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A. González-Tudela,1 C.-L. Hung,2, 3 D. E. Chang,4 J. I. Cirac,1 and H. J. Kimble1, 2, 3

1Max-Planck-Institut für Quantenoptik Hans-Kopfermann-Str. 1. 85748 Garching, Germany
2Norman Bridge Laboratory of Physics 12-33

3Institute for Quantum Information and Matter,
California Institute of Technology, Pasadena, CA 91125, USA

4ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain
(Dated: March 17, 2015)

We provide additional material in support of the results in our main manuscript Ref.1.

I. PLANAR SLAB WAVEGUIDE.

To gain insight for the design of optical lattices with dielectric structures we consider the simplest structure that
supports the existence of ‘Guided Modes’ (GMs) for both polarizations of light: a dielectric slab of width W and
refractive index n(=

√
ε). For illustration we focus on the symmetric transverse electric (TE-like) GM, whose electric

profile inside and outside the dielectric is given by;

EGM,in(r) = Ein cos(kzz)e
ik‖xy ,

EGM,out(r) = Eoute
−βzeik‖xy , (1)

where β and kz are related by the following trascendental equations2:

β = kz tan(kzW/2) ,

k2
z + β2 = k2

0(n2 − 1) , (2)

where k0 = ω/c = 2π/λ0. The in-plane momentum, k‖, determines the effective wavelength of the GM and can be

obtained from the solution (β, kz) of the previous equations as k2
‖ = k2

0n
2−k2

z . Contrary to conventional optical lattices

k‖ depends not only on its wavelength (λ0) but also on the slab properties (n,W ). By sending counter-propagating
GMs in both x, y directions a standing-wave is generated as for conventional optical lattices with intensity periodicity
dslab = π/k‖. From Eqs. 1-2, it can be shown that the upper bound of k‖ yields to a minimum periodicity of:

dmin,slab = λ0

2n . This distance is a factor n smaller than the one that can be achieved by interfering lasers in free-space.
The electromagnetic profile of this standing wave has associated an optical potential with a periodicity in the x, y
plane, VGM(r + R) = VGM(r), where R is any vector of the Bravais lattice of the potential. However, in the z
direction the potential decays exponentially, e−2βz, due to the evanescent character of the GMs outside the dielectric.

To stabilize the trap in the vertical z direction normal to the slab, Side Illumination (SI) on both sides of the
structure can be used. By sending two lasers with the same frequency but whose amplitudes are related by a phase
factor eiφ, an interference pattern is generated, whose minima position can be controlled by chirping the phase φ
between them. It is convenient to work in the condition where the slab is transparent to incident light, i.e., when
λSI = 2nW . The far off-resonance trapping (FORT) potential associated to SI can be approximated by:

VSI(r) = VSI(z) ≈ −
Ω2

SI

δSI
sin2

[
kSI

(
z − zt(φ)

)]
, (3)

where ΩSI = ~µ · ESI/~ is the Rabi frequency, ~µ the atomic dipole moment, ESI the electric field associated to SI,
and δSI the detuning between the SI and atomic frequencies. The position of the trapping minimum, zt, is controlled
through the phase, φ, between up/down lasers.

The trapping minimum, zt, must be close to the surface to interact with VGM, therefore, Casimir-Polder (CP)
potentials must be taken into account3. In order to estimate their effect over the optically induced trap and under
which conditions we can neglect them, we consider the CP potential above a semi-infinite dielectric interface, given
by3:

VCP,plane(z) = − 1

16

n2 − 1

n2 + 1

Γa

(kaz)3
, (4)
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FIG. SM1: (a) General scheme of the system: dielectric slab of thickness W and refractive index n with periodic lattice of
holes of radius R and periodicity d. Panels (b-c): Proof of principle example for GaP slab with d = 125 nm, R = 0.4d and
W = 2d. We use an incoherent superposition of two orthogonal TM GM modes for horizontal trapping in the x, y plane with
λTM = 770 nm and ΩGM/2π = 50 GHz. For vertical trapping along z we use SI FORT with λSI = 760 nm and ΩSI/2π = 50
GHz. (b) [and (c)] Vertical [and horizontal] cut of the total potential (solid black) and its different contributions: CP (dashed
red), SI (dotted blue) and TM (dashed-dotted purple) at x = y = 0 [and x = 0, z = zt = 65 nm], respectively.

where ka and Γa are the atomic momemtum and vacuum decay rate. The stability condition for the trap in the
z-direction implies V ′′SI(zt) + V ′′CP,plane(zt) > 0, which can always be satisfied by tuning the intensity of the laser such
that

Ω2
SI >

3

2

δSIVCP,plane(zt)

(kSIzt)2
=

3

32

n2 − 1

n2 + 1

δSIΓa

(kazt)3(kSIzt)2
. (5)

Thus, combining VSI(z) + VGM(r), a predominantly FORT optical potential is generated along the z direction with
subwavelength lattice constant, dslab & λ0

2n in the x, y plane. We recognize that the estimate of intensity of Eq. 5
using Eq. 4 for the CP potential is only a first approximation to the problem, and a full numerical calculation of CP
potential has to be considered for more accurate estimations as we actually performed in the main manuscript1.

II. PHOTONIC CRYSTAL WAVEGUIDES (PCWS) FOR SUBWAVELENGTH TRAPPING.

Let us now consider the situation where there is a periodic modulation of the refractive index of the structure,
n(r), e.g., by assuming that the dielectric slab has a periodic square lattice of circular holes, with radius R and
periodicity d [see Fig. SM1(a)]– the so-called Photonic Crystals Waveguide (PCW) slab. The presence of the holes
decreases intensity requirements, as the CP potential above the holes is corrected with respect to Vplane,CP(z)4 in the
electrostatic regime by a factor, f(z,R):

Vhole,CP(r) = Vplane,CP(z)× f(z,R) = Vplane,CP(z)×
[1

2
+

1

π
arctan

(z2 −R2

2Rz

)
+

2zR(z2 −R2)

π(R2 + z2)2

]
, (6)

which is always smaller than 1 above the hole. PCW slabs also support GMs whose properties depend on geomet-
rical/material parameters. The wavelength of the GM is λGM = λ0/n

′, where n′ is the effective refractive index of
the medium that takes into account geometrical effects. Typically n′ . n, thus, the periodic lattice generated by two
counter-propagating GMs [see Fig. SM1(a)] show periodicities lower bounded approximately by: dmin,GM ≈ λ0

2n . SI is
used to stabilize the trap in the z-direction. At large enough distances zt, the periodic modulation of the CP and SI
potential in the x, y plane can be neglected.

In Fig. SM1, we show a proof of principle example for a GaP slab with d = 125 nm, R = 0.4d and W = 2d
which corresponds to the line (i) in Fig. 1(b) of the main manuscript. Curves for the various trapping potentials
are calculated numerically without simplifying assumptions as in Eq. (6). We use an incoherent superposition of two
orthogonal TM GM modes for a horizontal trap with λTM = 770 nm and ΩGM/2π = 50 GHz. For vertical trapping
we use SI FORT with λSI = 760 nm and ΩSI/2π = 50 GHz. Line cuts of the total trap potential Vtot (solid black)
are given in Fig. SM1(b,c), with the contributions from the TM FORT (dot-dashed purple), SI FORT (dotted blue)
and CP (dashed red) potentials shown. The trap depth Vd and frequencies ωt for the particular example in Fig. SM1
are {Vd,xy, Vd,z}/2π ≈ {2.1, 624} MHz and {ωt,xy, ωt,z}/2π ≈ {0.52, 18.7} MHz.
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A. Contrast loss of GM for deeply subwavelength scales.

The scheme of the two previous sections use GMs for x, y confinement and SI to trap in the vertical direc-
tion. In principle, it is possible to extend this method for deeper subwavelength scales, d � λ0/(2n); how-
ever, several complications arise in this limit. For example, as the lattice constant d decreases, the GM with
energies around the atomic transition are closer to the light line. Consequently, the contrast of the GM in-
tensity in the x, y plane for a given trap distance zt, that can be characterized through the function C(zt) =
(max{|EGM(x, y, zt)|2}−min{|EGM(x, y, zt)|2})/(max{|EGM(x, y, zt)|2}+min{|EGM(x, y, zt)|2}), also decreases. This
contrast loss results in the necessity of larger laser intensities to guarantee the trapping condition, 2ωt . Vd. The

FORT trap depth and frequency scale as Vd = C(z)|ΩGM|2/|δ| and ωt =
√
hVd/(2md2), respectively, where ΩGM is the

Rabi frequency associated to the GMs. Theoretically, the trapping condition can always be satisfied by compensating
the contrast loss with the Rabi frequency strength. Concretely, if we denote Ωconf to be the value that guarantees the
equality [2ωt = Vd], Ωconf is found to be

Ωconf '
√

2hc|∆λ−1|
md2C

, (7)

where ∆λ−1 = 1/λa − 1/λGM.
In Fig. SM2, we show an example of these scalings for a GaP slab with W = 2d, R = 0.4d, considering a fixed GM

wavelength of λGM = 760 nm. From the study of the horizontal confinement provided by the GMs, we see that: i) The
smaller the lattice parameter d, the smaller is the contrast of the GM modes, implying a considerable increase of the
intensities required to reach the trapping condition in the x, y plane (see Fig. SM2(a)); ii) For a fixed lattice constant
parameter d, it is possible to decrease the intensity requirements by choosing a smaller vertical trapping position,
zt, as shown in panels (a-b) of Fig. SM2. However, this strategy requires increasing SI intensities to compensate the
CP potential (which is not included in Eq. 7 nor in Fig. SM2). Summing up, obtaining deep subwavelength scales
using GM (and SI) for horizontal (vertical) trapping can be done at the expense of significant increases in the laser
intensities with the concomitant increase in the scattering and heating rates.
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FIG. SM2: (a) Ωconf for a GaP PCW with W = 2d and R = 0.4d, as defined in Eq. 7, as a function of lattice parameter d for
different vertical distances zt from the surface, as depicted in the legend. (b) Ωconf for a GaP PCW with W = 2d and R = 0.4d,
as defined in Eq. 7, as a function of vertical distance from the surface, zt, for different lattice parameters d as depicted in the
legend.

III. SCALINGS IN “VACUUM LATTICES”.

In the main manuscript we show how to engineer a new class of optical lattices taking advantage of the CP
modulation in the XY-direction. In these “vacuum lattices” the XY confinement is mainly provided by CP, whereas
the vertical confinement comes from SI. In Fig. SM3 (a-c) we show how the CP potential varies in the vertical direction
for different places of the unit cell and different post radii. Here, the unit cell is centered at the position of the vertical
axis of the dielectric post. x = y = 0. As expected the CP potential is larger in absolute value in the regions close to
the dielectric, y = 0, than along the border of the unit cell y = d/2. Moreover, the case with the biggest post radius,
R = 10 nm, also shows deeper potentials in the XY plane. The dependence of the CP for the XY confinement as
a function of the trapping distance zt is summarized in panel (d) of Fig. SM3. The advantage of the CP potential
compared to VGM is that it does not suffer from the contrast loss for smaller distances {d, zt} � λ0.
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FIG. SM3: Panel (a,b,c): Vertical cut of the CP potential VCP(0, y, z) for three different horizontal positions in the unit cell:
y = 0 (solid black), y = d/4 (dashed red) and y = d/2 (dotted blue) for a structure with d = 50 nm and R = 10 nm (a),
R = 7.5 nm (b) and R = 5 nm (c). Panel (d): Horizontal cut of the CP potential for a periodic lattice of GaP posts of
R = 10 nm and d = 50 nm for different vertical distances, zt, ranging from 45 to 30 nm.

IV. ATOM-ATOM INTERACTIONS Γij MEDIATED BY GUIDED MODES.

When atoms are trapped close to the PCW structures, they interact with the GMs in the structure. This interaction
can be described by the following hamiltonian5–7:

Hint =
∑
i

∑
k

(
gke

ik·riakσ
†
i + h.c.

)
, (8)

where we neglected the multi-band effects (as we work with ∆ac = ωa − ωc much smaller than the bandgap width)
and focused on a single polarization. The coupling constant can then be written as:

gk =

√
η
ω(k)

2ε0~L2
~µ · uk , (9)

where ~µ is the atomic dipole moment, L2 is the quantization area, ω(k) [uk] is the energy dispersion [spatial mode
dependence] of the field ak, and η a factor that takes into account polarization effects for the particular atomic level
structure addressed. The hamiltonian of Eq. 8 induces an effective interaction between the atoms. If the coupling
between atoms and dielectric modes can be treated under the Born-Markov approximation, it is then possible to
obtain a master equation that describes effectively the dynamics of the atoms by tracing out the photonic degrees of
freedom. The effective equation is then given by8:

dρ

dt
=
∑
i,j

Γij
(
σiρσ

†
j − σ

†
jσiρ

)
+ h.c , (10)

where Γij is the collective coupling defined as follows:

Γij = L2 lim
s→0

∫
BZ

d2k

(2π)2

|gk|2

s+ i(ωa − ω(k))
eik·rij , (11)

where L2 is the quantization area and the k-integration is over the entire Brillouin zone.
We can separate in Eq. 10 the contributions from the real and imaginary parts of Γij . Denoting: Γij = γij/2 + iJij ,

where both γij and Jij are real numbers, Eq. 10 can be rewritten as follows:

dρ

dt
=
∑
i,j

γij
2

(
2σiρσ

†
j − σ

†
jσiρ− ρσ

†
jσi
)

+ i
∑
ij

Jij [ρ, σ
†
jσi] , (12)

which is separated into the coherent (incoherent) contribution coming from Jij (γij), respectively.
For the structure considered in Figs. 3-4 in Ref.1, the main contributions of the integration over the Brillouin zone

in Eq. 11 are given by the regions within the four semi-circles depicted in Fig. SM4(a) for the four X points of the
Brillouin zone. Separating the different contributions, we arrive at:
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FIG. SM4: (a) Brillouin zone highlighting in blue the four most relevant regions contributing to Γij . (b) Inverse of effective
mode length, d/Lm(k), and (c) energy dispersion for the square hole lattice structure of Figs. 3-4 of Ref.1. (d) Parabolic
approximation of the band structure close to a band edge. (e) Simplified scheme in order to couple to a single polarization of
light. (f) Coherent coupling, Jij/Γa, for rij = d using the exact numerical integration and the analytical expression obtained
using an isotropic approximation and an “averaged” Afit ∼ 1.8 × 1012 µm2/s. The “averaged” value of A is chosen to fit the
numerical integration data (in solid black).

Γij =
[
Γij,x cos(kc,x · rij) + Γij,y cos(kc,y · rij)

]
, (13)

where Γij,x(y):

Γij,x(y) = L2 lim
s→0

∫
BZ

d2k

(2π)2

|gkc,x,y−k|2

s+ i(ωa − ω(kc,x(y) − k))
eik·rij . (14)

The atoms are placed at positions rij = (n,m)d, with n,m ∈ Z such that the cosine terms only give phases:
(−1)n, (−1)m. These phases could also be compensated by an appropriate configuration of the in-plane momenta
of the driving lasers in our two-photon Raman coupling scheme (see Fig. SM4(d)). As we are interested in calculating
the magnitude of Γij , for simplicity, we drop these phases and also assume that the coupling is symmetric for the X
and Y directions (Γij,x = Γij,y). Then, the absolute value of coupling Γij can be estimated by calculating twice the
integral of the circumference area around the X point:

Γij = 2L2 lim
s→0

∫
BZ

d2k

(2π)2

|gkc−k|2

s+ i(ωa − ω(kc − k))
eik·rij . (15)

A. Using “effective mass” for ω(k) and isotropic approximation.

Up to this point we have not made assumptions about gk or ω(k). In order to obtain analytical expressions that give
us some intuition on the magnitude and scaling of Γij , we use the effective mass approximation: ω(k) ≈ ωc+A(kc−k)2

[see Fig. 3 in Ref.1], and assume that the coupling is isotropic around the X-points. Using these assumptions, we
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integrate the angular dependence in the integral of Eq. 15 as follows:

Γiso
ij = lim

s→0

L2|gkc |2

π

∫ kc

0

dk
kJ0(k|rij |)

s+ i(∆ac −Ak2)
, (16)

where we have taken |gkc−k|2 → |gkc |2 out of the integral for a simple model. For A > 0 there are two different
situations to consider, namely, ∆ac ≶ 0. When the atomic frequency lies in the bandgap, ∆ac < 0, the limit has no
singularity and the Γiso

ij = −iJ iso
ij is purely imaginary, with:

J iso
ij =

L2|gkc |2

π

∫ kc

0

dk
kJ0(k|rij |)
∆ac −Ak2

. (17)

Defining ξ =
√
|A/∆ac| and performing the change of variables q = kξ, we arrive to:

J iso
ij =

|gkc
|2L2

πA

∫ kcξ

0

dqq
1

1 + q2
J0(q|rij |/ξ) '

|gkc
|2L2

πA
K0(|rij |/ξ) ≡ Γ2dK0(|rij |/ξ) , (18)

where we have used kcξ � 1. K0(x) is a modified Bessel function. Defining the free-space decay rate as Γa =
|µ|2k3

a

3πε0~ ,

we write the coupling |gk|2 as follows:

|gk|2 = Γa
cσω(k)

8L2Lm(k, ra)ωa
, (19)

where we have defined σ = 3η
2πλ

2
a as the effective cross-section. Substituting the |gkc |2 into Eq. 18, we arrive to:

Γ2d = Γa
cσ

4πALm(kc, ra)
, (20)

where we have introduced the effective mode length, Lm(k, ra) defined as:

Lm(k, ra) =

∫
d3rε(r)|Ēk,m(r)|2

d2ε(ra)|Ēk,m(ra)|2
, (21)

that takes into account the geometrical distribution of the field density, |Ēk,m(ra)|2, at the atomic position ra.
In the opposite limit, i.e., the dissipative regime, when ∆ac > 0 the limit s → 0 has a singularity, that can be

calculated using:

lim
s→0

1

s+ i∆k
= πδ(∆k)− iP 1

∆k
. (22)

Therefore in this case Γij has both real and imaginary components and is given as follows:

Γiso
ij ≈ Γ2d

π

2
H

(1)
0

[
|rij |/ξ

]
, (23)

where H
(1)
0 (x) = J0(x) + iY0(x) is the Hankel function of the first kind.

B. Collective coherent coupling Jij using exact ω(k) and gk.

The effective mass and isotropic approximation are convenient to obtain analytical formulas to understand scaling
with parameters such as A, ∆ac or rij . For the structure of Figs. (3-4) of Ref.1, both the exact dispersion relation
ω(k), and its effective length at the center of the hole, Lm(k), are anisotropic [see Panels (b-c) of Fig. SM4]. For
example, the curvature (effective length) along the X −M direction is flatter (steeper) than in the X − Γ direction.
Therefore, it is not straightforward to determine an appropiate value of A to input into the isotropic formula of Eq. 20.
Moreover, we should also take into account the details of the implementation of the simplified Λ-scheme depicted in
Fig. SM4(e).

To estimate up to which point the isotropic formula is giving the right scalings and order of magnitude for Γij , we
numerically integrate Eq. 15 with the exact ω(k) and gk extracted from band structure calculation with the parameter
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of Figs. (3-4) of Ref.1. We focus on the situation when the atomic transition lies in the bandgap, Γij = iJij . To
optimize the number of points of numerical integration, we integrate over one quadrant around the X point (that we
denote by BZ4 as schematically depicted in Panel (a)) and multiply by 4 to consider the contribution of the whole
area; that is, we take:

Jij = 8L2 lim
s→0

∫
BZ4

d2k

(2π)2

|gkc−k|2

s+ i(ωa − ω(kc − k))
cos(k · rij) . (24)

By choosing an atomic position such that |rij | = d, we obtain Jij/Γa ∼ 30 for detunings ∆ac/2π ∼ 30 MHz. The
scaling with ∆ac is logarithmic as predicted by K0(rij/ξ) using the isotropic approximation [see Fig. SM4(g)]. The
best fit of A (such that the isotropic formula and the numerical integration match) is Afit ∼ 1.8× 1012 µm2/s (using
η = 1/2), which is closer to the curvature along the X −M direction, AX−M ∼ 1.5 × 1012 µm2/s, than along the
X −Γ direction, AX−Γ ∼ 1.1× 1013 µm2/s. This is because the flatter direction is also more weighted by 1/Lm than
the one in X − Γ.

C. Ratio between coherent and incoherent processes.

In the previous Section, we estimated the rate of the coherent processes in our system (Jij). However, there will
be several factors that limit the coherence of our system. The absence of a complete 3-D bandgap or the presence
of other polarization modes yields a decay into other radiative channels, that we estimated using FDTD calculations
(not shown) to be Γ′ ≈ 0.4Γa for our structure in Figs. 3 and 4 in Ref.1.

Moreover, the fabrication process of these structures results in imperfections of the photonic crystal that yields
scattering of the guided photons to the non-guided ones at a rate κ, that is characterized by the so-called quality
factor Q = ωc/κ. For square lattices of 15× 15 holes Q ∼ 103 − 104 has been reported9,10. Further improvements in
the material and fabrication quality yield higher Q ∼ 106 − 107 as recently reported11–13.

It can be shown14 that the error rate introduced by both κ and Γ′ within the exchange time of an excitation between
two spins (1/Jij) through the off-resonant atom-induced cavity is given by κeff = κJij/∆ac + Γ′. In order to quantify
the ratio between coherent and incoherent processes, we define:

N =
Jij
κeff

=
Jij

κJij/∆ac + Γ′
, (25)

which intuitively represents the number of cycles of the coherent exchange before a non-desired transition occurs (e.g.,
a decay event into a continuum of unguided modes). In Fig. SM5, we plot N for state of the art qualify factors
Q = 106, 107, as well as a projection to Q = 108. We also consider improvements in design and fabrication of the
PCW which might lead to reduced band curvature A and radiation loss Γ′. We find that there is an optimal detuning
that maximizes N , i.e., when ∆ac ' κJij/Γ

′. In Fig. SM5(a) we plot N for the structure considered in the main
manuscript, using Γ′ = 0.4Γa, and Q = 106 (black), 107 (blue) and 108 (green). Using Q = 107, the maximum N ∼ 35
is obtained for a detuning ∆β ∼ 10 GHz, which yields Jij ∼ 16Γa and ξβ ∼ 16d.

In Fig. SM5(b), we explore the effect of a reduced curvature A = Afit/10 using J iso
ij defined in the previous section, by

keeping Γ′ = 0.4Γa, obtaining approximately a two-fold enhancement of N . Finally, we explore the effect of reducing
Γ′ to 0.1Γa in panel (c), obtaining approximately a five-fold enhancement of N , being able to reach N ∼ O(103) for
Q ∼ 109.

D. Engineering with a general Λ scheme.

Here we derive an effective hamiltonian describing the interaction between an effective spin level formed by two
metastable atomic states and the guided modes of the structure by using a Λ-level as shown in Fig. SM4(e). This im-
plementation has several advantages: i) it allows to engineer more complex hamiltonians, e.g., XXZ spin hamiltonians;
ii) the Raman process effectively narrows the natural linewidth of the excited state keeping the cooperativity of the
process constant14; iii) it requires only a single polarization bandgap, relaxing the requirements in lattice geometry
and index contrast. By going to a rotating frame of the driving fields, the complete hamiltonian, with the notation
of Fig. SM4(e), is given by:
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FIG. SM5: (a) Number of coherent cycles N as a function of detuning ∆ac for the structure of the main manuscript, Γ′ = 0.4Γa

and Q = 106 (black), Q = 107 (blue) and Q = 108 (green). Dashed red line correspond to the normalized effective interaction
length ξ/d (b) Same as (a), but using J iso

ij with a reduced curvature, A = Afit/10, with respect to the structure of the main
manuscript. (c) Same as (b), but with reduced Γ′ = 0.1Γa.

H = H0 +HL +HI = (ωg1 + ωL,1) |g1〉 〈g1|+ (ωg2 + ωL,2) |g2〉 〈g2|+ ωe |e〉 〈e|+
∑
k

ωka
†
kak+

Ω1

2

(
|g1〉 〈e|+ h.c.

)
+

Ω2

2

(
|g2〉 〈e|+ h.c.

)
+
∑
k

gk
(
a†k |g1〉 〈e| e−iωL,1t + h.c.

)
, (26)

which has three different contributions: the free energy, H0, the coherent driving of the lasers, HL, and the interaction
with the modes of the structure, HI . We define the following detunings: ∆i = ωe−(ωgi +ωL,i) and apply the following

transformation: U = eS = e
Ω1

2∆1
(|e〉〈g1|−|g1〉〈e|)+ Ω2

2∆2
(|e〉〈g2|−|g2〉〈e|). When |∆i| � Ωi, the excited state is only virtually

populated and the result of the transformation, H → eSHe−S , yields in lower order of Ωi/∆i to a hamiltonian with
different terms: H = H0 +H1 +H2 +H3 +H4. The first one is the free energy hamiltonian, H0, as in the first line
of Eq. 26. The second and third terms, H1, H2, are the Stark-shifts and coherent driving of the ground-state levels
induced by the off-resonant driving:

H1 = − Ω2
1

4∆1
|g1〉 〈g1| −

Ω2
2

4∆2
|g2〉 〈g2| , (27)

H2 = −Ω1Ω2

4

( 1

∆1
+

1

∆2

)(
|g1〉 〈g2|+ |g2〉 〈g1|

)
. (28)

H1 can be considered as a renormalization of the free energies where H2 describes Raman processes. Finally, defining
an effective qubit with {|g1〉 , |g2〉}, such that σ = |g1〉 〈g2|, σ† = |g2〉 〈g1| and σz = |g1〉 〈g1|+ 1/2, the transformation
of the HI yields to15:

H3 = −
∑
k

gk
Ω2

2∆2

(
a†kσe

i(ωk−ωg2
+ωg1

−ωL,2)t + h.c.
)
, (29)

H4 = −
∑
k

gk
Ω1

2∆1

(
a†kσ

zei(ωk−ωL,1)t + h.c.
)
. (30)

which are the most relevant terms for our discussion, as they contain the interaction with the GMs of the structure
(ak). By extending these effective light-matter hamiltonians to many atoms, and adiabatically eliminating the GMs
in the conditions where the atomic transitions lie in the bandgap leads to the following XXZ spin hamiltonian Hspin

from Eqs. (28), (29):

Hspin =
∑
i,j

[Jzijσ
z
i σ

z
j + Jxyij σ

†
iσj ] . (31)

where Jβij = hβΓ2dK0(rij/ξβ), where we have used the effective mass and isotropic approximation (see previous

Section). The factor hβ =
(
Ωl/(2∆β)

)2
with l = 1 (2) for β = z (xy) can be controlled independently for each β
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through the laser intensities, Ωl, and detunings, ∆l. The effective length scale, ξβ =
√
A/∆β , depends on both

the curvature of the band, A, and effective detuning, {∆xy,∆z} ≶ 0, where ∆xy = ωg,2 − ωg,1 + ωL,2 − ωc and
∆z = ωL,1 − ωc. Therefore, both the length scale, through ξβ , and the strength of the interactions, through hβ , can

be tuned independently for each Jβij-component.

V. GAP: MATERIAL PROPERTIES AND FABRICATION.

Our analysis in Ref.1 considers Gallium Phosphide (GaP) for the various examples presented. We have made
this choice in order to present the most favorable case for sub-wavelength optical traps in nanophotonic dielectric
waveguides. GaP is a high index (n ' 3.25), low loss III-IV semiconductor with an indirect band gap at 550 nm. For
other dielectrics transparent in the frequency range of electronic transitions for alkali atoms (e.g., SiN, SiC, TiO2),
the lattice constant dmin = λ0/2n would be larger than for GaP (e.g., nSiN = 2.0, nSiC = 2.6, and nTiO2

= {2.5.2.8}
for ordinary and extraordinary polarizations, respectively), even if these materials may have other more favorable
properties (e.g., lower absorption) and more advanced processing capabilities. In fact, our schemes for vacuum
trapping (Fig. 2) and photon-mediated atomic interactions (Figs. 3, 4) do not rely on such a high-index material as
GaP.

That said, here we gather relevant information related to material properties and state-of-art fabrication for GaP.
Beginning with material losses for bulk GaP, we note that Fig. 2 in Ref.16 considers the intrinsic optical absorption
of GaP and finds an absorption coefficient α < 0.1/cm for wavelengths larger than approximately 550 nm, where the
intensity attenuation is given by I(z) = I0e

−αz. These authors further explore low-level interband absorption due to
Arsenic dopants17, emphasizing the need for high purity materials for our application.

More recently, nanophotonic structures have been fabricated in GaP and quality factors measured over a range
of wavelengths in the visible and near infrared. Examples include a hybrid ring resonator of 900 nm diameter with
quality factor Q ' 6800 for λ0 ' 637 nm18 and a photonic crystal cavity with lattice constant d ' 200 nm and
measured Q ' 12000 for λ0 around 800 nm19. The associated absorption coefficients are α ' 24/ cm and α ' 11/cm,
respectively, more than 102 times larger than the limit from Ref.16. The highest reported quality factor is Q ' 2.8×105

at λ0 ' 1.55 µm for a GaP micro disk of diameter approximately 6 µm20. The corresponding absorption coefficient
α ' 0.24/cm, which approaches the ultra-low loss regime of Ref.16.

These loss values for fabricated GaP structures represent steady progress of improved performance, including for a
photonic crystal19 comparable to those in our manuscript1. For example, the structure in Fig. 31 has lattice constant
d = 316nm. A lattice of 60× 60 unit cells would have linear dimension L = 60d ' 20 µm and could accommodate a
few thousand atoms. For α ' 11/cm as for the photonic crystal in Ref.19, the reduction in intensity for a propagating
guided mode across the lattice would be αL ∼ 2×10−2 (i.e., 2% loss) far from a band edge, with further reduction by
perhaps > 10× suggested by the limits in Refs.16,20. However, the loss would be further increased near a band edge,
especially for the flat bands considered in our manuscript. We are currently investigating this issue by way of FDTD
calculations for our proposed structures.

Apart from reducing absorption for guided modes used for atom-atom interactions, minimizing absorption in the
PCW structures of our manuscript is critical since the intensities employed for atom trapping will be high. The
largest Rabi frequency is ΩSI/2π = 130GHz for the scheme in Fig. 21, corresponding to intensity I ∼ 0.1 W/µm2.
This high value is mitigated by the fact that the planar PCW is located near a node in the standing wave formed by
the two counter propagating side illumination beams. Nevertheless, thermal management and optical nonlinearities
of the dielectric will be important issues.

To gain some perspective on these issues, we refer to the generation of frequency combs with microscopic ring
resonators21. Ref.22 reports a Silicon Nitride (SiN) ring resonator of cross sectional area ∼ 3µm2 pumped with Pin '
300 mW leading to circulating power within the ring resonator Pc ' 300W and intracavity intensity I ∼ 102 W/µm2

without optical damage. The high intensity leads to nonlinear interactions to generate a frequency comb, from which
the authors determine the value of the nonlinear index of refraction for SiN to be n2 ' 2.5×10−15 cm2/W (i.e., about
10× larger than for silica).

For our structures with I ∼ 0.1 W/µm2 as in Fig. 2a for the vacuum lattice, the nonlinear phase shift across
the thickness of the substrate W ' 120 nm would be δφ . 10−6 radians for a single side illumination beam. Here,
we use the nonlinear index quoted in Ref.23, namely n2 ' 7 × 10−14 cm2/W determined for GaP illuminated with
femtosecond laser pulses at 1040nm.

Certainly, we recognize that these estimates provide only a basis for some optimism and motivation for further
investigations of the feasibility of the structures described in our manuscript1. The realization of our proposals
for nanophotonic atomic lattices requires overcoming significant challenges in material characterization and device
fabrication not by a literature survey but rather by a dedicated research program, including materials other than
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GaP.
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