PHYSICAL REVIEW B 90, 155436 (2014)

Long-distance radiative coupling between quantum dots in photonic crystal dimers
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We study the mutual interaction between two identical quantum dots coupled to the normal modes of two-site
photonic crystal molecules in a planar waveguide geometry, i.e., photonic crystal dimers. We find that the radiative
coupling between the two quantum emitters is maximized when they are in resonance with either the bonding or
the antibonding modes of the coupled-cavity system. Moreover, we find that such effective interdot coupling is
sizable, in the range of ~1 meV, and almost independent from the cavities’ distance, as long as a normal-mode
splitting exceeding the radiative linewidth can be established (strong cavity-cavity coupling condition). In realistic
and high-quality-factor photonic crystal cavity devices, such distance can largely exceed the emission wavelength,
which is promising for long-distance entanglement generation between two qubits in an integrated nanophotonic
platform. We show that these results are robust against position disorder of the two quantum emitters within their

respective cavities.
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I. INTRODUCTION

There is growing interest in controlling the radiative cou-
pling between distant quantum emitters in integrated photonic
technologies [1], with the main aim of realizing two-qubit gates
in a reliable architecture for quantum information processing
[2]. Semiconductor quantum dots (QDs) currently represent
very promising candidates to implement single- and two-qubit
operations, owing to their large oscillator strength and long
decoherence time scales [3].

In general, the mutual interaction between two QDs decays
rapidly when their distance is larger than the emission wave-
length [4]. Possible ways to enhance the radiative coupling
between two distant QDs have been proposed in the last few
years, e.g., exploiting electromagnetic field confinement in
planar microcavities [5] or photonic crystal (PC) integrated
circuits [6]. In fact, PCs in planar waveguides, or PC slabs,
have emerged as the preferential nanophotonic platform
in view of realizing a fully integrated quantum photonic
technology, owing to their engineering flexibility to tailor the
propagation and confinement of light at optical or near-infrared
wavelengths [7-9]. The strong light-matter coupling regime
between a single QD and a cavity mode requires large oscillator
strength of the dipole emitter, and a small cavity-mode volume
[10]. Such characteristics can naturally be fulfilled in PC
cavities [11], where QDs with large dipole moment can
be deterministically positioned at the field antinodes [12];
the quantum nature of such a system has now been fully
established [13—15]. In addition, PC cavities have already been
assessed for broadband and fine postprocessing tuning [16],
and tested against intrinsic disorder [17,18]. Recent advances
in cavity design have led to remarkable figures of merit, such
as flexible far-field engineering [19,20], as well as genetic
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optimization of ultrahigh Q factors [21], with experimental
values on the order of 2 million [22].

Proposals for increasing the mutual interaction distance
between two QDs in a PC platform mainly considered using a
waveguide as a bus for photon propagation [6,23,24]. The role
of disorder on light localization was also addressed [25]. Alter-
natively, preliminary studies considered the mutual coupling
between two QDs positioned at the field antinodes within the
same PC cavity [24,26], for which early experimental evidence
was shown [27]. The possibility of mediating the inter-QD
coupling through the normal modes of a photonic molecule
has been considered for coupled microdisks [28], where the
distance is limited by evanescent intercavity coupling in free
space.

Here we theoretically address the possibility of using
strongly coupled PC molecules to efficiently increase the
mutual QD coupling rate even at large distance, which has been
overlooked in the literature, so far. A schematic representation
of such a system is shown in Fig. 1. The photonic molecules
we are interested in this work are composed of two coupled
PC slab cavities, or PC dimers [29]. We treat the light-matter
coupling in a semiclassical formalism based on Green’s
tensors, following the formalism developed in Ref. [24] for
generic PC structures. The classical electromagnetic fields
are solved within a guided-mode expansion approach [30].
Interestingly, PC dimers present peculiar characteristics, such
as coupling strength increasing with distance and switching of
the fundamental mode bonding/antibonding character [31,32].
In particular, we will specifically consider coupled L3 cavities,
i.e., three missing holes in a hexagonal lattice [ 7]. The coupling
characteristics of the normal modes in such structures have
already been addressed experimentally [33,34]. A high degree
of control on mode tuning has now been demonstrated with a
variety of fabrication techniques [35-38], and the possibility
of reversing the mode symmetry at fixed intercavity distance
has been shown [39,40], which places these systems among the
best possible candidates to practically explore the rich physics
of coupled quantum modes.
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FIG. 1. (Color online) Schematic representation of the system
investigated in this work: two strongly coupled nanocavities, each
containing a single QD. The distance between the nanocavities, d.,
can be larger than the characteristic QD emission wavelength in
vacuum, Ag.

The advantage of using of PC dimers to mediate the mutual
QD coupling is twofold. First, both bonding and antibonding
mode profiles are strongly confined in the two cavities, which
allows us to maximize the QD—normal mode coupling for each
emitter. Second, we find that the two QDs placed in the two
different cavities of the PC dimer are radiatively coupled with
an effective rate that essentially does not depend on distance,
as long as the photon exchange rate between the two cavities is
larger than the photon escape rate (or, in other words, as long as
the normal-mode splitting between bonding and antibonding
modes can be spectrally resolved). In PC dimers, we show that
this distance can be significantly larger than the wavelength
of the fundamental cavity mode. Moreover, given the recent
demonstration of ultralong-distance intercavity coupling in a
PC chip [41], the conclusions above unequivocally solve the
issue of mutual radiative coupling of distant QDs for appli-
cations in quantum information processing. We also notice
that the present results can be of interest in view of applying
coupled-cavity systems to explore the rich interplay between
coherent intercavity tunneling and quantum nonlinearities, as
proposed in a few recent works [42—45]. The strong coupling
of a single QD coupled to a PC dimer has already been
addressed experimentally [46]. More directly connected with
the present study, a recent proposal envisions the possibility of
achieving a steady-state entanglement between distant qubits,
just exploiting the selective pumping of the two cavities in
a photonic dimer [47]. Implementing the latter proposal with
two quantum dots mutually coupled through a PC dimer can
be crucial to optically address each cavity separately from the
other, since the intercavity separation can be larger than the
resonance wavelength in such systems.

The paper is organized as follows. In Sec. II, we present
the key aspects of the semiclassical method formulated in
Ref. [24] for arbitrary PC structures. The PC dimers in which
we are interested are characterized by using the guided mode
expansion (GME) approach [30] in Sec. III. In Sec. IV, we
study the polariton states and the radiative coupling between
two QDs coupled to the PC dimers, and we use a statistical
analysis to study the effects of the nonideal positioning of the
two QDs. Finally, in Sec. V the main conclusions of this work
are presented.

II. THEORETICAL MODEL

A useful semiclassical formalism was described by Minkov
and Savona in Ref. [24] to study N QDs coupled to M
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electromagnetic photonic modes in an arbitrary dielectric
structure. Following this work, our starting point is the
inhomogeneous wave equation for the electric field, with a
polarization vector source that takes into account the linear
optical response of the QDs (low-excitation regime) through
a nonlocal susceptibility tensor. The electromagnetic problem
is solved through the Green’s function approach. The field
eigenmodes are used to expand the Green’s tensor in the
resolvent representation, and the wave function W, (r) of the
QD « is represented using a point dipole assumption, which is
a good approximation when the electric field does not vary sig-
nificantly in the region where W, (r) is nonnegligible. Hence,
the set of equations that define the complex frequency poles of
the coupled QD-photonic system (polariton frequencies) can
be given as [24]:

@ — 0)Q(w) = = Q%w), ()
where 6"‘ (w) = Q¥(w)/(0* — w), and Q* =
f dr¥,(r)Q(r,w) are the overlap integrals between the
wave function of the QD « and the field Q(r,w), with
Q(r,w) = /e(r)E(r,w). In the present formalism, the
transition frequencies of the QDs are denoted by superscripts,
while the photonic eigenmodes frequencies are denoted by
subscripts. The outer product ® is defined as
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The quantities g% in Eq. (1) are the coupling strengths between
the mth photonic mode and the ath QD, and they are defined
as follows:
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where wy is an average exciton transition frequency, d is
the dipole moment of the QD, € is the dielectric constant
of the semiconductor, and the mth mode is evaluated at r,,
the position of the oth QD. To obtain Eq. (3), we have used
explicitly the point dipole assumption in the QD wave function,
i.e., V,(r) = Cé(r —ry), with C a normalization constant.
From Eq. (1) we define the following tensor:
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where G(ra,rﬁ,a)) is the Green’s tensor evaluated at the QD
positions r,, and rg. The components Go%, G, G, and G%%
are interpreted as the effective radiative coupling strengths
between the QD o and QD B at the excitonic transition
frequency w. The complex frequency poles of the system are
found by imposing the singular condition of the associated
matrix of Eq. (1), which is mathematically equivalent to
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diagonalizing the matrix [24]:
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where possible deviations from the perfectly symmetrical
QDs can be introduced in the model through different
transition frequencies in the x and y directions, respectively.
In this way, the real parts of the eigenvalues of A represent
the polariton frequencies of the coupled system, and the
imaginary parts determine their loss rates. The corresponding
eigenvectors define the Hopfield coefficients [48], i.e., A =
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be directly interpreted as the bare-exciton (or bare-photon)
fractions of the mixed polariton state.

For typical self-organized InGaAs QDs with exciton
transition energy in the ~1.3 eV range, the square dipole
moment can be estimated to be d*> ~ 0.51 eV nm?, using
the measured radiative decay rate of QDs with a radiative
lifetime of 1 ns [24]. We adopt such value throughout this
work. The last requirement of the model is the values of the
normalized photonic eigenmodes Q,, at the QD positions, and
their corresponding eigenfrequencies and losses, which are
computed using standard methods to solve PC structures. In
this work we employ the GME approach [30], which is the best
compromise between computational effort and reliable results
for strongly localized modes in high dielectric regions, as is
the case of PC dimers.

III. PHOTONIC CRYSTAL DIMERS

The PC dimers that we address in this work are formed by

(opohys oA ALY AL L Ay), whose square moduli can  two L3 cavities embedded in a PC slab with a hexagonal lattice
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FIG. 2. (Color online) Photonic dispersion of the bonding (solid lines) and antibonding (dashed lines) modes for the (a) 0°, (b) 30°, (c) 60°,
and (d) 90° cases, respectively. Electric field components E| associated with the (e) bonding and (f) antibonding states for the 30° PC dimer at

d. = 5/3a.
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of holes. The two cavities are nominally identical and have
an outward displacement of the two lateral holes s = 0.15a
along the cavity axis, where a is the PC lattice constant,
and their radii are decreased to 80% of the surrounding PC
holes radius, which improves significantly the quality factor
[49]. The L3 cavities are disposed in such a way that the line
connecting their centers makes an angle of 0°, 30°, 60°, or
90° with the horizontal axis [34], respectively. We chose the
same parameters as in Ref. [24] which are relevant in GaAs
structures, namely, lattice constant a = 260 nm, hole radius 65
nm, and slab thickness 120 nm, with real part of the refractive
index /€5 = 3.41. Here, the photonic modes for the 0°, 30°,
60°, and 90° PC dimers are computed using the GME method
[30]. We use a hexagonal supercell of superlattice parameter
24a, and up to 11 025 total plane waves tested for convergence
in the 30° and 60° cases; we use rectangular supercells of
dimensions 27a x 8+/3a and 14a x 19+/3a, and up to 11 881
and 14 641 total plane waves tested for convergence, in the
0° and 90° cases, respectively. Since we are interested in
the frequency region below the second-order mode of the
homogeneous slab, we consider only one guided mode in the
expansion but we have checked that adding a second-order
mode does not affect the results appreciably. Finally, the real
part of the frequencies is averaged in the first Brillouin zone of
the superlattice in order to smooth out finite supercell effects.
Figure 2 shows the results of the GME computations for
the first two PC dimer modes, associated with the split states
arising from the fundamental L3 cavity mode. The bonding
states are labeled with the subscript +, while the subscript —
is used for the antibonding states. Panels (a)—(d) correspond
to the 0°, 30°, 60°, and 90° PC dimers, respectively. For the
0° case we see a very small splitting between the normal
modes, which does not change appreciably with the intercavity
distance d,. (defined from center-to-center of the two PC slab
cavities). The behavior of the normal-mode frequencies is
quantitatively different for the other cases, in which a large
splitting at small intercavity distances can be noticed. Such
splitting decreases smoothly for the 30° dimer, and much
more rapidly for the 60° and 90° dimers, on increasing d..
Nevertheless, between d. = 4a and d. = 5a for the 60° case,
and between d. = 7a and d. = 8a for the 0° case, the splitting
increases, which is a rather counterintuitive behavior and
it typically occurs in PC molecules, as already evidenced
[32,34]. In addition, the bonding (+) and antibonding (—)
behavior of the modes changes as a function of distance,
which is another interesting phenomenon already seen in
experimental measurements on such systems [32]. As it is
expected, the resonance frequencies of these PC dimers tend
to the values of the isolated L3 cavity for large distances. In
Figs. 2(e) and 2(f) we show the E, patterns for the bonding
and antibonding states, respectively, for the case of 30° at
the intercavity distance d. = 5+/3a. The symmetry point of
these PC molecules is located at the center of the structure.
The bonding (antibonding) mode has an even (odd) symmetry
with respect to this point, as it can be seen in the figure. Since
the 30° and 60° cases represent the most interesting physical
behaviors, we will focus on these throughout the following.
The imaginary parts of photonic eigenfrequencies are
calculated with the photonic Fermi’s golden rule using time-
dependent perturbation theory [50], and averaging in the
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FIG. 3. (Color online) Quality factors, Q (left axis), and loss
rates, ¥, (right axis), for the (a) 30° and (b) 60° cases as a function
of the intercavity distance, d..

first Brillouin zone of the superlattice, in the same way as
it was done for the real parts; the corresponding quality
factor is computed with these averaged quantities through
0 = Re{w}/2Im{w}. Figures 3(a) and 3(b) show the quality
factors and loss rates, y,, = 2Im{w,,}, of the split modes for
the 30° and 60° PC dimers, respectively. The loss rates are
relatively high for large splitting [see Figs. 2(b) and 2(c)] and
decrease quickly when d, increases, tending to the values of the
isolated L3 cavity; this trend can also be verified in the quality
factor, taking into account the inverse dependence with Im{w}.
Here, both quality factors and loss rates tend to the values of
the isolated L3 cavity for large distances, as is expected. The
calculations shown in Figs. 2 and 3 agree with previous work
on similar systems [34].

IV. QUANTUM DOTS COUPLED TO PHOTONIC
CRYSTAL DIMERS

After characterizing the photonic structures, we have all
the parameters required to study the coupled QD-PC dimer
system. In this section we study the coupling of two QDs
coupled to the PC dimers studied in Sec. III, using the
formalism presented in Sec. II.

A. Polariton states

We consider each QD positioned at the center of each L3
cavity, which simplifies considerably the problem since the
QDs only couple with the y component of the electric field.
This is due to the fact that the x field component is negligible
for small intercavity distances d, at the center of each L3
cavity, and eventually tends to zero for large d, values (the E,
is exactly zero at the center of the isolated L3 cavity). We also
consider that the loss rates through the PC dimer modes are
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FIG. 4. (Color online) (a) Real part of the eigenfrequencies of the PC-QD system for the 30° PC dimer at d, = 5+/3a, for zero dot-dot
detuning. (b) The square modulus of the Hopfield coefficients associated with (a). (¢) and (d) correspond to the same case as in (a) and
(b), respectively, but with a finite dot-dot detuning of A = 300 peV. In panels (b) and (d), )Li_ and Ai are associated with the QDs 1 and 2,
respectively, and A; and X, are associated with the PC modes with frequencies w, and w;, respéctively.

significantly larger than the QD loss rates y“ through other
channels; therefore, we set y* = 0. With these conditions the
A matrix of Eq. (5) takes the following simplified form:

1 1 1
@ 0 81,y 82y
2 2 2
0 @ 81,y 82,y
A.V = 1% 2% 4 0 ’ (6)
81y 81y @171ly%
1 2 _r
82y 82y 0 w2 =15
where o' = 0!, ©? = ®?, w; = min( ) d =
=w,, = . 1= wi,w_), an wy =

max(wy,o_). In Fig. 4(a) we show the real part of the
eigenfrequencies from diagonalization of the matrix in
Eq. (6), for the same dimer configuration shown in Figs. 2(e)
and 2(f), as a function of the frequencies of the two QDs at zero
dot-dot detuning. We see that vacuum Rabi splitting occurs
in the frequency regions associated with the coupled mode
resonances (the vertical dashed lines), which is the signature
of the strong coupling between the excitonic QD states and
the PC modes. Due to the opposite symmetry of the two
photonic modes, i.e., symmetric (bonding) and antisymmetric
(antibonding), the relevant QD states in the coupling are
the excitonic states with the symmetry of the PC mode. In
this way, the first anticrossing, which is associated with the
bonding PC mode, corresponds to an excitonic symmetric
state and the antisymmetric remains dark, while the second

anticrossing, which is associated with the antibonding PC
mode, corresponds to an excitonic antisymmetric state with
the symmetric one remaining dark. When the first PC mode
is antibonding, as in the case of some configurations of the
0°, 60°, and 90° PC dimers, the first anticrossing corresponds
to an antisymmetric excitonic state, and the second one to
a symmetric excitonic state, as verified in our calculations.
The Hopfield coefficients are shown in Fig. 4(b), and we
can see an interesting collective behavior suggesting that
a strong radiative coupling between the QDs is present at
each frequency of the PC dimer modes. In the region of the
first strong coupling the polaritons 1 and 3 have comparably
significant values of the coefficients A}, QD 1), )»5 (QD 2),
and A; (mode 1), and we see the same behavior for polaritons
2 and 4 in the region of the second strong coupling, but now
with the mode coefficient X, (mode 2), which corresponds to
the antisymmetric mode. Usually, it is very likely that two
QDs are detuned due to their inhomogeneous distribution of
sizes. Therefore, we show in Figs. 4(c) and 4(d) the same
analysis made in panels (a) and (b) but now introducing a finite
and sizable detuning between the two QDs, A = w! — 0 =
300 pneV. We see that under such conditions, symmetric and
antisymmetric excitonic states are possible and the dark mode
is not present. All the Hopfield coefficients associated with
the coupling of the QDs with each PC dimer mode are
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FIG. 5. (Color online) (a) Absolute value of the Green’s tensor component Gi_%_(w) for the 30° dimer as a function of the exciton transition
frequency as a function of interdot distance. Each curve is displaced vertically by 1.7 meV from the previous curve; the vertical scale is valid
for the smallest interdot distance. (b) Absolute value of the component Gl,%(a)) evaluated at w = wy, ® = w,, and ® = W,y = (W] + wy)/2 as a
function of the interdot distance. (c) and (d), same as (a) and (b), respectively, but for the 60° dimer. The insets of panels (a) and (c) evidence

the two split peaks in |G ().

nonnegligible, and consequently radiative coupling between
the QDs remains present.

B. Long-distance radiative coupling between the quantum dots

We now try to give an answer to the question of how the
radiative coupling depends on the intercavity distance in a PC
dimer. The radiative coupling between the QDs is quantified
by the tensor components of Eq. (4), which are proportional
to the Green’s function evaluated at the QDs positions. Since
the QDs are positioned in the center of each cavity, where the
E\, component is dominant, the dot-dot coupling is dominated
only by the G ;,2 component of the Green’s tensor, which can

).

be written for the two PC dimer modes as [see Eq. (4)]
)

27 wd?
h

12
ny

(@) = <E1,y(r1)Ei‘,y(r2) N E \(r1)E3 ,(12)

) )

We plot this effective coupling strength in Fig. 5(a)
for the 30° PC dimer as a function of frequency, for all
interdot distances studied in the present work. As is expected,
when the QDs are in resonance with one of the PC dimer
eigenfrequencies, the radiative coupling between the QDs is
enhanced and it can remarkably reach values on the order of
1 meV or larger. However, the dot-dot coupling strength at
these frequencies is surprisingly minimal at small intercavity
distance, which are the cases where the coupling between the

w] (%)

cavity modes is largest. As a counterintuitive consequence,
the coupling strength between the QDs increases with the
interdot distance after the smallest values of d., and remains
relatively constant (small oscillations) at larger values of d..
This can be easily verified in the Fig. 5(b), which shows
the function |G1,%(w)| at the values w = w1, w = wy, and
w = wyy = (w1 + w2)/2, respectively. The function |G1V§,(a))|
evaluated at w,, shows that even when the QDs are out of
resonance from the dimer PC modes, the radiative dot-dot
coupling is significant and increases with the interdot distance.
For completeness, we show the respective calculations for the
60° dimer in Figs. 5(c) and 5(d). The behavior of |G} (®)| is
very similar to the 30° case, with the difference that the dot-dot
coupling increases most rapidly with the interdot distance
at small values of d., and due to the small splitting in the
case of d. = 4a we see a pronounced peak in |G} (w)| at the
mean frequency w,y = (w1 + w;)/2. It is important to recall
that these results are valid as long as the PC dimer mode
splitting exceeds the photonic radiative linewidth, i.e., where
the mode splitting can be spectrally resolved (strong cavity-
cavity coupling condition). Qualitatively similar results have
been obtained for PC dimers in the 0° and 90° configurations,
respectively (not shown here).

These counterintuitive behaviors can be interpreted by
analyzing the expression for the coupling constant G;?,(w)
in Eq. (7). Since the fields are strongly localized in both cavity
regions for all intercavity distances in the strong cavity-cavity
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coupling regime, the functions E\(r,) depend very weakly on
the d. parameter; furthermore, the functions E ,(r)E j‘ y(rz)
and Ez,y(rl)E;y(rz) are real due to the point symmetry of
the structure with respect to the origin of coordinates, and
have approximately the same value with opposite signs due
to the opposite symmetries of the two modes [see Figs. 2(e)
and 2(f)]. In this way, we can approximate the |G§§.(a))|
function as

2rd?|g" Ay —iB0
h w(wl—i%—w)(wz—i%—w) ’
3

where |g'%| = |E1,(r)E} (r2)| & | Ey,,(r)E} (r2)], and
A, = wy — w;. Neglecting the y terms when they do not
contribute significantly to the sums, as well as their second-
order terms, we obtain the following trends for the effective
coupling constant:

|Gy (@)| ~

|G (@n)] o 01, ©9)
|G} (@2)] o 0o, (10)
Way

|G} (@) o

A, Y
which qualitatively explain the results shown in Figs. 3
and 5. Eventually, at very large intercavity distance, where
the mode splitting tends to zero and is much smaller than
the mode radiative linewidth, the coupling constant g!? tends
to zero and consequently the dot-dot radiative coupling
vanishes.

C. Nonideal quantum dot positioning

Coupling of the QDs with the PC dimer modes is maximized
when the two QDs are exactly positioned at the centers of the
two L3 cavities. The semiclassical formalism summarized in
Sec. II allows us to study the effect of a nonideal positioning
of the QDs through a statistical analysis. To accomplish this,
the position of one QD is generated by a two-dimensional
Gaussian probability distribution with variance o, and the
corresponding position of the other QD is automatically
determined since the dot-dot distance is maintained fixed. This
model simulates in a realistic way possible misalignments in
the writing stage of the photonic pattern with respect to the
QDs, which can be deterministically positioned with a high
degree of accuracy [12,13]. Figure 6 shows the results of
this analysis, where the absolute value of the Green’s tensor
component G;,f,(a)) is studied as a function of the interdot
distance for the 30° dimer. Panels (a) and (b) correspond to
the cases |G }3(w))| and |G|} (w,)], respectively. The curves
were averaged over 1000 realizations for each value of o,
and the standard error is explicitly shown in the figure with the
corresponding error bars [51]. We see that the dot-dot coupling
strength remains of the order of 1 meV for a statistical variance
of 0 =26 nm, which is comparable to the precision that
can be achieved with modern sample-fabrication techniques
[15]. Furthermore, the coupling strength is sizable even for
larger values of o, as can be seen from the figure. As an
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FIG. 6. (Color online) (a) Absolute value of the effective interdot
coupling strength at w = w;, in the 30° dimer, as a function of
the cavity-cavity distance, for QD positions generated randomly
with a Gaussian probability distribution of variance o. (b) The
same as (a) with w = w,. The standard error is shown with vertical
error bars.

example, the coupling constant is of the order of 0.7 meV
for 0 =52 nm. We point out that in the present analysis
the QDs are not necessarily positioned at the cavity centers,
since their positions are generated randomly with a Gaussian
distribution, and consequently the QDs will also couple to
the E, component of the field. As a consequence, the other
components of the Green’s tensor might be nonnegligible.
Nevertheless, |G}V§| is much larger and dominates for the
values of o considered here. As a final remark, we notice that
the results for the 0°, 60°, and 90° PC dimers are equivalent
to the 30° case, and coupling strengths of the same order of
magnitude can be obtained.

V. CONCLUSION

‘We have studied the radiative coupling between two distant
quantum dots embedded in the two cavities of photonic
crystal molecules in planar waveguide geometry, or photonic
crystal dimers, by using a semiclassical formalism based on
the Green’s tensor. The photonic eigenmodes are found by
guided-mode expansion, which allows us to estimate real and
imaginary parts (losses) of the photonic eigenmodes, as well
as the spatial mode profiles. Specifically, we have considered
two L3 cavities made of three missing holes in a hexagonal
lattice, in which field antinodes occur at each cavity center
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where the quantum dots can be placed. Parameters have been
chosen to describe current systems typically fabricated with
III-V semiconductors, such as InGaAs quantum dots in GaAs
thin membranes.

Irrespective of the coupling angle between the two cavities
(0°, 30°, 60°, 90°, respectively), we have shown that the
effective interdot coupling is enhanced when the QDs are in
resonance with either of the two normal modes of the PC
dimer. Under such resonance conditions, and in the strong
cavity-cavity coupling regime, the interdot coupling strength
is actually proportional to the quality factors of the normal
modes (bonding or antibonding), and it can be of the order
of 1 meV for the cases considered here, which is at least
an order of magnitude larger than typical values achieved in
one-dimensional systems [24]. Since these quality factors can
also increase as a function of the intercavity distance, tending
to the limiting value set by the isolated cavity mode (in the
10° range for the present case), then the radiative coupling
can also increase with distance. Moreover, since the quality
factors remain approximately constant at large distances,
the radiative coupling can also remain constant at interdot
separation that is significantly larger than their characteristic
emission wavelength. In addition, we have also shown that
when the QDs are out of resonance from the PC dimer
modes, the interdot radiative coupling is still significant and
inversely proportional to the normal-mode splitting between
bonding/antibonding photonic states. Eventually, the mutual
QD coupling goes to zero when such normal-mode splitting is
blurred by their linewidth. Finally, with a statistical analysis
of the nonideal positioning of the QDs within their respective
cavities, we could quantitatively conclude that with Gaussian

PHYSICAL REVIEW B 90, 155436 (2014)

variances comparable to the precision of modern sample
fabrication techniques, the coupling strength is not strongly
affected and remains of the order of 1 meV.

‘We notice that part of the conclusions drawn in the present
work can be extended to any type of photonic dimer, in
principle. In fact, while the mentioned 1 meV coupling strength
is quantitatively valid for the specific systems considered here,
it is still the general conclusion that the radiative coupling
between quantum dots in photonic dimers remains constant
even at significantly large interdot distances when two identical
cavities are in the strong cavity-cavity coupling regime. This is
the main result of this work, which can be particularly relevant
in view of possibly realizing PC dimers with normal-mode
splitting resolved even at very large distances [41]. The
latter could definitely solve the issue of entangling distant
qubits for applications in quantum information processing
in an integrated photonic platform [2], where independent
optical manipulation of the two quantum emitters could be
straightforward if their mutual distance significantly exceeds
the resonant wavelength.

ACKNOWLEDGMENTS

We acknowledge financial support from FAPEMIG,
CAPES, and CNPq, Brazil. This work was partially financed
by PVE/CSF Project No. 407167/2013-7. The authors would
like to thank L. C. Andreani, A. Badolato, M. Gurioli, M. F.
Santos, and V. Savona for useful discussions. J.P.V. would like
to acknowledge the Photonics and Nanostructures group for
the wonderful reception during his stay in Pavia.

[1] J. L. O’Brien, A. Furusawa, and J. Vuckovi¢, Nat. Photonics 3,
687 (2009).

[2] A.Imamoglu, D. D. Awschalom, G. Burkard, D. P. DiVincenzo,
D. Loss, M. Sherwin, and A. Small, Phys. Rev. Lett. 83, 4204
(1999).

[3] For a recent review, see R. Warburton, Nat. Mater. 12, 483
(2013).

[4] G. Parascandolo and V. Savona, Phys. Rev. B 71, 045335
(2005).

[5] G. Tarel, G. Parascandolo, and V. Savona, Phys. Status Solidi B
245, 1085 (2008).

[6] S. Hughes, Phys. Rev. Lett. 98, 083603 (2007).

[7] Y. Akahane, T. Asano, B. S. Song, and S. Noda, Nature (London)
425, 944 (2003).

[8] M. Notomi, A. Shinya, A. Mitsugi, S. Kuramochi, and H. Y.
Ryu, Opt. Express 12, 1551 (2004).

[9] For a review, see M. Notomi, Rep. Prog. Phys. 73, 096501
(2010).

[10] L. C. Andreani, G. Panzarini, and J.-M. Gérard, Phys. Rev. B
60, 13276 (1999).

[11] T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M. Gibbs,
G. Rupper, C. Ell, O. B. Shchekin, and D. G. Deppe, Nature
(London) 432, 200 (2004).

[12] A. Badolato, K. Hennessy, M. Atatiire, J. Dreiser, E. Hu, P. M.
Petroff, and A. Imamoglu, Science 308, 1158 (2005).

[13] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatiire,
S. Gulde, S. Falt, E. Hu, and A. Imamoglu, Nature (London)
445, 896 (2007).

[14] A. Faraon, I. Fushman, D. Englund, N. Stoltz, P. Petroff, and
J. Vuckovié, Nat. Physics 4, 859 (2008).

[15] A. Reinhard, T. Volz, M. Winger, A. Badolato, K. J. Hennessy,
E. L. Hu, and A. Imamoglu, Nat. Photonics 6, 93 (2012).

[16] K. Hennessy, A. Badolato, A. Tamboli, P. M. Petroff, E. Hu,
M. Atatiire, J. Dreiser, and A. Imamoglu, Appl. Phys. Lett. 87,
021108 (2005).

[17] D. Gerace and L. C. Andreani, Photon. Nanostruct. Fundam.
Appl. 3, 120 (2005).

[18] S.L.Portalupi, M. Galli, M. Belotti, L. C. Andreani, T. F. Krauss,
and L. O’Faolain, Phys. Rev. B 84, 045423 (2011).

[19] N.-V.-Q. Tran, S. Combrié, and A. De Rossi, Phys. Rev. B 79,
041101R (2009).

[20] S.L. Portalupi, M. Galli, C. Reardon, T. F. Krauss, L. O’Faolain,
L. C. Andreani, and D. Gerace, Opt. Express 18, 16064 (2010).

[21] M. Minkov and V. Savona, Sci. Rep. 4, 5124 (2014).

[22] Y. Lai, S. Pirotta, G. Urbinati, D. Gerace, M. Minkov, V. Savona,
A. Badolato, and M. Galli, Appl. Phys. Lett. 104, 241101
(2014).

[23] P. Yao and S. Hughes, Opt. Express 17, 11505 (2009).

[24] M. Minkov and V. Savona, Phys. Rev. B 87, 125306 (2013).

[25] M. Minkov and V. Savona, Phys. Rev. B 88, 081303(R) (2013).

155436-8


http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1038/nmat3585
http://dx.doi.org/10.1038/nmat3585
http://dx.doi.org/10.1038/nmat3585
http://dx.doi.org/10.1038/nmat3585
http://dx.doi.org/10.1103/PhysRevB.71.045335
http://dx.doi.org/10.1103/PhysRevB.71.045335
http://dx.doi.org/10.1103/PhysRevB.71.045335
http://dx.doi.org/10.1103/PhysRevB.71.045335
http://dx.doi.org/10.1002/pssb.200777623
http://dx.doi.org/10.1002/pssb.200777623
http://dx.doi.org/10.1002/pssb.200777623
http://dx.doi.org/10.1002/pssb.200777623
http://dx.doi.org/10.1103/PhysRevLett.98.083603
http://dx.doi.org/10.1103/PhysRevLett.98.083603
http://dx.doi.org/10.1103/PhysRevLett.98.083603
http://dx.doi.org/10.1103/PhysRevLett.98.083603
http://dx.doi.org/10.1038/nature02063
http://dx.doi.org/10.1038/nature02063
http://dx.doi.org/10.1038/nature02063
http://dx.doi.org/10.1038/nature02063
http://dx.doi.org/10.1364/OPEX.12.001551
http://dx.doi.org/10.1364/OPEX.12.001551
http://dx.doi.org/10.1364/OPEX.12.001551
http://dx.doi.org/10.1364/OPEX.12.001551
http://dx.doi.org/10.1088/0034-4885/73/9/096501
http://dx.doi.org/10.1088/0034-4885/73/9/096501
http://dx.doi.org/10.1088/0034-4885/73/9/096501
http://dx.doi.org/10.1088/0034-4885/73/9/096501
http://dx.doi.org/10.1103/PhysRevB.60.13276
http://dx.doi.org/10.1103/PhysRevB.60.13276
http://dx.doi.org/10.1103/PhysRevB.60.13276
http://dx.doi.org/10.1103/PhysRevB.60.13276
http://dx.doi.org/10.1038/nature03119
http://dx.doi.org/10.1038/nature03119
http://dx.doi.org/10.1038/nature03119
http://dx.doi.org/10.1038/nature03119
http://dx.doi.org/10.1126/science.1109815
http://dx.doi.org/10.1126/science.1109815
http://dx.doi.org/10.1126/science.1109815
http://dx.doi.org/10.1126/science.1109815
http://dx.doi.org/10.1038/nature05586
http://dx.doi.org/10.1038/nature05586
http://dx.doi.org/10.1038/nature05586
http://dx.doi.org/10.1038/nature05586
http://dx.doi.org/10.1038/nphys1078
http://dx.doi.org/10.1038/nphys1078
http://dx.doi.org/10.1038/nphys1078
http://dx.doi.org/10.1038/nphys1078
http://dx.doi.org/10.1038/nphoton.2011.321
http://dx.doi.org/10.1038/nphoton.2011.321
http://dx.doi.org/10.1038/nphoton.2011.321
http://dx.doi.org/10.1038/nphoton.2011.321
http://dx.doi.org/10.1063/1.1992656
http://dx.doi.org/10.1063/1.1992656
http://dx.doi.org/10.1063/1.1992656
http://dx.doi.org/10.1063/1.1992656
http://dx.doi.org/10.1016/j.photonics.2005.09.012
http://dx.doi.org/10.1016/j.photonics.2005.09.012
http://dx.doi.org/10.1016/j.photonics.2005.09.012
http://dx.doi.org/10.1016/j.photonics.2005.09.012
http://dx.doi.org/10.1103/PhysRevB.84.045423
http://dx.doi.org/10.1103/PhysRevB.84.045423
http://dx.doi.org/10.1103/PhysRevB.84.045423
http://dx.doi.org/10.1103/PhysRevB.84.045423
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1103/PhysRevB.79.041101
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1364/OE.18.016064
http://dx.doi.org/10.1038/srep05124
http://dx.doi.org/10.1038/srep05124
http://dx.doi.org/10.1038/srep05124
http://dx.doi.org/10.1038/srep05124
http://dx.doi.org/10.1063/1.4882860
http://dx.doi.org/10.1063/1.4882860
http://dx.doi.org/10.1063/1.4882860
http://dx.doi.org/10.1063/1.4882860
http://dx.doi.org/10.1364/OE.17.011505
http://dx.doi.org/10.1364/OE.17.011505
http://dx.doi.org/10.1364/OE.17.011505
http://dx.doi.org/10.1364/OE.17.011505
http://dx.doi.org/10.1103/PhysRevB.87.125306
http://dx.doi.org/10.1103/PhysRevB.87.125306
http://dx.doi.org/10.1103/PhysRevB.87.125306
http://dx.doi.org/10.1103/PhysRevB.87.125306
http://dx.doi.org/10.1103/PhysRevB.88.081303
http://dx.doi.org/10.1103/PhysRevB.88.081303
http://dx.doi.org/10.1103/PhysRevB.88.081303
http://dx.doi.org/10.1103/PhysRevB.88.081303

LONG-DISTANCE RADIATIVE COUPLING BETWEEN ...

[26] A. Imamoglu, S. Falt, J. Dreiser, G. Fernandez, M. Atatlire,
K. Hennessy, A. Badolato, and D. Gerace, J. Appl. Phys. 101,
081602 (2007).

[27] E. Gallardo, L. J. Martinez, A. K. Nowak, D. Sarkar, H. P. van
der Meulen, J. M. Calleja, C. Tejedor, 1. Prieto, D. Granados,
A. G. Taboada, J. M. Garcia, and P. A. Postigo, Phys. Rev. B 81,
193301 (2010).

[28] M. Benyoucef, S. Kiravittaya, Y. F. Mei, A. Rastelli, and O. G.
Schmidt, Phys. Rev. B 77, 035108 (2008).

[29] S. Ishii, K. Nozaki, and T. Baba, Jpn. J. Appl. Phys. 45, 6108
(2006).

[30] L. C. Andreani and D. Gerace, Phys. Rev. B 73, 235114 (2006).

[31] C. S. Kee, H. Lim, and J. Lee, Phys. Rev. B 67, 073103 (2003).

[32] N. Caselli, F. Intonti, F. Riboli, A. Vinattieri, D. Gerace, L. Balet,
L. H. Li, M. Francardi, A. Gerardino, A. Fiore, and M. Gurioli,
Phys. Rev. B 86, 035133 (2012).

[33] K. A. Atlasov, K. F. Karlsson, A. Rudra, B. Dwir, and E. Kapon,
Opt. Express 16, 16255 (2008).

[34] A. R. A. Chalcraft, S. Lam, B. D. Jones, D. Szymanski,
R. Oulton, A. C. T. Thijssen, M. S. Skolnick, D. M. Whittaker,
T. F. Krauss, and A. M. Fox, Opt. Express 19, 5670 (2011).

[35] H. H. J. E. Kicken, P. F. A. Alkemade, R. W. van der Heijden,
F. Karouta, R. Notzel, E. van der Drift, and H. W. M. Salemink,
Opt. Express 17, 22005 (2009).

[36] N. Caselli, F. Intonti, C. Bianchi, F. Riboli, S. Vignolini, L. Balet,
L. H. Li, M. Francardi, A. Gerardino, A. Fiore, and M. Gurioli,
Appl. Phys. Lett. 101, 211108 (2012).

[37] F. Intonti, N. Caselli, S. Vignolini, F. Riboli, S. Kumar,
A. Rastelli, O. G. Schmidt, M. Francardi, A. Gerardino, L. Balet,

PHYSICAL REVIEW B 90, 155436 (2014)

L. H. Li, A. Fiore, and M. Gurioli, Appl. Phys. Lett. 100, 033116
(2012).

[38] T. Cai, R. Bose, G. S. Solomon, and E. Waks, Appl. Phys. Lett.
102, 141118 (2013).

[39] N. Caselli, F. Intonti, F. Riboli, and M. Gurioli, Opt. Express 22,
4953 (2014).

[40] S. Haddadi, P. Hamel, G. Beaudoin, I. Sagnes, C. Sauvan,
P. Lalanne, J. A. Levenson, and A. M. Yacomotti, Opt. Express
22, 12359 (2014).

[41] Y. Sato, Y. Tanaka, J. Upham, Y. Takahashi, T. Asano, and
S. Noda, Nat. Photonics 6, 56 (2012).

[42] D. Gerace, H. E. Tiureci, A. Imamoglu, V. Giovannetti, and
R. Fazio, Nat. Physics 5, 281 (2009).

[43] S. Ferretti, L. C. Andreani, H. E. Tiireci, and D. Gerace, Phys.
Rev. A 82, 013841 (2010).

[44] T. C. H. Liew and V. Savona, Phys. Rev. Lett. 104, 183601
(2010).

[45] M. Bamba, A. Imamoglu, I. Carusotto, and C. Ciuti, Phys. Rev.
A 83, 021802(R) (2011).

[46] A. Majumdar, A. Rundquist, M. Bajcsy, and J. Vuckovi¢, Phys.
Rev. B 86, 045315 (2012).

[47] C. Aron, M. Kulkarni, and H. E. Tireci, arXiv:1403.6474.

[48] J.J. Hopfield, Phys. Rev. 112, 1555 (1958).

[49] L. C. Andreani, D. Gerace, and M. Agio, Photon. Nanostruct.
Fundam. Appl. 2, 103 (2004).

[50] T. Ochiai and K. Sakoda, Phys. Rev. B 64, 045108
(2001).

[51] The standard error is defined as the corrected standard deviation
over the square root of the number of realizations.

155436-9


http://dx.doi.org/10.1063/1.2722724
http://dx.doi.org/10.1063/1.2722724
http://dx.doi.org/10.1063/1.2722724
http://dx.doi.org/10.1063/1.2722724
http://dx.doi.org/10.1103/PhysRevB.81.193301
http://dx.doi.org/10.1103/PhysRevB.81.193301
http://dx.doi.org/10.1103/PhysRevB.81.193301
http://dx.doi.org/10.1103/PhysRevB.81.193301
http://dx.doi.org/10.1103/PhysRevB.77.035108
http://dx.doi.org/10.1103/PhysRevB.77.035108
http://dx.doi.org/10.1103/PhysRevB.77.035108
http://dx.doi.org/10.1103/PhysRevB.77.035108
http://dx.doi.org/10.1143/JJAP.45.6108
http://dx.doi.org/10.1143/JJAP.45.6108
http://dx.doi.org/10.1143/JJAP.45.6108
http://dx.doi.org/10.1143/JJAP.45.6108
http://dx.doi.org/10.1103/PhysRevB.73.235114
http://dx.doi.org/10.1103/PhysRevB.73.235114
http://dx.doi.org/10.1103/PhysRevB.73.235114
http://dx.doi.org/10.1103/PhysRevB.73.235114
http://dx.doi.org/10.1103/PhysRevB.67.073103
http://dx.doi.org/10.1103/PhysRevB.67.073103
http://dx.doi.org/10.1103/PhysRevB.67.073103
http://dx.doi.org/10.1103/PhysRevB.67.073103
http://dx.doi.org/10.1103/PhysRevB.86.035133
http://dx.doi.org/10.1103/PhysRevB.86.035133
http://dx.doi.org/10.1103/PhysRevB.86.035133
http://dx.doi.org/10.1103/PhysRevB.86.035133
http://dx.doi.org/10.1364/OE.16.016255
http://dx.doi.org/10.1364/OE.16.016255
http://dx.doi.org/10.1364/OE.16.016255
http://dx.doi.org/10.1364/OE.16.016255
http://dx.doi.org/10.1364/OE.19.005670
http://dx.doi.org/10.1364/OE.19.005670
http://dx.doi.org/10.1364/OE.19.005670
http://dx.doi.org/10.1364/OE.19.005670
http://dx.doi.org/10.1364/OE.17.022005
http://dx.doi.org/10.1364/OE.17.022005
http://dx.doi.org/10.1364/OE.17.022005
http://dx.doi.org/10.1364/OE.17.022005
http://dx.doi.org/10.1063/1.4767216
http://dx.doi.org/10.1063/1.4767216
http://dx.doi.org/10.1063/1.4767216
http://dx.doi.org/10.1063/1.4767216
http://dx.doi.org/10.1063/1.3678036
http://dx.doi.org/10.1063/1.3678036
http://dx.doi.org/10.1063/1.3678036
http://dx.doi.org/10.1063/1.3678036
http://dx.doi.org/10.1063/1.4802238
http://dx.doi.org/10.1063/1.4802238
http://dx.doi.org/10.1063/1.4802238
http://dx.doi.org/10.1063/1.4802238
http://dx.doi.org/10.1364/OE.22.004953
http://dx.doi.org/10.1364/OE.22.004953
http://dx.doi.org/10.1364/OE.22.004953
http://dx.doi.org/10.1364/OE.22.004953
http://dx.doi.org/10.1364/OE.22.012359
http://dx.doi.org/10.1364/OE.22.012359
http://dx.doi.org/10.1364/OE.22.012359
http://dx.doi.org/10.1364/OE.22.012359
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphoton.2011.286
http://dx.doi.org/10.1038/nphys1223
http://dx.doi.org/10.1038/nphys1223
http://dx.doi.org/10.1038/nphys1223
http://dx.doi.org/10.1038/nphys1223
http://dx.doi.org/10.1103/PhysRevA.82.013841
http://dx.doi.org/10.1103/PhysRevA.82.013841
http://dx.doi.org/10.1103/PhysRevA.82.013841
http://dx.doi.org/10.1103/PhysRevA.82.013841
http://dx.doi.org/10.1103/PhysRevLett.104.183601
http://dx.doi.org/10.1103/PhysRevLett.104.183601
http://dx.doi.org/10.1103/PhysRevLett.104.183601
http://dx.doi.org/10.1103/PhysRevLett.104.183601
http://dx.doi.org/10.1103/PhysRevA.83.021802
http://dx.doi.org/10.1103/PhysRevA.83.021802
http://dx.doi.org/10.1103/PhysRevA.83.021802
http://dx.doi.org/10.1103/PhysRevA.83.021802
http://dx.doi.org/10.1103/PhysRevB.86.045315
http://dx.doi.org/10.1103/PhysRevB.86.045315
http://dx.doi.org/10.1103/PhysRevB.86.045315
http://dx.doi.org/10.1103/PhysRevB.86.045315
http://arxiv.org/abs/arXiv:1403.6474
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1103/PhysRev.112.1555
http://dx.doi.org/10.1016/j.photonics.2004.07.003
http://dx.doi.org/10.1016/j.photonics.2004.07.003
http://dx.doi.org/10.1016/j.photonics.2004.07.003
http://dx.doi.org/10.1016/j.photonics.2004.07.003
http://dx.doi.org/10.1103/PhysRevB.64.045108
http://dx.doi.org/10.1103/PhysRevB.64.045108
http://dx.doi.org/10.1103/PhysRevB.64.045108
http://dx.doi.org/10.1103/PhysRevB.64.045108



