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Abstract. An generic model for the lattice dynamics of coupled microlaser arrays is employed for the
lattice stability analysis. Nonlinear cross-cavity gain-coupling effects, characterizing active lattices, are in-
cluded via the gain dependence on carrier depletion and cross-cavity hole burning. Passive near neighbor
interactions (inter-cavity absorption and mirror reflection interference) are also included. The introduction
of lattice-orthogonal modes simplifies the derivation of the coupled rate equations. The interaction phase
among sites exhibits spontaneous long range “crystallization” into periodic Bloch states whereby the cavity
radiation envelopes behave as laser “macro-atoms”. The sign of the coupling coefficients as a function of
geometry determines in- vs. out-of-phase locking and has practical implications for array design. Emphasis
is placed on the stability analysis of Bloch states by including earlier omitted [1] effects of phase pertur-
bations. The importance of the linewidth factor ¢ is uncovered: unconditional stability results for ¢+ < 1,
otherwise a stability threshold exists for the coupling strength among sites. Choice of low ¢ gain material
permits phase stability with high coupling strength, beneficial in overcoming manufacturing variations
among array cavity parameters.

PACS. 42.55.Px Semiconductor lasers; laser diodes — 42.60.Fc Modulation, tuning, and mode locking —

42.60.Da Resonators, cavities, amplifiers, arrays, and rings

1 Introduction

Closely packed microlaser arrays, such as guided mode
VCSEL cavities and active defect superlattices, interact
through their evanescent fields, Figure 1. Fringe field in-
terference during stimulated emission introduces cavity
coupling, whereby photons confined in one cavity induce
emission in neighboring cavities. The non-linear complex-
gain dependence on carrier depletion and cross-cavity hole
burning introduces active photonic lattice behavior. The
photonic lattice resembles in certain aspects solid crystal
behavior, whereby the radiation envelopes play the role of
atomic wavefunctions.

The situation is distinctively different from well-known
photonic bandgap materials involving strong, passive in-
teractions through periodic dielectric interference [2,3].
Here weak but active evanescent field interference gen-
erates laterally propagating passbands out of localized,
cavity-confined modes [4]. In that respect, it is the op-
posite limit from the strongly coupled photonic bandgap
structures where interference among laterally propagat-
ing waves creates non-accessible frequency gaps inside a
global continuum. By the same token it differs from am-
plified photonic modes [5,6] inside cavity arrays with gain,
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Fig. 1. Schematic 2-D array configuration. When phase-
locked, the same phase difference applies between any two
neighbors in the x- and in the y-direction (in general
Apy, # Agpy). (b) Schematic interactions among near neigh-
bors, a active region radius, a., mirror radius, b center sepa-
ration, w the 1/e* mode waist. Solid black cicles mark passive
absorption.

where the wave dispersion is primarily determined by pas-
sive interactions.

Earlier analytic studies of coupled laser arrays [7,8] ne-
glected the carrier density evolution by using prescribed,
fixed complex gain profiles. This eliminates the active cav-
ity interactions, such as cross-cavity gain depletion (hole
burning) and stimulated inter-cavity emission, and allows
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Fig. 2. Mechanical analogues (a) coupled passive cavity lat-
tice: cavities behave as inertial masses coupled through weak
springs (b) coupled active cavity lattice: cavities behave as os-
cillators of given eigenfrequency (thick inner springs), mutually
coupled through weaker springs signifying lateral interactions
The active oscillators are nonlinear, since frequency (i.e. “stiff-
ness”) depends on radiation amplitude.

only linear cavity coupling. Neglecting carrier depletion
also eliminates the natural cavity oscillation frequency
from the lattice dynamics. Other studies [9,10] included
cross-cavity carrier depletion, but were limited to two cou-
pled cavities. Thus they could not describe collective ef-
fects and lattice behavior. The stability dependence on
coupling strength was noted [9,10], but the role of the the
linewidth factor ¢ in determining conditional vs. uncondi-
tional stability was not recognized.

The presence of a characteristic cavity oscillation fre-
quency {2, due to interactions between the photon and
the carrier populations, also differentiates from passively
coupled cavities (coupled cavity waveguides [11,12]). One
can draw an analogy with mechanical oscillators of “hard”
inner spring constants {2 < v/kpqrq that are mutually cou-
pled by soft springs /ksop o< V7, as in Figure 2. The
coupling strength 7" imposes phase synchronization and
collective excitations; its smaller effect on the frequency
2" ~ 2147 determines the narrow bandwidth Af2.
The passive coupled cavity limit is the analogue of in-
ertial masses coupled with a soft spring, where both the
oscillation frequency and the coherence are generated by
the spring action.

This work expands and revises earlier active lattice
theory [1] in two important respects: it generalizes the
lattice interactions and revises the stability of the collec-
tive lattice oscillations. Firstly, cross-cavity interactions
are completed by including cross-cavity feedback from re-
flection interference among near cavity mirrors, periodic
dielectric interference, and periodic passive absorption
that is spatially anti-correlated to the gain distribution.
The coupling coefficients are generalized for index-guided
eigenmode profiles, due to thermal lensing, in addition to
the gain-guided modes. More importantly, lattice stability
is revised by including phase perturbations among sites,
in addition to earlier addressed carrier density and radi-
ation intensity perturbation [1]. The rigorous treatment
uncovers the crucial importance of the linewidth factor ¢:
lattice stability is unconditional for + < 1, and subject to
a coupling strength threshold otherwise.
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The tight binding approximation for weak coupling is
used, constructing composite lattice eigenmodes via su-
perposition of phase-shifted single cavity eigenmodes [1].
The near-neighbor coupling coefficients for the lateral,
phase-dependent interactions are obtained, representing
cross-cavity gain depletion from stimulated emission, radi-
ation feedback via mirror reflection interference, and pas-
sive dielectric variation interference. While lateral mode
overlap stimulates additional radiation emission in adja-
cent cavities, the emitted radiation is also shared among
those cavities since the original eigenmodes are not lattice-
orthogonal. The net result is that, for weak overlapping,
the gain coupling coeflicients can be negative, even for pos-
itive, Gaussian mode profiles. This effect, which was not
addressed earlier [1], is consistently included from the start
by mode renormalization into lattice-orthogonal modes.

The dynamic lattice evolution is reduced to integra-
tion of the coupled cavity rate equations under appropri-
ate boundary conditions (finite or periodic arrays). Start-
ing from random initial conditions, the system settles into
periodic steady states where the phase shift among neigh-
bors scales as an inverse lattice vector A® = K - b, Fig-
ure 1, manifesting phase crystallization into a standing
Bloch wave. For an array of N identical cavities of pe-
riod b, length L = Nb, any value A®,, = 27nb/L satisfies
the phase locking dA®,, /dt = 0 among sites. We find that
the lattice usually settles at steady-state values A®,, = 0,
7 that maximize the collective gain o< G, cos AP,, > 0,
where GG, embodies the sum of gain, absorption and inter-
ference coefficients.

The present analytic results offer insight for practical
applications. Experiments [13-17] involving weakly cou-
pled laser arrays with cavity-confined modes have shown a
preference for spontaneous anti-phase locking A®,, = 7. It
is usually accepted that in-phase modes suffer higher losses
between cavities, where absorption prevails, due to com-
paratively higher intensity there relative to anti-phased
profiles. Gain computation using natural cavity modes, di-
viding the per-period gain overlap by the total per-period
stored energy, indeed shows lower gain for in-phase modes,
due to a higher fraction of radiation energy stored between
cavities. Our lattice-orthogonal mode formalism automat-
ically accounts for the “weighting” of the gain and losses
by the per-period stored energy. The balance between gain
and losses is reflected in the overall coupling factor G,,
summing up gain, reflection and absorption. Competition
between cross-cavity stimulated emission and cross-cavity
photon sharing can turn the gain coupling and G, neg-
ative, even for positive (Gaussian) cavity mode profiles.
Negative collective coupling G, < 0 yields lower in-phase
gain, favoring anti-phasing. To achieve G, > 0 and in-
phase locking, preferable for many practical applications,
our analysis suggests two ways. One is to increase con-
structive inter-cavity reflection interference, by increasing
the Bragg mirror reflectivity between cavities. The other
is reducing the cavity separation b relative to the modal
waist w, since positive gain overlap and G, > 0 result
for w/b ~ 1. Stability considerations become important
as cavities get closer: the coupling strength cannot exceed
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a small threshold unless we operate in the unconditional
stability regime ¢ < 1. Most III-V semiconductors have
bulk material value ¢+ ~ 2-3; however quantum dots and
dots in quantum wells have recently shown ¢ ~ 1.

For finite arrays we observe boundary layer formation
at steady state, where cavity densities and intensities vary
with the distance from the edges [21]. Drawing again the
analogy with mechanical springs, the nonlinear lattice re-
sponds to the boundary conditions by changing the edge
cavity “spring constants”, i.e. the intensity-dependent cav-
ity frequencies, in addition to phase selection that is the
only option in linear lattices.

The dynamics of collective phase oscillations around
a steady state lattice, subject to constant drive biases, is
further analyzed. The unconditional stability regime for
L = gi/gr yields a dispersion of stable, time decaying col-
lective oscillations. Local site excitation with a real fre-
quency bias leads to space-decaying lattice waves. These
coherent, low frequency coupled variations among the pho-
ton and carrier densities constitute a “photonic sound”
analogue for active lattices. For ¢+ > 1 the stability is
conditional and depends on the coupling strength 7. At
larger coupling strengths we observe transition to limit
cycles, tantamount to self-excitation of photonic sound
under constant in time biases. At even higher coupling
we observe transition to chaotic behavior, typical of non-
linear dissipative systems. An interesting aspect is that
instability follows not by increasing the external gradient
(drive voltages for the laser cavities) but by increasing the
system “cohesiveness” (cavity coupling strengths.)

2 Rate equations for coupled VCSEL cavities

In Figure 1 we assume that M x N identical cavities are ar-
ranged in the (x —y)-plane with axes along the z-direction
and thin circular active areas centered at the lattice vec-
tors R;; = ib, + jb, with b, b, basis vectors. The com-
plex gain distribution reflects the periodic electron-hole
pair density A in the active regions

N(r) = ZNij(t)X(r - Ryj) (1)

where N;; is the cross-section averaged density and x(r)
its normalized profile, as shown in Figure 3a. We include
index-guiding effects allowing spatial variation in the real
part of the dielectric constant

(r) =+ > d¢ (r — Ry) (2)

where the uniform background ¢, is the bound electron
response. The induced dielectric corrections are limited
within effective radius a (taken equal to the carrier density
and current radius), Figure 3b. The two dielectric terms
inside
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Fig. 3. Profiles of (a) carrier density (gain), (b) real dielec-
tric constant, (c) passive absorption and (d) mirror reflectivity,
along a 1-D lattice cross-section.

give, respectively, the free carriers dielectric response (neg-
ative, anti-guiding) where wg = 47 Nype? /m* is the plasma
frequency with 1/m* = 1/m} + 1/m}, and the thermally
induced on-axis index peaking (guiding), which is taken
parabolic in radius and relatively shallow a/W < 1. The
overall effect is guiding for a?/W? > wf; /w?. The temper-
ature is assumed constant, neglecting transients in the di-
electric response. The passive absorption profile is defined
by the absorption coefficient a(r) = we'(r)/v, where €’ is
the imaginary part of the dielectric constant. In most prac-
tical cases, the spatial distribution of absorption is anti-
correlated with gain and index; it centers around halfway-
lattice points, Figure 3c,

€'(r) = € + &€’ Z Xal(r — Rjj) (4)
4,

defined by R{; = (i +1/2)b, + (j + 1/2)b,,. Dielectric ef-
fects, dominated by carrier density and temperature, peak
inside cavities; absorption peaks between cavities, due to
subthreshold carrier densities there. This accounts for the
different spatial distributions of €”, €

Finally, the spatial variation in the reflectivity among
cavity DBRs R, and background material R;, shown in
Figure 3d, is given by

R(r) =R, ZWF —Rij) + R Z [1—9(r—Ry)] (5)

where R,, R; stand for combined roundtrip reflectivity
in the vertical z-direction, which may also incorporate
diffraction and scattering losses. Without loss of gen-
erality a cylindrically uniform step-function profile is
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assumed for both x, ¥, x(r) =1, r <a,¢¥(r)=1,r < anm
and Z€ro otherwise, normalized SO that
(1/ma?) [ dr*x(r) 1/7ra ) [ dr?i)(r)

For weakly coupled cavities, 1nvolv1ng laterally con-
fined modes interacting through their fringe fields, the
radiation field is expressed as a linear superposition
of localized cavity modes (tight-binding approximation),
of slowly varying complex amplitudes &;;(t) and eigen-
mode envelopes U™P(T) centered around lattice vectors
r=r—-Ry

E=>Y Y &MU (r - Ryj)e'F=emsh),

5,j m,p

(6)

For the assumed parabolic index profile, (3), the trans-
verse mode envelopes are given by Gauss-Laguerre func-
tions U™P(y/2r/w) with modal waist w = /Wc/w. In
addition to the usual orthonormality among same cav-
ity eigenmodes [ d*rU™P*(r)U™?(r) = §™"6), it is conve-
nient to impose spatial orthonormality among same modal
profiles m,p around different lattice sites. While the U-
basis is not lattice-orthogonal, a new U orthogonal basis
follows via the Gram-Schmidt algorithm (Appendix A),
so that

/dQI‘U* (I’ — Rij)U(I‘ - Rilj/) = 6i,i’6j,j’- (7)
Since eventually we will consider only next-neighbor inter-

actions we limit orthonormalization to R;;—R;/j» = £b, 4
by defining (Appendix A)

0 = U)o S o U s

+x +y

(8)

where Np is the dimensionality of the array and the next
neighbor projection coefficients Cy , are given by

b2

(o]
Coy = / PrU*(E)U(r T bay) = e 2k
0

(9)

Comparison of fundamental Gaussian profiles with their
lattice-orthogonal counterparts is shown in Figure 4 for
various lattice period values b/w. To satisfy (7) the lattice-
orthogonal U have negative tails for r > b, thus overlap
products between sites are negative, Figure 5. This will
affect the sign of radiation coupling coefficients later on.
Orthonormality among the density/gain profiles x follows
automatically by assuming that cavities do not “touch”,
bz, > 2a, whence

[ ¢ - Ry - Ry 0. (10)
We assumed the same electric field polarization & for all
cavities, aligned with X. The uniform medium dispersion
i8S Wmp = kmpc/ /€0 where kp,, is defined by the cav-
ity resonance k., = (27 + ¥mp) /L, including the phase
correction 1, from complex reflection. The sought after
photonic modulation frequency is near the natural cav-
ity oscillation frequency, (d/dt)In€ ~ {2, usually much
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Fig. 4. Cavity eigenmode profiles (dashed) and the resulting
lattice-orthogonal eigenmodes (solid) for given Gaussian waist
w and with decreasing cavity separation b; (a) b/w = 2, (b)
b/w = 1.5. Orthogonalized mode functions have opposite signs
at overlap regions.
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Fig. 5. Origin of negative sign of coupling coefficients for pos-
itive (Gaussian) cavity eigenmodes. The lattice-orthogonalized
mode functions have opposite signs over the gain regions (light
shaded) yielding negative gain-coupling coefficients 7, A, and
similar for mirror reflection interference. Same sign overlap
over half-lattice regions (heavy shaded) yields positive absorp-
tion coupling coefficients V', II.
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smaller than the frequency separation among cavity modes
Wmp — Wy .- Thus one can ignore resonant coupling be-
tween cross-modal beating Awy,, and lattice oscillations,
and pick a single mode mp; without loss of generality we
choose the fundamental m = 0,p =0 and U = U,,.

Substituting (6) in the wave equation, factoring the
fast phase term e***~™! out, and keeping lowest order
terms in the time derivative d€/d¢ yields

w2 r r 3
So6y (V2 -0+ (6 i - Ry O - Ry
ij

2
w r S A 3
+ E Eij = [Aeij(r) + erij(r)} U(r — Ryj)
ij
~ 29w 851] 47rw2
- %j Ul = Rij)—5ep = E :—02 Pij-

ij

(11)

The ¢jth site experiences the influence of all other sites
through the terms Aej;(r) =37, 54, ; 0¢"(r — Ryj) and
Aeti(r) =32, 5 0€'(r — Rj,j,) given in (2-4). We now ap-
ply the index-guided cavity eigenmode definition to the
first line

2
A& Ry Lc”—g (€ +6(@®)| U =0.  (12)
(Letting de" = 0 yields the paraxial wave equation for

gain-guided diffraction limited modes used in [1]). Al-
though, strictly speaking, it is the original “unhatted”
modes U that exactly satisfy (12), the corrections from
the normalization U are of second order in the coupling
parameters (Appendix A) and thus neglected. Hence the
slow envelope equation becomes

. OE, ; w A€l (1)
Zj: Ul = Ry) < ot 2 e, ©
vy Ac (1) 4mi
paeulle,) - Ty Py (13
ij
where we  defined the absorption coefficient

Aa = wA€e' /vg. The polarization P o € on the right-
hand side is related to the induced dipole moment during
stimulated emission p = p - &, where p = (e|er|h) signifies
transition between the electron (e| and hole |h) states.
The evolution of the complex electric field amplitude in
a given cavity is obtained from the integral projection
of (13) with the U(r — R,;;) wavefunction, taking advan-
tage of the orthonormality (7), and using the microscopic
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transition elements p(w), yielding [1]

0&;  2mp? w(I' —iAw)
ot eh Aw? 4 I72

C|QijNij&ij

+ ) iy NigrEij + Yiguaryr (NijEirjo +Ni'j'5i'j')1
ey

LW
+ 25(56 [Qljglj + Z Aij;i’j’gij + 2nj;i’j’gi’j’]
V5 #]

Vg <
— 254

5 gy &ij + 2Vz‘j;z"j'5z"j'] - (14)

L';«éi,j'aéj
Above Aw is the frequency difference from resonance
hw, = E. — Ej and I' the phenomenological linewidth
broadening. We also defined §é = de” /¢, and d& = da/e,.
The evolution of the carrier density (i.e. population in-
version N' = pee — prp) in the ijth cavity is obtained in a
similar manner [1], via the integral projection of the global
carrier density equation with x(r — R;;),

ONy Ty P\? r
ot ed, N *<ﬁ) Aw? + T2

* *
X Mjgijgij + E Aij;i’j’-/\[ijgi’j’gi'j/
i £4,5

+ Y Ty NigEye €5 + cc)
i A

(15)

where the the step-function property x2(r) = x(r) for the
uniform carrier density profile in each cavity was used.
Three kinds of coefficients enter the above equations. The
transverse confinement factor

Qij = /oo *rU* (r — Ryj)x(r — Rij)U(r — Ryj)  (16)
0

yields the transverse radiation overlap with the gain
medium in an isolated cavity; the “longitudinal confine-
ment” factor ¢ = (d,,/L) has also been factored out. The
inter-cavity coupling strengths are given by the following
two coefficients

Air—iji—j = /0 d*rU* (r = Rij)x(r = Riyj)U(r - Ryj)
(17)

Tiijr—j = / d’rU* (r — Ryj)x(r — Rij)U(r — Ryrjr).

’ (18)

The dielectric interference coefficients have also been ex-

pressed in terms of 1, A as §é" Yy _; j_;, by redefining the

effective de”

0" =

fooo d2I‘U*(I‘*Rij)(se(rfRi/j/)X(I‘*Ri/j/)U(I‘fRij)
Jo© @rU*(r—Ryj)x(r—Ri; )U(r—Ryj)

(19)
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We assume that the absorption distribution peaks halfway
between cavities and is spatially anti-correlated with the
gain and radiation profiles. For uniform absorption profiles
Xo = 1 of radius a,, centered around half-lattice points

RI o =Rijr—b /2, the overlap factors between radiation

and absorption are given by

[eS)
Hi/fiyj/fj _ /O erU*(r — Rij)xa(r — R:L-r/j/)U(

‘/ti/*i,j/*j = /O erU*(r - Rzg)Xa(r )U( J’

11,V have a different functional dependence from 7, A.

Due to periodicity the coupling coefficients depend
only on the separation distance AR;_y ;—y7 = Ry —
Ry among lattice sites, implying parallel translation
invariance Aij;i’j’ = Ai’fi,j’fja nj;i’j’ = Tii’fi,j’fj etc.
Thus, one may substitute U*(r — Ri;)x(r — Rirjr) —
U*(r)x(r— ARy —; js—;) and U*(r — Rjj)xa(r — R}L/j,
U*(r—ARy_; ji_;)Xa(r — b/2) for the coefficient compu-
tation. The Hermitian property is also satisfied, taking the

* .
form A}, gt = = Ay_; jr—j ete.

The terms A;j.5 and Yjj. 5 represent distinctively
different interactions [1]. Specifically, the total induced po-
larization in each cavity is the vector sum of the response
to its own electric field plus its adjacent cavity, phase
shifted fields. The cross-polarization 7;;.;7;» mitigates the
coupling of the self-induced polarization in one site to the
fields of its neighbor sites and introduce the phase depen-
dence. The cross-gain A;;.;»; mitigates interactions where
the polarization induced by one site to its neighbors cou-
ples back into the gain of the original site, and is phase in-
dependent. Similar reasoning yields both phase dependent
and independent terms, V;;..;» and Il;;. ;5 respectively,
from the passive absorption d&. The refraction coupling
strengths are also given by A;j,iv ;s and Y5 from the
geometrical similarity of de and the gain profiles.

) —

We now need to introduce the boundary conditions
in the axial direction z from mirror reflections, which can
cause inter-cavity mirror feedback interference [8]. One ef-
fective reflection takes place every cavity roundtrip, and
the reflected field is given according to (5)

ETfZ ~Ry))
O L8Ry

(22)

Diffraction and scattering losses may also be incorporated
inside R [18]. The phase shift during round-trip has been
absorbed into the definition of the resonant cavity wave-
length k, and the cavity frequency w,. Taking the projec-
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tion onto the ij mode profile yields

gh/g =R

:RO%: Z

i i

o+ 200 i Eir '/Eij)

1.71.7

+R12 (1 - m) - Z (Al_]l_]' +2T1sz’gl] /E'LJ)
,J e K]

(23)

The coefficients @™, A™, Y™ are defined exactly as in (16,
17), except the superscript ™ reflects the mirror radius
value a,, that in general differs from the gain region
a. In order to distribute the round-trip losses over the
round trip time 2L/v, where v, = ¢/ /€, we set Ejj =
exp[—u(r)vgt]€;; and define

In(&L/€:5)
T
13
- 7j 1= Z (AIJ il JrTw il ' “J//gij) » (24)
i #i,§ A
with u; = —In[R.Qij + Ri(1 — Qij))?/2L the single

cavity reflection losses (power), allowing for non-zero re-
flectivity R; outside the mirror. The terms, defined by

Ajjn.,j, 5/1;7 z/g/ng i = &1}, describe coupling
through reflection 1nterference from nearby cavity mirrors.
Note that for given geometry the sign of coupling depends
on the difference between mirror and ambient reflectiv-
ity via &€ = (1 — R1/Ry)/2Qi; Lus,. Thus negative overlap
A3 < 0 can produce positive /1” .7 > 0 and in-phase
(constructive) reflection coupling that reduces losses when
the ambient material reflectivity is higher than the mirror
Ry > R,. Eventually the round trip mirror loss is equiva-
lent to the time derivative &;;0R /0t = —vgu(r)E;;, added
to the rhs of the complex amplitude equation,

8&-j
ot
271p? w(l' — iAw)
h AT CQiNijEij + Z Aijinj Nivjr Eij
o' F#1,5' #J

Z A’L]’L]

VFELG E]

v
__9 [ Z HUU’&J"’m/;J%’J’&J]
i+, 15’

+Tww (-/\[z] +-/\[i’j’)gi’j"| _U92 [

+2Y] ,  Eiji

ij5e’g

LW

i1, A

where, for uniform lattice parameters, p;; = p. This is a
general set of equations describing active cavity coupling
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from cross-polarization gain, as well as passive coupling
from index variation, passive ambient absorption and re-
flection interference feedback.

Cross-current leakage among neighboring cavities, as
well as long-range thermal coupling are neglected, since
the characteristic times for carrier and heat diffusion
are much longer than the optical coupling time and the
1/£2 period.

3 Nearest neighbor coupled array model

For fast decay of the localized radiation envelope U (r) only
the nearest site interactions need be retained, with i/ =
1%1, j/ = j=£1. All relevant coefficients are then reduced to
the values, Qij =Q, Ai,j;i:l:l,j = Ai,j;i,j:l:l =4, Ti,j;i:l:l,j =
Yijijrr =T, I jiv1; = 01 = 1, Vijit1,; =
Vijij+1 =V, given by the following geometrical overlap
factors

Q= [ ) (26)
0

T = / d?*rU(r)x(r)U(r — b) (27)
0

A= /o rU?(r)x(r — b) (28)

V= / PrU(r +b/2)x.(r)U(r —b/2)  (29)
0

7= / Pr02(r — b/2)ya(r). (30)
0

| —

Fig. 6. Dependence of coupling coefficient
strength on lattice geometry. Contour plots
of (a) 7, (b) A, (¢) V and IT vs. cavity
radius-to-separation 2a/b and separation-to-
mode waist b/w. Contour values vary expo-
nentially as 10™%. Darks areas signify nega-
tive coupling values.

-4
4

The relevant profiles ¥ (r) are used for the mirror coupling
terms denoted by YT, AT. @, of order unity, is the eigen-
mode “confinement factor” within each cavity, and 1", A,
II, V <« 1 are the small inter-cavity coupling strengths.
Analytic expressions for the coupling among fundamen-
tal mode profiles, using Upo(r) = \/2/mw? exp(—r?/w?)
inside (27, 28), are given in Appendix A (generalized for
rectangular lattices with b, # b,). Defining the scale fac-
—a®/w? —0°/w* we have the scaling

tore ~e ~e

Qrl->I~Vr~e23T~ve>Ane? (31)

Figure 6 shows contour plots of all coupling coefficients
vs. b/w and b/a. A stand-out feature is that for weakly
overlapping modes b/w > 1 the T coeflicients become
negative (shaded areas), despite the positive (Gaussian)
eigenmode profiles U. The formal explanation lies in or-
thonormalization: the lattice-orthogonal U, Figure 4, have
negative tails for r > b, making the products U (r)U (r —b)
negative at the overlap regions x(r) > 0, Figure 5. The
lattice-orthogonal coupling strengths (27, 28) are related
to the earlier obtained [1] positive ) and A that employ
unnormalized modes U instead of U; these relations fol-
low by substituting equation (8) as given in Appendix A.
While 7" can be negative, A, V and II remain positive.

A less straightforward approach, that offers more in-
sight regarding the negative coupling values, is to retain
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the original (unhatted) eigenmodes in deriving the coupled
cavity rate equations. Then equation (14) for the complex
radiation amplitude assumes the form

651']‘ 88i/j/ 27Tp2 w(F—iAw)
ot +i’:zi::tlj’:zj;i:10ij;i’j/ dt eh A4 17? ¢

X | QNG+ D Y Ay Ny

i'=itl j/=j+1

+ Vigyirjr Nij&irjr + NirjrEirjr) |+ (32)

The right hand side contains the un-normalized cou-
pling coefficients Q, A4, ), ... In addition, there is coupling
among the time derivatives on the left hand side, since
the mode profiles are not lattice orthogonal. Thus, as the
mode overlap stimulates gain on the rhs, the emitted ra-
diation must be shared among all modes on the left. For
large b/w the sharing “losses” into adjacent cavity modes
exceed the gain benefit from induced cross-gain. It can
be shown that diagonalizing the “tri-diagonal” left-hand
side of (32), and regrouping the rhs using the coefficient
relations (A.7), recovers equation (14) with the orthonor-
malized coefficients.

The coupling strengths, plotted in Figures 7a and 7b,
depend primarily on the ratio of cavity center separation
b to the 1/e% mode waist w. For given b/w, there is a
weaker dependence on the cavity separation to diameter
ratio b/2a (where b/2a = 1 corresponds to touching active
areas and b/2w = 1 to touching mode waists). Note the
trivial limit A =7 = @ for zero separation b = 0 when all
cavities coalesce into one.

Interestingly, the coupling goes to zero for uni-
form material properties, since equations (18, 17) re-
vert to the orthonormality conditions (7) when xo =1 or
1 = 1. Interactions “latch” on the variations x(r) from
a uniform “floor” value x,. Thus zero coupling values
A=7=0,(AT =TT = 0) result both for zero gain (mir-
ror) radius x(r) = 0, and for infinite gain (mirror) radius
a, (am); in such cases Q = 1,(Q., = 1). Hence, individ-
ual cavities decouple gain-wise and reflection-wise when
they share either an infinitely extending uniform gain or
a common infinite mirror (but not both since that would
lead to a single infinite cavity). We also have II, V = 0 for
a uniform absorption x, = 1, i.e., infinite a,,.

The evolution of the complex &;; = E;j expli;;] is
separated into amplitude and phase,

dE; 1 (.. 0&;
TS (c‘,’ij 5 + cc) (33)
d(pij 1 % 651']‘
= ;o - . 4
di ~ 2EZ (8” a (34)

It is convenient at this point to introduce the rate equa-
tions in terms of the photon flux density F' = P/hw and
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Fig. 7. Linear plots of coupling coefficient strength along ver-
tical lines of given b/w = 1,2,3,4,5 in Figure 6. (a) Absolute
value of 7" vs. decreasing cavity separation b/2a. Dips mark
Y = 0 with negative values to the left. (b) V vs. decreasing
cavity separation b/2a (positive). Coupling strength is more
sensitive to cavity separation relative to mode waist b/w, top
to bottom curves, than cavity separation relative to gain area
size, left to right.

the photon density N, = F/vg, where P = vy, EE* /81
is the power and v, is the group velocity. Converting
the microscopic quantities in equations (33, 34) into phe-
nomenological macroscopic gain coeflicients g, +ig; where
gr = goIn[N;;/Nir), gi = tgr, N is the total (resonant plus
nonresonant) over equilibrium carrier density, and the pa-
rameters g, and Ny are given in terms of the material
properties and temperature T, yields [1], retaining only
the nearest interactions i’ =i+ 1,5/ =j+ 1

dt  edy,

— YNy — BNj; — g, In N

— Jr thijA Z Z E’j’ — Jgr thijT
i =i+l j/=j£1

X > > 2y/FyFuy cos i — o]

i'=i+1j/=j+1

(35)
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dFij
dt

= vy(gr lnNijEj — vgpFij

+ Z Z (Angg,« 1n]\7i/j/ + ATvgu — va5d) F
=i+l j/=j+1

+T Z Z vgC9 {thijJrlnNi/j/}

i'=it1j'=j+1
X 4/ FijFi/j/ COS [(pij
—V > > 20,04y/FjFy cos[pij — pirj]

2R RY

=ikl j =j+1
+TT D0 > 20uy/FyFyye cos [pi; — piry]
=ikl j/=jk1
-r Z Z 2wder/Fy; Fyjsin [pi; — oirjr] (36)
=ikl j'=jE1
dpij
dtj = gC lnN
3
A In Ny -
+ Z Z (ng n +w2)
i/=iEl j'=j%1
EPMPIEE LA
=ikl jr=j+1
F/ 5y
“Lsin [pi; — pirjr + V]
ij
R S o T TR
. Fij

=i+l j'=j+1

+ 7t Z Z 2vg 51 / “sin [pij — piri’]
=i+l j'=5+1
E/ !
1 / L cos [pij — pirjr] . (37)

Above we have defined Nij = N,;/N¢» with Ny, the trans-
parency density. We have also combined the real and imag-
inary gain contributions using g, = gcosd, ¢g; = gsinv

with § = /g2 + g2, ¥ = tan'g; /g, = tan™ ¢

+TZZ Z 2w

i+l j/=j+1

4 Relaxation to Bloch eigenstates

The collective array behavior is investigated via numeri-
cal integration of the coupled lattice equations (35-37).
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Fig. 8. Spontaneous phase lock in a 2-D 8 x 8 periodic array
from uniformly distributed random initial conditions and for
constant bias current I ~ 3.131;, (a). Phase difference among
adjacent cavities in the y-direction for (a) in-phase locking for
coupling strength Y = 0.006. (b) Out-of-phase locking for cou-
pling strength Y = —0.006. The inset in (a) shows the sponta-
neous phase fluctuations on expanded vertical scale.

Constant in time drive currents, equal for all cavi-
ties, Ji;(r) = Jox(r) are turned on at t 0. Ran-
dom initial conditions are used for the carrier den-
sity, the radiation intensity and phase in each cavity. A
spontaneous relaxation to collective steady states usu-
ally occurs within a short period. Typical example is
shown in Figure 8. Collective modes, such as Figures 9a
and 9b, exhibit constant radiation intensity and den-
sity in each cavity, F;; = F,, N;; = N,, and a constant in
time, uniform in space phase difference among lattice sites
Ap; = i — pi—1 = Ap,, manifesting spontaneous cavity
phase locking. The time lapsed to phase lock depends on
the coupling strength, and is shorter for higher 7.

The structure of collective eigenstates is analytically
obtained from the zeros of equations (35, 36). Since
only phase differences enter the dynamic equations for
the density (35) and the intensity (36) what matters
is the phase difference evolution, obtained by subtract-
ing equatlons (37) among any two neighboring sites for
A"} = ¢ij — pi1y and Ay%] = ¥ij — ¢ijF1- Be-
cause of lattice periodicity Amgah ; and Aygah ; are related
through the Bloch condition thus it is sufficient to record
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AYp; ., given by
dASDij gi Nij
ke 0 RS- S IO (N
a = N
4 Y Y i _Niy
72 Nir -1

i'=i+l j =541

T a7 <7N”Ni’j/>
3 ¥ wch{n (M

=i+l j/=j+1

Fi/ ! .
X / sm[Acpfj + Y]

N‘7‘_1N‘I,‘/_1 F. 1 .
—1n( v NE: J ) *J sm[Agoi:j_l +19]}

Fij—1
5& Fi/ T +
-V Z Z 2vg?{ Flj sinAg;;

V=il j/=j+1

<

Fyjrq

J . +

— sin Ap;".
Fija "

1Y Fij . +
+ 7t Z Z 2vg§{ Fj sinAw;;
=i+l j/=j+1 K

<

Fyjr_q

j : +

— sinAp;,
Fija "

+Tr > > 2&}%{

=i+l j/=j+1

E/j/
F,

cos Ago;-tj
ij

Fijr—a

i,j—1

ﬁ

oS A(pf];l } . (38)

It is not the individual cavity phases ¢;;, but their differ-
ences that “freeze” in time dAgp;;/dt = 0. Hence, phase
“crystallization” among cavity radiation envelopes paral-
lels phase crystallization among atomic wavefunctions in
lattices.

Of the most general set of steady states, yielding a
zero right hand side in equations (35, 36, 38), we are in-
terested in the uniform solutions subset, with constant
density and amplitude over the array given respectively
by N;; = N, and F;; = F,. Inspection shows that any uni-
form phase difference between adjacent sites Aéij = Aéo,

Ag%ij = Ag‘%o yields such a steady-state. Periodic bound-
aries every M and N sites, and and the uniformity of Ay
among sites lead to Ap, = m(2r)/M = K™ . b, and
Ag%o =n(2n)/N = K™ - b,, where K™ = (K,,, K,,) =
(m27/Mbg,n27/Nb,) is a wavevector of the inverse lat-
tice. A given steady-state will henceforth be labeled by
the corresponding Brillouin zone vector K. The phase
at the ijth site is linear in lattice coordinates, ¢;; =
iAp,+jAp, = (iby+jb,) - K™ = K™ .R,; (within an
arbitrary constant.) Substituting the values &;; = E, ei®ii
(where E, o< /F,) in the electric field expansion, and fac-
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Fig. 9. Snapshot of the radiation field, superposition of all
cavity fields, (a.u) over a 9 x 9 periodic array at ¢ = 40 ns.
(a) In-phase locked steady-state for positive coupling constant
G = 0.006. (b) Anti-phase locked steady-state for negative
coupling constant G = —0.006. Lattice separation is twice the
cavity mode waist b/w = 2, with b, = by, = 3 (a.u).

toring out the common fast-phase dependence ei(k—wot)

yields the mn-eigenmode envelope over the array

E™(r) = Y B, RiU(r — Ryy). (39)
,J

Bloch eigenstates thus emerge naturally as the lattice
steady-states from the dynamic lattice equations. They
are formally equivalent to stationary perturbation theory
results involving cavity mode superpositions with expan-
sion coefficients C;;(K™") = E,etX"" Ris

Similar general conclusions have been described be-
fore using a model with gain coupling only [1]. Here we
will discuss (a) the effects of the added mirror interfer-
ence and passive dielectric, as well as absorption coupling,
on the eigenmode structure (b) how the overall coupling
strength determines phase selection, particularly in- vs.
anti-phasing (c) the departures from Bloch states caused
by finite array boundaries.
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4.1 Eigenmode effects

While the steady-state phase does not depend ex-
plicitly on the cavity interaction details, the steady
state amplitudes and densities depend on both
Ap™™ and the various interaction coupling strengths,
F,=FK™;1,V,...), No=F(K™;1,V,...). They
are analytically obtained from the zeros of the rhs of
equation (35, 36). Substituting A¢™", and observing
that the sinusoidal terms cancel out at steady-state due
to Ap; i1 = —Ap;i—1 ete., yields

Jij

0="- T YN, — BN? — goIn N,F, — 4g, In N, AF,

— 47 g, In N,F,(cos Ay, + cos Apy) (40)
0 =1v4CgrIn NOFO — Vg,

+ 4o, (ACgT In N, — IT66 + At M) F,

+ 4, (ngr N, — Véa + 1t ,u)

x Fy(cos Ap,, +cos Ap, ). (41)

It is obvious from (40, 41) that passive dielectric coupling
de does not affect N, and F,. Dielectric coupling enters
in the individual cavity phase advance equation (37). At
steady-state it causes a systematic frequency shift for all
cavities

Aw, = %c% 4A 4 47 (cos Ap,, + cos Ag%n)} , (42)
which can be absorbed from the start into the cav-
ity frequency, and does not affect Ap. The resulting
from (40, 41) steady-state amplitudes and densities val-
ues are

N™" = N, exp [C_Zr E(Km”)] (43)

F’”"Cl{ Jo
¢ pledwy v

_ N, exp {C’;TE(K’”")} } (44)

where the coupling effect is embodied in the lattice factor
Zmn = Z(K™"), defined as

mn

=
—

1 — 44T — 47T (cos AD,, + cos A,)
1+ 4(A—I166/p) + AT =V 1) (cos Ap,, +cos AD,,)
~ 1 — 4(AT + A — 156/ 1)
— AT+ T = Via/p)(cos Ap,, + cos Ap,). (45)

Thus mirror interference coupling Y and passive intercav-
ity absorption V affect the mode structure to the same
order as gain coupling 7. We have neglected quadratic
terms in the coupling constants, thus using (g, In N, ~ 1
at steady-state. The isolated cavity steady-state values
N, = Ny explu/Cgr), Fo = (/u|Jo/edy, — 4N,] are recov-
ered in the uncoupled limit T'f, AT, T, A, V', II =0 when
Z — 1. The steady-state density (43) is also expressed as
N = (N,)=m.
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4.2 Phase selection

The stability analysis of Section 5 will show that for val-
ues g;/gr < 1 half of the steady-state values (A®,,, A,
are stable against small perturbations. Yet, our numer-
ical simulations show that, starting from arbitrary ini-
tial conditions, the lattice settles to either in-phased
(A"Y, = 0) or anti-phased (A"}, = 7) array configura-
tion. To understand the in- vs. out-of-phase preference
we notice that, during the final approach towards steady-
state mod(Awp;;, ) ~ 0, the sinAy;; ~ 0 terms are neg-
ligible and the radiation amplitude and phase equations
are simplified as
. .
dltj = vgQgr In Ny Fij — vgpuFij

+ > D 204G/ FiFuy cos Apiuy

=il j/=j+1

+ Z Z (Anggr In Ni/]-/ + ATvgu - va&i) F;
=ikl j/=j+1

(46)
dAp;; gi Nij
bt S LA T I
i sy WL
& N,L'/j/
+A.Z Z 09(2 In (71\71-/]-/1)
i'=itl j'=j+1 ’
Fi; .
+ D D w2 Gias | o sindei
=i+l j/=j+1 v

Fij_1

—Gij—1,irj—1

Sil’lA(pij_l,iljl_l} (47)

ij—1

where the various phase-dependent coupling contributions
are combined inside the factor

1 S .
Given that near steady-state Nij ~ N,+O(7), Fij ~ F,+
O(Y), the overall effect of the coupling interactions on the
growth rate is given, to first order in coupling strengths,
by
1 dFj;
Fy; dt

~ 8v,G, cos Ap, + O(T?) (49)

cpl

where G, = T¢§In N, — Véé& + 7T . Our numerical obser-
vations are consistent with gain maximization: the phase
selection is such that the overall coupling effects enhance
the growth rate (i.e. “gain”). Maximum G, cos Ay, im-
plies Ap, = 0 for G, > 0 and Ay, = 7 for G, < O.
Thus it is the combined coupling strength from mirror
interference, absorption coupling and gain coupling that
determines phase via the G, sign. The real dielectric (i.e.
index) interference Ae does not enter G, and phase selec-
tion.
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Most of the usual cavity arrangements [13-17] corre-
spond to G, < 0 causing anti-phased arrays. That hap-
pens because, for site separation larger than the mode
waist b/w > 2 the gain and mirror coupling coefficients
are negative 7, YT < 0, while inter-cavity absorption cou-
pling remains positive V' > 0 over the entire parameter
range. The cases of an infinite extent shared mirror (zero
mirror interferences ' — 0_), or infinite extent shared
gain region (zero gain cross-coupling 77 — 0_) also fall
into that category. To achieve G, > 0 for an in-phase
array one must have Yu 4+ 7Ty > V§a. One approach
is reducing passive absorption between cavities, making
da < 0. Increasing the DBR reflectivity between cavities
Ri—R, > 0 also makes YT positive for 7" negative, accord-
ing to definition after (24). Closely packing the cavities
b/w < 2 so that 7, T turn positive, is also an alternative;
then, because of the scaling (31), the absorption must be
uniformly distributed, so that V' — 0.

Next figures show typical lattice simulation results, in
the unconditionally stable regime. Figures 8a and 8b show
the dynamical evolution of the phase difference A(Z% for
9 x 9 arrays with periodic boundary conditions. The cav-

ity parameters are g = 1347 cm™!, g, = 1117 cm™!,
vy=2x10s"Y B=3x10"" s 'em? d, = 30 nm
and current I = 3.131;;, = 6.09 mA over active ra-

dius ¢ = 3 pm and a ratio g;/g, = 0.5. Random initial
conditions with subthreshold density are used. Sponta-
neous emission is always superimposed on the rate equa-
tions [19], via a numerical implementation of random
photon emissions. Figure 8a shows that spontaneous in-
phase locking with A(f?o = Ag%o = 0 occurs for coupling
strength G, = 0.006. Phase locking is not impeded by
the ever-present spontaneous phase noise, (magnified in-
sert Fig. 8a). The envelope of the electric field over the
array at t = 20 ns is shown in Figure 9a. Changing the
coupling strength sign to negative G, = —0.006 leads to
an anti-phased array steady-state A(f?o = Ag%o = 7, with
the field envelope plotted in Figure 9b. The corresponding
dynamic phase evolution is shown in 8b. It appears that
steady-state phase selection according to maximum gain
configuration is of probabilistic nature; for random initial
conditions the odds for 0 or 7w phasing are overwhelming.

A rare occasion where Agyoo #+ Aéo with m-phasing in y
and 37 /4-phasing in z, is shown in Figure 10, for the same
parameters as Figure 9b.

4.3 Finite array boundaries

Boundaries in finite size arrays can cause deviations from
Bloch eigenstates due to edge effects and boundary layer
generation. Finite boundaries are implemented by remov-
ing the appropriate coupling terms at the edge sites.
Figures 11 show the final steady-state from simulations
of a 9 x 9 array. Nearly in-phase locking results for
G, = 0.006 > 0 and identical other parameters as before.
Here however the phase difference among sites is not uni-
form but varies in space: Figure 11a shows a linear varia-

tion of A, along x (same holds for Ag%j along y.) Instead
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Fig. 10. Snapshot of the radiation amplitude profile (a.u) over
a 9 x 9 periodic array array at ¢t = 40 ns. Anti-phase locking
with different (z — y)-phase pitch A®, = 37/4 and Ad, = 7,
for the same parameters as Figure 6b. (a) 3-D radiation field,
superposition of all cavity fields. (b) Contour plot of above.
Lattice separation is twice the cavity mode waist b/w = 2,
with b, = by, = 3 (a.u).

of uniform (Bloch) phase difference Ap? = 0 we have uni-

form gradient dA® /dx = dAgya /dy equivalent to a constant
second derivative V2p = const # 0. Figure 11b shows
boundary layer formation: the peak cavity field E;; varies
near the boundaries instead of E;; = E, everywhere. The
plot of the radiation field envelope is shown in Figure 11c.
The boundary layer in the cavity densities is shown in Fig-
ure 11d. Simulations with negative G, = —0.006 < 0 led
to (nearly) anti-phased steady-states with similar bound-
ary layers and linear phase gradients around Ay = 7.
Boundary layers are a consequence of the coupling non-
linearity. In linearly-coupled arrays, boundary conditions
are enforced by phase selection alone. For example, a 1-D
N-size array settles into a standing Bloch wave of the form
A; = AsinjApy, Apy, = [kn/(N +1)] (k # 0, N + 1); the
values j = 0, j = N+ 1 represent fictitious “outer sites” of
permanent zero “displacement” Ay = Any1 = 0 so that
they exert no force on the end-sites j = 1, 7 = N. Nonlin-
ear coupled arrays posses the extra ability to adjust end-
cavity frequencies (i.e. non-linear spring constants) by ad-
justing steady-state intensity at boundary sites. It allows a
non-Bloch state of uniform phasing and edge-varying am-
plitude A; = A(j) cos[j0] (in-phase) or A; = A(j) cos[jn]
(anti-phase). Incidentally, the phase difference for linear
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coupled arrays cannot be exactly zero or 7, yielding a si-
nusoidal rather than a flat array intensity profile inside
the array.

5 Phase stability and lattice oscillations

Further understanding of the array behavior results by an-
alyzing the stability of small oscillations around the steady
state. Here we assume that a steady state Ag;; = Ag,,
&ij = &, Nij = N, has been reached and examine the
evolution of small perturbations about these values. Col-
lective modes over a periodic lattice must also be of the
Bloch wave form

GA =AY e B (50)
,J
where 0 A reflects either density or radiation amplitude.
Note that equation (50) is the discretized version of the
continuous Bloch function §A,(x)e?** where the lattice-
periodic envelope is sampled at the lattice sites dA,(x =
0) = dA,(x = by) = -+ = JA.(x = jby). Replacing
independent phase variations by a lattice-periodic phase
perturbation manifests the transition to collective behav-
ior with long range coherence (far from steady state, the
site phases ;; are treated as independent variables, fol-
lowing equations (37, 38). The description resembles the
dynamic behavior of a periodic, spring-coupled mass sys-
tem, a model finding wide applications in lattice dynamics.
Due to the periodicity, linearization of (35, 37) about any
site leads to identical stability equations. The polar dia-
gram Figure 12 shows electric field perturbations both in
and out of phase (JE,dE)), relative to the steady-state
field “direction” at each site. Picking an arbitrary site as
reference, E;; = E,, ¢;; = 0 the neighboring site per-
turbations are related by dE;11 = dFE,(cos kb, £sinkb,)
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Fig. 11. Snapshot of the radiation profiles
(a.u) over a 8x 8 finite array array at t = 40 ns,
for the same parameters as Figure 8a. Phase
difference (z-direction) among neighbor sites
over lattice, (b) distribution of peak field Ei;
(a.u.) in each lattice cavity shows boundary
layer formation, (c¢) 3-D radiation field shows
in-phase locking, (d) carrier density Nij/Np
in each cavity.

Fig. 12. Polar plane representation of the lattice amplitude
and phase perturbations along adjacent sites Eo, E1, Ea... (a)
sinusoidal changes in electric field strength only without chang-
ing the relative phase between lattice sites, (b) sinusoidal
changes in both electric field strength and the relative phase
between lattice sites.

(and similar for 6E;i1). The site phase changes by
S+ = +sin ' (0E, /E,) ~ +(6E,/E,)sinkb,. Since the
z-coordinate can be thought of as a continuously run-
ning site index 4, we have Ap; ;1 =~ by(dp;/dz) (and



308

similar along y). Hence, analytic continuity in the defi-
nition of the phase difference among sites requires that
0(Ap), o d(dp;)/dx = 0P, coskb, where P, =
0E,/E, = §F,/2F,. Picking an arbitrary R;; = R,, ex-
panding around equilibrium and use of (50) yields the fol-
lowing equation for perturbations about steady-state

4 [N, Dy Dyr Do\ (0N, ON,

— | 0F, | =| Dry Drr Dno 0F, | =X\| 6F,

dt \ 5, Doy Dor Dag 0P, 0P,
(51)

The elements Dxy = 9(X)/0Y with X, Y being either
of N, £, Ay are found from the rhs of (35, 37) at steady-
state, (Appendix B). It is instructive to consider certain
limiting cases before a full diagonalization is attempted.

Consider first the limit where only in-phase variations
is allowed in the electric field, 0 F'} = d¢p = 0. While ampli-
tude and density vary sinusoidally over space (and time),
the phase difference among adjacent sites maintains its
equilibrium value, hence Dyg = Dpg = Dge = 0. Diag-
onalization of (51) in this limit factors out to one trivial
eigenvalue A3 = 0 and two eigenvalues \; » from the upper
2 x 2 submatrix determinant

N —(DNN+Dpp)A\+(DynDrpr—DnpDpy) = 0. (52)

Letting © = A1 2 yields the dispersion relation for collec-
tive modes over the cavity lattice,

(v, K)

O K)=TK;K)+£i2(K; K) m

1- (53)

where (2 = \/DNF|DFN| — DFFDNN and I' = (DNN +
Dpr)/2. The two dispersion branches form the propagat-
ing bands of an active photonic lattice. Using the steady
state values in the rhs of (53), the frequency and the decay
rates are respectively given by

N(r;K) = N2(K)
B 1/2
o {1 ~ vgplo 2, % Knb(1 — cos ki) + (z — y) } ’

2 Z(k; K)
(54)
'k K) = —|I,| — v [Z(k; K) — 1] — vgu2G,
X [cos Kpmp(1 — cos k) + (z — y)]  (55)

with Z(k; K) = 1+ 2Acoskzb+4Y cos Kb+ (x — y). A
perturbation of wavenumber k relative to the lattice phase
involves free-space wavenumbers k', = K =+ k through lat-
tice period coupling, contained in cos K,,bcos kb terms.
The coupled cavity frequency scales as 2 = 2,1/Z (k; K)
where (2, is the oscillation (relaxation) frequency for
an isolated cavity. The decay rate I' is related to the
stimulated vs = g,F,/N, and the total non-stimulated
¥ = v 4+ 2BN, decay rates. In the G, = 0, Z = 1
uncoupled limit we recover the characteristic cavity fre-
quency and decay rates 2, = /D% D% x| — D% r D%y
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and I', = (D¢ n + D%r)/2,

[ grkh
2, = /v { v
gl N, YUg

_at+y
.

N, /No*:Y/’Y 1/2
1;]1(N0/Ntr) } (56)

I, = (57)

For usual VCSEL parameters I" is much smaller than 2,
scaling as I'/£2 >~ I, /2, >~ \/7/vgCp < 1, so one may set
the square root in (53) to unity.

Proceeding to the full stability treatment we include
out-of-phase variations in the field, allowing perturbation
in the phase difference among sites ¢ # 0 and conse-
quently Dnyg, Dpg, Dgg # 0. Since the resulting charac-
teristic equation from the 3 x 3 determinant (51) is cubic,
one root remains real: no additional oscillatory (i.e. com-
plex) branch is introduced and the qualitative behavior of
the system stays the same. The main impact is in the sta-
bility of the steady state, since the real root now assumes
a finite value, A3 # 0. Algebraic solution of the third order
characteristic equation yields the three roots

P 27\ C .. 2w A
Mo =2 % (cos (?) 3 =+ isin (?)) + ?2 (58)
Plc A
A3 =24/ 1= 22
3 3 3 + 3 (59)
where A, = Dyy + Dprp + Dgg, C =

—sign(Q)+/27|QJ2/4|P|3, and P,Q are given in terms of
the matrix elements Dyxy in Appendix B. For the usual
scaling I'/w < 1 we have A3 < 0 and P > 0 over the
entire operation region. The complex plane location of
the roots is then determined by the sign of @, as depicted
schematically in Figures 13a and 13b for ) < 0 and
@ > 0 respectively. Hence, by inspection, the real root
stability Az < 0, or the complex root stability tA; 2 < 0,
are sufficient for global stability for, respectively, @ < 0
and Q >0

A3<0 and Q<0 (60)

%)\172 <0 and Q > 0. (61)

More specifically, for low values of the coupling strengths,
corresponding to small size phase perturbation elements
Dxg, we have Q < 0, corresponding to the shaded por-
tion of the parameter space contour plot Figure 14a. Here,
according to the root diagram 13a, the real root stability
condition A3 < 0 is sufficient for global stability, because
RA12 < A3 < 0. We know that, in the zero @-variation
limit equation (52), A3 = 0, hence

WAL
3 2

P,,Q, being the zero @-variation limits of P, (). Thus, in
order to keep A3 < 0 the induced change 63 due to fi-
nite Dxg¢ terms must be negative. Expanding P, @ in (59)
around P,, ), in the small quantities D x4 relative to 22,

|Qol?
| Pol®

Dnn + Drr _0

(62)
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Re

Re

Fig. 13. Roots of the cubic characteristic equation in the com-
plex plane (a) for @ > 0 the stability of the real root Az < 0
is sufficient for global stability (negative real parts for the two
conjugate roots A1,2), (b) for @ > 0 the real parts of A1,2 will
turn positive, regardless of Az < 0.

0.02
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0.015
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0.005

9i/9,

Fig. 14. Area (shaded) of negative @ < 0 in g;/gr — T pa-
rameter space. Unconditional root stability in this area. (b)
Total stability area (shaded) below and above @ = 0. Solid
line marks the transition Q = 0. Conditional stability extends
for @ > 0.
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and substituting for Dxg¢ keeping leading contributions
up to order 1,V ~ ¢, yields

2
03 = 4T vgu (g—;(l — coskb) — 1) (1 — coskb)cos Kb
9r
(63)
where without loss of generality we let K, , = K, kg.y = K,
and b, , = b. Since at steady state 7" cos Kb > 0 the stabil-
ity condition dA3 < 0 for the most unstable perturbation
kb = m becomes,
2
9i 1
= —=<0.
g7 2
Thus, for small values of the phase-perturbation effects,
expressed by the condition @ < 0, there is unconditional
stability regardless of coupling strength 7", for g; < g,/ V2.
At higher coupling strengths () turns positive when
(Appendix B)

L [¥+7r a 1 g7
8 < = | L _g(rt—=v -4 odi 65
31 vgp ( u)}/(3+ 97 (65)

above the shaded area boundary in Figure 14a. Crossing
into the positive Q > 0 occurs at lower 7" with increas-
ing ratio g;/g,. The 7" value for @ sign reversal is finite
at g; = 0. The complex root topology flips to that of Fig-
ure 13b, hence in the high coupling strength area the roots
of the 3 x 3 matrix cannot be obtained by linear expan-
sions around the no-phase perturbation 2 x 2 case, as was
done for Figure 13a. Since we now have A3 < RA; 2 the
sufficient stability condition reads

(64)

<0.  (66)

|P|1 . [sinh '[C]] A
R\ 2 =2 3 2Smh { 3 } + 3
This condition is not automatically satisfied with the right
choice for the steady-state phase T cos Kb > 0. The sta-
bility region for @ > 0 is marked by the shaded area lo-
cated above the solid line @ = 0 in Figure 14b. Unstable
oscillations break out above the shaded region. As a gen-
eral remark, instability always involves the complex roots
crossing into $A; o > 0, while the real root A3 remains
stable over the entire parameter space. This is shown in
Figures 15a and 15b, plotting the real parts from (58, 59)
vs. g;/ g, for various strengths 7.

The entire stability region in the g¢;/g,,1 space, ob-
tained by exact calculation of the roots (58, 59) is shown
by the shaded area in Figure 16a. The parameters held
fixed are v = 2 x 10° s71, v, = 10'° cm/s, p = 80 cm ™1,
gr = 1300 cm™! ¢ = 0.065 and I/I;, = 5. The shape of
Figure 16a is typical over a wide parameter range and the
stability rules can be summarized as follows. There is a
complex gain range |g;/g-| < 8 characterized by uncondi-
tional lattice stability, regardless of the coupling strengths
T, G. Outside that range, the stability is conditional, for
coupling strengths below a threshold value 7" < Ys(g;/g)
given by (65). The width § of the unconditional stabil-
ity region, and the stable area size in general, decreases
with increasing laser bias, as shown in Figure 16b for
I/I;, = 10. On the other hand, stability increases with
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Fig. 15. Real parts of the roots of the stability matrix vs. phase
perturbation strength g¢;/g, for various coupling strengths 7",
(a) complex pair RA1,2, (b) real root £A3 = A3. Only the com-
plex pair enters Re > 0 for large phase perturbation strength.

reduced group velocity, as depicted in Figure 16¢ with
vy = 10% cm/s. The stability area is always symmetric in
+g;. Notably it is solely the absolute ratio of the linewidth
factor to the real gain |g;/g,| that defines the limit for un-
conditional lattice stability to perturbations, regardless of
the coupling strength value.

Earlier lattice stability analysis [1] has also attributed
the onset of instability to the complex roots crossing into
the positive half-plane. However the earlier 2 x 2 disper-
sion limit is strictly valid for 7 < 1, where @ < 0 and the
present analysis predicts stability. Phase perturbations
were also ignored in the stability analysis for two coupled
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cavities [10]. In general the 2 x 2 limit puts the stability
boundary near the @ = 0 curve shown in Figure 13. The
full 3 x 3 matrix roots are thus necessary to pinpoint the
stability boundaries, while previous results serve as qual-
itative estimates. Because earlier simulations covered the
large g;/ g, ~ 4 regime they did not find the unconditional
stability range g;/g- < 3.

Our numerical simulations have so far confirmed the
validity of the present stability conclusions. Stable phase
locking in the unconditional stability regime occurs for
coupling strength values approaching unity, up to the
weak coupling approximation limit. Any externally ex-
cited lattice wave of real wavenumber ' is a stable per-
turbation of real frequency w(x’) that decays in time with
decay rate I'(k'). Stable locking is also achieved in the
conditional region |g;/g,| > § for small coupling strengths
Y. (A second stability region predicted at high coupling
T > Tsg is not borne out by simulations, most likely be-
cause the linear analysis breaks down there.) The charac-
ter of the stable dispersion however changes in going from
the unconditional to the conditional stability region. Fig-
ure 17a shows contour plots of the lattice dispersion for
gi/9r < [ using the exact 3 x 3 matrix eigenvalues (58)
around the K b, = Kyb, = 0 steady-state. The oscilla-
tion frequency §2(kzb:), plotted in Figure 17b, remains
sinusoidal at relatively high strengths.

Similar conclusions follow from the real part (decay
rate) I'(kzb,), plotted in Figures 17¢ and 17d. In fact, in
the unconditional stability region the roots show the same
qualitative behavior as the 2 x 2 roots (54, 55) obtained
by neglecting phase perturbations. The lattice dispersion
becomes profoundly non-linear in the regime g;/g, > 3,
as shown in Figure 18. Both the oscillation frequency
2(kzby), Figures 18a and 18b, and the growth rate
Figures 18c and 18d, exhibit high unharmonic content,
although the coupling strengths 7" are the same as in
Figure 17. This underscores the paramount importance of
the phase-perturbation effects parameterized by the ratio
g?/92. Large phase-pushing factors determine the strength

—_— —-—
lafar|<B lailar | <P
0.02 (@ o002 0.02
0.015 0.015 0.015
Y Y Y
0.01 0.01 0.01
0.005 0.005 0.005
0 0 0
-3 3 -2 A 0 1 2 3 3 -2 A 0 1 2 3
gi‘(gr g|‘(g|' gi"gr

Fig. 16. Effects of various parameters on the stability regime. Same values as in Figure 15b, except (a) bias current reduced
from 10 to 5 Iy, (b) group velocity reduced from 1 x 10° to 1 x 10® cm/s, (c) intercavity absorption added with V = 27.
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Fig. 17. Lattice wave dispersion
relation for small phase perturba-
tion factor g;/gr = 6/13, at steady-
state with Kb = K,b = 0. (a)
Contour plots §2/82, vs. Kyba, kyby
at coupling strength 77 = 0.010.
(b) Line plots 2(kzb)/ 2, along the
line kyb, = 0 for equidistant cou-
pling strengths between 7 = 0.002
and 7 = 0.010. (c¢) Contour plots
v/$26 VS. Kzbz,kyby , at coupling
strength 77 = 0.010. (d) Line plots
(kb)) /82, along the line kyb, = 0
for equidistant coupling strengths
between 7 = 0.002 and 7" = 0.010.
the dispersion is nearly sinusoidal
resembling the 2 x 2 roots.

Fig. 18. Lattice wave dispersion
relation for high phase perturba-
tion factor gi/gr = 2, at steady-
state with Kb = K,b = 0. (a)
Contour plots 2/, vS. Kgbz, kyby
at coupling strength T = 0.010.
(b) Line plots 2(kzb)/ 2, along the
line kyb, = 0 for equidistant cou-
pling strengths between 7 = 0.002
and 7 = 0.010. (c¢) Contour plots
v/ vS. Kgba, kyby , at coupling
strength 77 = 0.010. (d) Line plots
(kb)) /82, along the line kyb, = 0
for equidistant coupling strengths
between 7 = 0.002 and 7" = 0.010.
The dispersion is clearly non-linear
even at low 7.
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of nonlinear effects under given coupling strengths. The
most unstable perturbations I" > 0 in Figure 18d corre-
spond to oscillation wavenumbers kb ~ +m, thus kb = 7
was employed for the stability boundaries in Figures 14
and 16.

The conditional stability regime shows intense non-
linear behavior above the stability threshold T > 7Tg.
The values A@,(t), F,(t) exhibit transitions to stable
non-linear periodic orbits (limit cycles), and undergo
successive period-doublings leading eventually to spatio-
temporal chaotic behavior [19].

Complex oscillation frequencies of real wavenumber &,
dispersion (53), apply to the time evolution of initial
value problems and superpositions of real wavenumber
modes. Space propagation in boundary value problems
with imposed, time-dependent, boundary conditions, is
also of interest. A real driving frequency leads to complex
wavenumbers kK — k + 7 and evanescent waves, where
the decay constant 7({2) is found by solving equation (53)
for SO(k + in) = 0 under given 2 = RO(k + in). Propa-
gation of spatially decaying modes, excited by externally
driving selected sites in the array, has been described else-
where [20].

The so far stability discussion was based on the scal-
ing 2,/ ~ 24/ = \/vgu/y > 1 for most manufactured

VCSELs. For the opposite case wo/v ~ (/vgu/y < 1,
involving combinations of low group velocity and very
low cavity losses (large carrier decay rate - is unwanted)
both roots of equation (58) remain real and negative, with
—I" < 0, regardless of 7. Pure damping of fluctuations and
unconditional stability is now extended over the entire pa-
rameter space.

6 Passively coupled cavity limit

Fringe-field coupling among “passive” cavities (no gain
medium) is finding applications for coupled-cavity waveg-
uides in photonic crystal structures. The presented ac-
tive coupling theory is reduced to the passive cavity limit
by discarding the carrier density equation (35), and by
dropping all gain terms g.; = 0 from the field equa-
tions (36, 37). The reduced amplitude and phase equa-
tions are

dFij
dt

Z Z (ATvgquHUEgééz)FZ

=ikl j=j+1

= > > (V2vgda+ TT20,u)

V=il j/=j+1

= —vguki; —

X/ F; F//cosAgo”
— Z Z T2wéer/ F; FwsmAgo”

i/=itlj'=j+1

(67)
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dAcpw

= > > rs 5 {,/
=i+l j'=5+1

-2 >

<V2”—295d + T%z%)
i'=i+1j/=j+1

Fi' i, + F'/ ir_—1 . +
X {1 / T_jsmAgzw =1/ ﬁsmAgoi’j_l .
(

68)

Here p parameterizes intra-cavity losses (instead of mir-
ror losses), while, as before, A« inter-cavity absorption
and Ae dielectric coupling. There is no steady-state, since
the isolated cavity modes in (67) decay in time. Yet, lossy
coupled-cavity waves can propagate along the lattice pro-
vided their decay rate in time (space) is much smaller than
their frequency (wavelength). Assume for example that all
cavities have been initially pumped at constant amplitude
F, and phase difference Ag,, before the gain is turned
off. The dispersion for the subsequent decaying collective
oscillations follows from the stability analysis of perturba-
tions around the nominal steady-state. The characteristic
equation is given by the lower right 2 x 2 sub-determinant
of (51)
Hpp —
Hop

A Hrg

det Hop —

=0 (69)

where the matrix elements Hxy result from the corre-
sponding Dxy, equation (51), by omitting gain terms.
The complex frequency, for real propagation constant &, is

Hrp + Hopop
2

7
+ 5\/4HF¢H¢H — (Hpr — Haa)?.

=T +i2=

(70)

The diagonal terms are pure real, yielding the decay rate
I' < 0. For lattice oscillations (real £2) the quantity under
the square root must be positive. For originally in- (out-)
of phase cavities K;b, = K;b, = 0,(m) it leads to the
condition (Appendix B)

w—&>1+A+(H:I:V)6 (71)

vgt 4
According to (71) the dielectric coupling strength among
cavities must exceed the combined cavity decay and the
lossy-coupling terms. In fact the oscillation frequency is
entirely generated by the dielectric coupling, since the un-
coupled passive cavities do not oscillate. Hence the dis-
persion (70) is linear, independent of the amplitude F,, as
opposed to (54-56). For practical applications the decay
rates must be much lower than the frequency w, which
implies very low loss cavities.
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It is of practical interest to consider wave propagation
when the original “steady-state” is the vacuum F, = 0. In
that limit the original complex amplitude equation (25),
with zero gain terms, is the propagation equation for
the lattice perturbation 6&;; = &;;. Again, imposing the
Bloch condition &;; = &, exp[ik - R;;] and assuming near-
neighbor coupling with 11 = Ex1 = & exp[Lik - b]
yields the 2-D version of the earlier introduced coupled-
cavity waveguide equation

d&,
dt

—vguE, — 4 (Afvgﬁ + Hﬁa&) &

—4 <V2v95— + 720,

s
+ 112w— >
x &, (cos Kzby + cos Iiyby). (72)

It yields earlier described [12] complex oscillation frequen-
cies © = I' +if2, where

5
I=—v, {(1 A+ 411?0‘

da
+38 (V 204 TTM) (coS kzby + cos Ky by) (73)
0é
N = 8Tw§(cos Kby 4 cOS Kyby). (74)

The real frequency part {2 is provided solely by the real
dielectric coupling. For practical applications requiring
2> I the dielectric coupling must exceed the combined
intra and inter cavity losses, Y Ae/Y T, Y Ae/V Aa > 1.
The same condition permits propagation of decaying lat-
tice waves (complex propagation constant k = k, + iv) of
real frequency, @ = (2.

7 Conclusion

A most general model for weakly coupled microlaser
lattices, addressing both passive and active cross-cavity
interactions, has been introduced and analyzed. Spon-
taneous relaxation to periodic Bloch states for infinite
arrays, with boundary layers for finite arrays, was nu-
merically and analytically demonstrated. The observed
phase selection among adjacent lattice sites is consistent
with gain maximization through interactions. The exci-
tation and stability of lattice oscillations was analyzed.
For the weak coupling, near-neighbor interaction regime
under consideration, lateral interactions generate narrow
frequency propagating passbands out of localized (non-
propagating) cavity modes. Both absolute and conditional
stability regimes for the active lattice oscillations were
identified; the first depends on the imaginary part of the
gain, the second on the inter-cavity coupling strength. In
the conditional stability regime we observed periodic cy-
cles and finally chaotic spatio-temporal lattice oscillations
for increasing coupling strength T under constant in time
uniform in space bias. Increasing the common driving laser

313

bias between the top and bottom of the array actually sta-
bilizes lattice oscillations (provided single mode operation
is imposed on each cavity).

High values of coupling strength are desirable in prac-
tical applications to overcome random or systematic vari-
ations in the cold cavity parameters due to manufacturing
tolerances. One would then seek materials with ¢ < 1 to al-
low unconditional dynamic stability for large coupling 7.
The ¢ value is a material parameter which also depends
on quantum confinement effects. Use of quantum dots has
already yielded ¢ < 1 in GaAs based structures.

Appendix A: Lattice-orthogonal basis
and coupling coefficients

Strictly speaking the original GL basis functions are not
lattice-orthogonal

/ d*rU*(r — Rij)U(r — Rirjr) # 05,0855
0

An orthonormal basis U — U is readily constructed
following the Gramm-Schmidt orthogonalization proce-
dure. Limiting interactions to nearest neighbors with
R, _; j—; = b, , we obtain expressions (8, 9). For Gaus-
sian cavity eigenmodes and using dimensionless rectangu-
lar coordinates T = x/w,§ = y/w,b = b/w

2 oo (o]

Cp, = —/ dg/ dze?
T

/ dye —2¢° / dje—Q[lin] e—%.

(A1)

52
7% g —2[z’£277+ 5]

For weak coupling the cavity separation is at least three
times the mode waist b/w > 3 and Cy , is less than 10~2.
Terms of order C?, being equivalent to second neighbor in-
teraction strengths, are henceforth neglected and the nor-
malization constant for U (equal to /1 — 3C2/2 + C%/2
for 1-D, etc.) is set to unity. First we examine the effect of
the normalization on the exact cavity eigenmode equation

w2
[Vi —k*+ = (€0 + (56)((1'))} U(r) =0. (A.2)
Applying stationary perturbation theory to (A.2), the

frequency correction introduced by the use of U, equa-
tion (8), in place of U, is given by

w? Sw w? 1
5 € | = 2—— o= T HaaAr z,y€o
3( %) =2 = T Ol
></ erU*(r)i—Qx(r)U(r$bx,y). (A.3)
0

The integral in the rhs is just the definition of
Cy,y, yielding a second order correction in frequency
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20w/w = —C2 /2 which can be neglected. Next, the hat-

ted basis U is used for the coupling coefficients definitions
T, A, equations (27) and (28), and assuming for simplicity
square lattice with C, = C, = C, yields

Second order contributions from cavities two lattice sites
apart (i.e. U(r)U(r F 2b) and U(r £ b)U(r ¥b)) are
dropped. The contribution o< C' [ U%(r F b)x(r) = CA is
also second order. Thus, and employing similar procedure
for the rest overlap factors, yields

2
T=Y-ico A=4-2cys &

2Np 2Np 4N3 Q
B 2Np B 2Np
V—VfQNDC’H =1 2NDC’H (A.5)
where
27 e’}
Q :/ d9/ dr rU?(r)x(r) (A.6)
0 0

is the cavity “transverse confinement” factor, of order
unity, and

Y= /0% de /OOO drrU(r)x(r)U(r ¥ b)
A:/O%de/oo drrU?(r F b)x(r)

0

VZ/O d9/0 drrU(r)x(r #b/2)U(r +b)

/OQWdG/OOO drrU <rig> x(r)U <r¢g) (A.9)
H/O%d(a/;odrm?(r;b)x <r¢g)
/O%dG/OOOdMUQ (rqtg) X(r).

The far rhs in (A.9-A.10) derives from a half-period ori-
gin shift by b/2. The mixing among mid-lattice centered

(A.10)
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terms, i.e.

Vi =V = Zﬂ/ooodrr{U (ri g) XU (r; g)

o o (e D) o (s22)
10 (e v (v 2)
10 (e ) o (r52)

0 (e ) o ()

produces only second order corrections o< C [ U2(r ¥
b/2)x(r) = CII (and similar for IT).

+O(02)}

Using the fundamental mode profiles
Uoo(r) = /2/mw? exp(—7r?/w?), using (r—b,)? =

(z —by)?+ 9% (r —by)? = (y — by)? + 22 and converting
to x = pcos ¢, y = psing, yields

4

a
Q= E/ dppe_2”2/”““2 =1 — exp[—2a%/w? (A.11)
0

1 a
yz’y _ 4671)3_»,11/11)2E /O dppe*292/’w21'0 (2ba:,yp/w2) ,

(A.12)
—2b2  Jw? 1 ¢ —2p% Jw? 2
Aa:,y =4e Y E 0 dppe IU (4b1’yp/w ) ’
(A.13)
V,, = de~0h/20" L / " dppe 200t = Qe
w= Jo
(A.14)
—b2 /2w? ¢ —2p? Jw? 2
I, = 4e Ve oz, dppe Zo (2bgyp/w?) .
(A.15)

We have generalized for rectangular lattices with b, # b,.
The un-normalized coupling strengths (A.12, A.15) are
positive. Among the orthonormalized coupling strengths
Ag.y, Vou and Il ,, are always positive.

Appendix B: Stability equations around fixed
points

Equations (35, 36) are expanded around the steady-state
values Fj; = F,, Nijj = N,, Api; = Ap,. Due to pe-
riodicity an arbitrary (i,j) is chosen as reference; we
take ¢ = j = 0 with near neighbors i = +1, 7/ = +1.
The perturbations are themselves Bloch waves, mean-
ing that the next site perturbations are phase shifted
by kb relative to the reference site, 6Ag+1 = 6A+10 =
dA, exp [tikb] where A stands for F' or N. Reviving
cos A, = (exp[iKb] + cc)/2 and taking the variation in
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respect to 0F, 5N, using the notation Dyy = 9(X)/dY
with X, Y being elther of 6N, §& yields
grFo
DNN = =7 — 2BN [(1 + 2/1 )
o
+ (20 cos Kpb) (1 +1) + (z — y)] (B.1)

N,
Dyr WT1H<N

tr

> {1+2A cos kyb+2= (2T cos K,.b)

X (14 coskgb) + (z — y)} (B.2)
F,

Dpy = vg(: {g, (14 24, coskzb)

+ §(27; cos K;bcos¥) (1 + cos k) + (z — y)}
(B.3)

N,
DFF = —Ugl + 'Ugcln (NO ) |:g7(1 + 2/1;5)

tr
+§2= (2T cos K bcost) (1+coskzb)+(z — y)]
— g0 {2]7 +2- (2V cos K;b)
X (14 coskzb) + (x — y)]

+ vgp {2AT + 2= (2TT cos K;b)
X (1 + coskzb) + (z — y)] (B.4)

Dgn = vg(: — COS Kby )

2 N A
X (1424, coskzby) + (x — y)]
+ vg(—i [27% (1 + cos kzby)

X sin ¢ (cos Kb — cos(K, —

(B.5)
| N
Dgp = vg(:g nF [27(cos Kby — 1)singd
X (cos Kb — cos(Ky — Kz )bz) + (z — )]
w 0€

+ EFT[ (coskzpby — 1)

X (cos Kb — cos(Ky; — kz)bs) + (x — y)].
(B.6)

The identity 2cos Kb + cos(K, + k)b + cos(K, —
ke)b = 2cos K;b(1+ coskgb) was used!, where the
phase shift +xb comes from JAi;. The neighbor
site summations also yielded », cos(£K;b, + ¥) =
2cos Kb, costd, etc. The 2(1/2) factor stems from
8F\/F0Fﬂ = (1/2)[\/F0/Fi15Fi1 + \/Fil/Fo(SFo],
where Fy1/Fy = Ni1/Ng =1 from the uniformity of the
steady state. For the derivatives in respect to the out-
of-phase variations d¢p = dF, /2F, = §P,sink,b with

! In reference [1] the result 4Y cos A, + 4Y cos[Aw, + kb
ought to be corrected to 4Y cos Ag, + 2Y cos[Ap, + kb] +
2Y cos[Ap, — K.
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09, = O0F/2F,, we observe that analytic continuity
Api i1 = byd(dp;)/dr (and similar along y) requires
0(Ap), = 0P, cos kb, etc. Thus, expanding the per-
turbed values Acp:xtyy = Ap, + 0P, cos(Etky ybs ) yields
the partial derivatives

Dne = §2In N, F, Y [—(1 + cos kzby)
x sinK b, cosd + (z — y)] (B.7)
Dre = 0,521 Ny F,T [—(1 + cos fipb, )sinK b, cos 0
+ (1 — coskgby) cos Kpbysind + (z — y)]  (B.8)
+ 20y (uX1 = 6aV) F, [—(1 + cos kzb)
x sinK b, + (. — y)]
+ 2wHeF,T [(1 — cos kyby) cos Kby + (2 — y))
(B.9)
Do = UgCgQIHNOT
X [=2(1 — cos Kby ) cos Kby cos ¥ + (x — y)]
+22 (u1t —dav)

X [=2(1 — cos kgby) cos Kb, + (. — y)] . (B.10)

The steady-state condition (43) further simplifies (B.4)

Dpp = —2v, (0T — 66V + uY'™)

X [cos Kby (1 — cos kb)) + (. — y)] (B.11)
where we have neglected quadratic terms 72 by taking
CgrIn(No/Ntr) >~ p. We have generalized for arbitrary
Kb, # K,b, and kb, # kyby. Notice that the stability
matrix is independent of the real dielectric variation Ae.

The zero gain limit g, ; = 0 yields the matrix elements

for passively coupled cavities
Hpp = —vgp — [2]711)9564 + 2/111)9#]
— [2Vovg0a + 2T;Ug,u}

[COSK b (1 + coskyb) + (z — y)) (B.12)

Hop = 2F L (pYT 4+ 6aV) [2(1 — cos kyby) (sin(Kb)

— sin[(Kz — £2)bz]) + (2 — )]

- %%T [2(1 — cos Kzby ) (cos(K ;)

— cos[(Ky = Ka)ba]) + (2 — y)] (B.13)
Hpg = v,(uYT + 6aV)

X Fy [(1 4 cos by )sinK b, + (2 — y))

— WIEF,T [2(1 — cos Kby ) cos(Kb) + (z — y)]

(B.14)

anqs = U?g% (MTT + (SdV)

X [2(1 — cos kypby) cos Kby + (x — y)] . (B.15)

The matrix eigenvalues in (70) depend on the discrimi-
nant A = 4HpgHgr — (Hee — Hrp)?. For perturbations
around O- or m-phased steady states K, ,b;, = 0,7 the
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expressions under the square root simplify to

L (2w8eT)? (1 — cos kb)®

2
(,uTJr + 66V ), .
e 2sinkb

HpeHep =

X |1 —coskb—

(B.16)
H@q} — HFF = —Uyg {,LL(]. + 4/1) + 4IT6&

1
+ [4Y T pu(1+cos kb) £ 4V 54| (;—1—5 cos /@b)} :
(B.17)

Substituting in A > 0 and taking kb — 7 for the most
unstable perturbation yields (71)

In the uncoupled cavity limit, letting all coupling coef-
ficients T, V', A, IT = 0, all matrix elements vanish except
the upper 2 x 2 submatrix. Then the stability equation
follows from

Dyn =X Dir

det v 5 =0. B.18
DFN DFF_)‘ ( )

It yields the characteristic cavity relaxation oscillation fre-
quency and damping rate given by 22 = —(D%xyD%p —
D{inD%p), I'v = (D{n + D%p)/2, equations (56,
57). The next limit is to allow oscillations in the car-
rier density and radiation amplitude, without chang-
ing the relative phase among sites (Fig. 12a), i.e.
A(N)/0Ap = d(F)/0Ap = d(Ap)/dAp =0. Now the
3 x 3 stability matrix factors into the upper 2 x 2 de-
terminant times A,

Dynv—X Dyrp O
det| Dpy Dprp — X 0| =
Dsny Dar 0 —A

Dyny — A Dnr

(=M)det Drn Dpp— M|~ 0 (B.19)
(even though Dgx = 0(Ap)/ON, Dep = 0(Ap)/OF +
0). The dispersion relation, given in (54, 55), involves mod-
ified oscillation frequency and decay rates that depend on
the coupling strengths and the perturbation wavenumber
k. The third root is trivial A3 = 0.

We now consider characteristic determinant for the full
3 x 3 stability matrix

Dynv—X Dnr eDneg
det DFN DFF — )\ €DF45 =0. (B20)
D@N €D¢F €D<pq§ - A

The tag e indicates small terms of leading order ~ 7T,
V <« 1. The transformation

A= —
zZ+ 3

where As = Dyn + Dpr + Dgg puts the characteristic
equation A3 — 432 + A1\ — Ag = 0 into to the form

(B.21)

P4+ Pz4+Q=0 (B.22)
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where, keeping only terms up to order €, we have

4 4
P=*- §F2 — DonDno + DnnDos — gFDqsqs

(B.23)
2 (2 1 2
Q: (9] §F+§D<b¢ +§F(DNND<P<P_D@NDN¢)
8 16,
_DNFDF@D@N+DFNDNFD¢@—§F D¢¢_§[‘ .
(B.24)

The definitions {2 = \/DNF|DFN| — DppDyn and I' =
(DnN + Dpp)/2 from the 2 x 2 stability limit have been
used. Coeflicient P is positive, P = |P| > 0, over the
usual VCSEL operation range 22 > I'2. The sign of Q
is important and determines the root location in complex
plane, Figure 13. Regrouping terms yields

4 2

P=02_ §F2 + 3D (B.25)
2 4 16

Q=58+ §QQF + §DF2 — ﬁri*’ (B.26)

where

1
B3 = gQQD@P + DpnDNFDees — DNpDreDen

(B.27)
Dyn —2DFr

3 Dnyn 4)
D="Dgs (22N _2)_p
4545( " Dyn + Drpr

e (B.28)

and we focus on the stability around K,b, = Kb, =0, 7w
where Dye o< sinKy 4by, = 0. Substitution of the sta-
bility matrix elements inside (B.27) yields, keeping only
leading terms in coupling strength 1

9
92

2
B3 =~ 4 v, u(2? (5 + = (1 —cos /@b)) cos Kb(1 — coskb)

(B.29)
and for Q ~ B% + 022 (2I' + Dgg) /3

1
Q~—0? [g(ﬁ + YR + 4Govgp cos Kb(1 — cos kb)

”’FO
— 87T cos Kb) — 42w,
N,
2 g
<3 + ?(1 — coskb) | cos Kb(1 — cos kb)

(B.30)

where for simplicity we let K, ,b,, = Kb and kg by =
kb. Neglecting the term ¢,F?/N, = w?/uv, < 1 yields
the parameter space region for negative @, equation (65).

Returning to the eigenvalues, the three roots of (B.22)
are given by

P 2w .
zj =2 —5608(9—1—]?), i=1,2,3

where § = (1/3)cos™'C with C \/27/4Q /v —P5.

In our parameter regime P > 0, C = isignQ|C|,

(B.31)
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c| = \J27QP/A[PP. Then, 6 = 7/2 +
i(1/3)sign(Q)sinh~'|C|, which, after substitution in-
side (B.31) and (B.21) yields

P 2 inh~!
|—3| <signQ cos (%) sinh [smTM]
2 inh~'|C A
+ ¢ sin (?ﬂ) cosh [Smqu) + ?2
[|P inh~'|lc|]] A
A3 = —sign@2 %sinh {SHITH] + ?2

where

Ao =2
(B.32)

(B.33)

(221/2)* [B3/ 2T + 2 + 4Dr/0* - 1612/02)?

cl*

(22/3)° [1—4r2/02 4 2pr/ 2]
(B.34)
Substituting the matrix elements inside Ao = Dyy +
Drp + Dep = 21" + Dog yields
Ay = — [+ v Z(k; K) + dvg (uGo + uT)
x cos Kb(1 — coskb)] <0 (B.35)
since at steady-state G,cos Kb > 0. Hence, for

sign@ = —1 or sign @ = 1 determined from (65), we re-
spectively obtain the complex plane root arrangement in
Figures 13a and 13b.

To compare the full stability roots with the roots
of the phase-invariant 2 x 2 limit corresponding to
Dxg =B =D =0 we expand the roots inside the deter-
minant (B.20) as A; = A? +€dA;. For the third (real) root,
the 2 x 2 limit is zero,

| Bl
3

Dnyn + Drrp
3

1
9=2 sinh {§|CO|} + =0, (B.36)
and the lowest order non-zero A3 value for the full 3x 3 case
equals the first order change d\3 due to the Dxg # 0 ele-
ments. Collecting terms ~ e around A = 0 inside (B.20)

yields

DnrDre — DrrDne

0A3 = Doo + Dan P

(B.37)

Substituting the expressions for the matrix elements and
neglecting terms I2/22 gives (63).

In the small phase perturbation regime the roots
are further simplified by the substitution, from (B.36)
2y/P,/3sinh[|C,|/3] = (Dnn+ Drr)/3 = I,/3 in-
side (B.32, B.33) whence

1vP,B3 1 . 3 B3
Fo+<— +§D¢¢>$Z\/Po 1+

AL2

’ 2 23 203
(B.38)
B> D
A3 =/ Ppme + =22 (B.39)

23 3
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The zero phase-variation limit B = 0, Dge = 0 of the
above recovers the expressions for the 2 x 2 stability limit.

When the phase-perturbation effects become signifi-
cant as B3 increases, the 3 x 3 roots cannot be expressed
as perturbations around the 2 x 2 roots; in particular A3
cannot be expressed as 03 of the trivial root. The tran-
sition @ > 0 causes essential changes in the complex root
location from Figures 13a to 13b. Now it is the complex
roots that tend to become unstable and cross the real axis.
This will happen if

_ o /Pl
RA2=2 3 25111

The stability boundary from (66) cannot be put in a
simple expression and is plotted graphically using formu-
las (B.32) in Figures 14 and 15.

A

> 0.
3

(B.40)

sinh™*|C|
| i o
i
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