-2
+ia, uy=—1+ia, and d=0.25\, the decay rates through dissipation
I'pissi as functions of the atomic position for different imaginary a.
(b) For losses LHM slab with &),=—2+i0.005 and puy=-1
+i0.005, I'jp;s; as a function of the atomic position for d=0.25\
and d=0.5\. The atomic dipole is parallel to the interface.

043812-6



SPONTANEOUS DECAY OF A TWO-LEVEL ATOM NEAR ...

6(b)]. For example, the decay rate near the surface reaches
80l for eyy=—1, up=-2 but only 25T, for e),=-2, wy
=—1. The main reason is that the decay rate is proportional to
My at the interface shown in Egs. (11a), (16), and (20).

The case of the atomic dipole perpendicular to interface is
much different from that parallel to interface. A known dif-
ference is that the decay rate for the dipole perpendicular to
interface is discontinuous crossing interface due to the dis-
continuity of the perpendicular components of D and B
crossing interface [13]. Here we would like to emphasize
another difference between the case of the dipole perpen-
dicular to interface and the case of the dipole parallel to
interface for the LHM slab. If the LHM slab supports only
TE-polarized guided mode or SPP mode, the atomic decay
through the guided or the SPP modes is cancelled when the
dipole is perpendicular to interface. However, for the dielec-
tric slab, the TE-polarized guided mode almost accompany
with TM-polarized guided mode; in addition there is only
TM-polarized SPP mode for the metal slab. So the case of
the atomic dipole perpendicular to interface is not obvious
different from the case when parallel to interface for the
dielectric slab and the metal slab except the discontinuous.
We set gyy=—2, uy=-1 and d=0.25\; the decay rate for
the dipole perpendicular to interface is shown in Fig. 7.

In this case, the LHM slab supports one TM-polarized
guided mode and one TE-polarized SPP mode. As expected,
there are only radiative decay and guided decay [Fig. 6(b) for
the dipole parallel to interface].

B. Decay through dissipation when the LHM
containing weak loss

Finally, we consider the loss of the LHM slab. Here we
restrict the case of atom in the left space and near the surface
(atomic position on z axis changes from —0.1\ to 0). The
indexes of LHM are set as gy,=—2+ia, uy=-1+ia and d
=0.25\. The atomic dipole is parallel to interface. The total
decay rate can be calculated numerically according to Eq.
(10a), and the decay rate through dissipation can be defined
as the difference between the total decay rate and the decay
rate for the corresponding transparent slab, i.e., I'jpii
=Droti=Liraa=Tywe—Tispp, Where I'jrag, yjwe, and Iyspp
take the values in Fig. 6(b) approximately. The dependence
of I'jpissi ON the atomic position for different imaginary parts
a are plotted in Fig. 8(a). It is clear that I'p;.; near interface
decreases with the decreasing of a and becomes negligible
when z,<-0.1\, which agree with the previous studies. The
inset of Fig. 8(a) shows the comparison between the decay
through SPP and decays through dissipation. It is interesting
that the decay through SPP is larger than decays through
dissipation when atomic position z,<—0.06\. The reason is
that Tsppxexp(=Alz,|) while I'pi B/ |z, [8,10], and exp(
—Al) decreases slower than B/[> with [ mathematically when
[ is small. However, due to I'\g,q=T, I'jspp is the largest
among all channels only when z, € [-0.15\,—0.06\]. In Fig.
8(b), we take &,,=—2+i0.005, wuy=—1+i0.005 and com-
pare [pii for d=0.25\ (solid line) with Tp for
d=0.5\(dashed line). It is clear that they fit to each other
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very well. This result agrees with the truth that the decay
through dissipation is mainly dependent on the indexes of
materials and the distance but has little relation to the mate-
rial’s thickness. With the analysis of decay rate near the
transparency LHM slab, we can distinguish the decay rate
through dissipation from the total decay rate near LHM slab
with little losses.

V. CONCLUSION

We analyze the atomic decay near the surface of the LHM
slab in this paper at length. Both the decay through the
guided mode and through surface-plasmon polariton mode
are considered. We found that the atomic decay near the
LHM slab has different property comparing with that near
the dielectric slab and the metal slab. The unique characters
of the LHM slab are: there is none of the guided mode at
certain thickness for the LHM slab and it may supports both
TE- and TM-polarized SPP modes. As the result, the atom
near the LHM slab can decay through the radiative mode, the
guided mode, and the SPP mode. If the SPP modes exist, the
decay rates near the interface through SPP play the promi
nent role for the dipole parallel to interface. If a LHM slab
supports only TE-polarized SPP mode or guided mode, the
atom with the dipole moment perpendicular to interface can-
not couple to these modes. Such cases disappear for the di-
electric slab and the metal slab because they always support
TM-polarized modes. Even if the LHM slab contains small
loss, our conclusion is still valid and the decay rate through
dissipation can be extracted out. Interestingly, we find that
the decay through the SPP is the largest among all channels
when atom is placed at an appropriate position. Our research
helps to supply the content of quantum electrodynamics in
LHM slab and has potential application to the single-photon
source.
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APPENDIX A: THE GREEN’S TENSOR
IN THREE REGIONS

When the source r and the observe point r are both in the
left region, the Green’s tensor is
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LE’KL ey e0,0(z~ z) + e M1y e, O(z0 - 2)}

+
qr |’

(A1)

when the source r and the observe point r are both in the middle region, the Green’s tensor has the form of

i 1
llu“M(wZ) d2K||

Guu(r.ro,) =

eXp[lKu (p-p0)] 2

q=e,m

q ik (z+2dy-z() +

+ g
K (2 €pg" ML  MRE
X{ {e;zqe'm WO(z - z9) +

D mq

- g9 iK,(2zp-79~2)
€y MRE - 0
q

+ q iK (z+z9-2z7) - g9 .9 K (2dy+zy-z)
- K-z € MLl 07 <L + ey MR e : 07<0 B
+] ey : 0@(z9—2) + 5 €y

z,(zg) is the z-coordinates of the left (right) interface of the
slab. The Green’s tensor for the source u;r; and the observe
point r are both in the right region which are omitted here.

In_ above, K;=K/é+K2, K=\VK;+K,, Ky
— :
=\epVuyuw!/ c, and
= (K) ! (_K K, KA> (A3)
e =— —+Ke, |,
LiMm\ ™| K +Bmz K, 1€z
+ KH A
e Ky = I Xe,. (A4)

APPENDIX B: THE NUMBER
OF THE GUIDED MODES

Here we only take the TE mode as an example with ny,
>n; =ng. For the guided mode, the region of K| is from
n. K, to |ny|K,. The condition that exists for the guided
mode is that

Drg=1-ryryge*mz. (B1)
In other words,
(PZKMzd0+ 0L+ 0R=m77. (BZ)

(A2)
q

For right-handed material (RHM) slab M, the reflection co-
efficients are
"LEL _ M Kyz— l:,U~M|KLZ|
Kz + ipy|Ki ]
_ (11 Kz = i K1)
N (1K p2) + (gl K1 2))?
=exp(2i6,),

(B3)

e _ MrKyz - ity Kz
MR = ;
MrK iz + iy | Kzl

_ (urKnz — iMM|KRZ|)2
(MRKMZ)Z + (,Uv114|K1'ez|)2
=exp(2i6g).

(B4)

In Table I, we give the values of each terms in Eq. (B2) as
Ky=n; and K;=nyK, for RHM slab. Usually Kod\rnil—ni

f\n ; %’)’

>arctan(—n2 especially  when we
=L

ny=ng, get

MM\ L R

arctan(—==)=0. Because @(K;=n;Ky)>0 and ¢(K
MY ni—ni

=nyK,) <0, there must be a certain K| leading to ¢=0 and
m=0. So whenever the thickness of RHM slab, there always
exist at least one TE guided mode. Because ¢ is the decreas-
ing function of K|, the number of the guided mode for RHM
slab is

TABLE I. The phase ¢ as function of K| for RHM slab

1 n; Ky ny Ko Monotony

Kyzd Kydv ni,, - ni 0 Decreasing

0; 0 —m/2 Decreasing
[T 3 [7_ 2 .

Or arctan( uy\ny —ng/ mp\Nny—ny) —/2 Decreasing
) s v .

o) Kod\ny,—nj —arctan( puy\nj —np/ pp\ny—n;) - Decreasing
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TABLE II. The phase ¢ as function of K| for LHM slab

K, n Ky |70 Ko Monotony
Kyzd —Kod\"”i,;—ni 0 Increasing
0, 0 -m/2 Decreasing
Or —arctan( | uy| \r’ni—ni/ MR \s'nlzw —ni) —r/2 Decreasing
¢ —Kod\n2;—n? —arctan( |y | \n? —n%/ pg\n,—n>) - Uncertain
N o 14 Kody 5—— 1 . g \Nns —nk JE T Pl Kzl + il ] [ K v
= \ny, —nj — —arctan| ————= | | . MR= .
TE o ML L pur\Nn2, —n? — gl Kiz] = il ag| | K g7
. 2
(B5) (= prlKuiz] + il | |[Kz))
= 2 2
However, for LHM slab, ey=—|ey|, wy=—|wul, ny (1rKpz2)” + (tepr| Krz])

=_|”M , and KMZ=_|KMZ

>

TE _ T~ PilKuiz| + il | K17

r - .
MET — | K] = il 1K 2]

_ (= sl Kgzl + il sl | K )
(MLKM2)2 + (MM|KLZ|)2

=exp(2i6;),

(B6)

=exp(2ibg). (B7)

In Table II, we give the values of each terms in Eq. (B2) as
Ky=n; and K,=|ny|K, for LHM slab. Because both ¢(K,
=n;K,) and o¢(K,=nyK,) are negative, if |@(K,=n.K,)
- (K =nyK,)| <, there may be none of the guided mode.
In addition, ¢ is not a monotonously increasing or decreasing
function of K|, we are unable to ascertain its maximum or
minimum analytically. So the number of guided mode for the
RHM is hard to get analytically. For the cases of TM-
polarized mode, we can get the similar results.

[1] E. M. Purcell et al., Phys. Rev. 69, 37 (1946).

[2] V. G. Veselago, Sov. Phys. Usp. 10, 509 (1968).

[3] H. T. Dung, S. Y. Buhmann, L. Knéll, D.-G. Welsch, S. Scheel,
and J. Kiistel, Phys. Rev. A 68, 043816 (2003).

[4] R. Ruppin and O. J. F. Martin, J. Chem. Phys. 121, 11358
(2004).

[5] J. Kistel and M. Fleischhauer, Phys. Rev. A 71, 011804(R)
(2005).

[6]J. P. Xu, Y. P. Yang, N. H. Liu, and S. Y. Zhu, Eur. Phys. J. D
41, 403 (2007).

[717J. P. Xu, Y. P. Yang, H. Chen, and S. Y. Zhu, Phys. Rev. A 76,
063813 (2007).

[8] Y. Yang, J. Xu, H. Chen, and S. Zhu, Phys. Rev. Lett. 100,

043601 (2008).
[9]J. P. Xu, L. G. Wang, Y. P. Yang, Q. Lin, and S. Y. Zhu, Opt.

Lett. 33, 2005 (2008).

[10] A. Sambale, D. G. Welsch, H. T. Dung, and S. Y. Buhmann,
Phys. Rev. A 78, 053828 (2008).

[11] G. S. Agarwal, Phys. Rev. A 12, 1475 (1975).

[12] J. M. Wylie and J. E. Sipe, Phys. Rev. A 30, 1185 (1984).

[13] H. P. Urbach and G. L. J. A. Rikken, Phys. Rev. A 57, 3913
(1998).

[14] R. H. Ritchie, Phys. Rev. 106, 874 (1957).

[15] R. Ruppin, Phys. Lett. A 277, 61 (2000).

[16] R. Ruppin, J. Phys.: Condens. Matter 13, 1811 (2001).

043812-9



