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Disclaimer: The topic of photonic topological insulators and scattering-protected edge states
bridges concepts from condensed matter physics and electromagnetics, and necessitates understand-
ing the Berry phase, potential, and curvature, and related concepts. These notes are an attempt at a
moderately self-contained introduction to the topic, including two detailed photonic examples drawn
from the literature. We made these notes in the process of trying to understand this topic ourselves,
and we are posting this material in the spirit of helping other researchers start to understand this
material. We claim no novelty in the material or its presentation, nor is this work intended as a
comprehensive review.
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Berry Phase Concepts

In this section we introduce the main idea of Berry phase, potential, and curvature, and summarize some related
concepts.

1.1 Motivation - backscattering-immune one-way SPP propagation

Surface plasmons polaritons (SPPs) are well-known and long-studied waves that can be guided at the interface
between two materials (nominally, for an SPP to exist in an isotropic environment one material has relative
permittivity e = €1 < 0 and the other has € = g2 > 0, such as an air-plasma (metal) interface). For a wave
travelling as e***# (z parallel to the interface), the SPP dispersion relation is

b= f £1€2 , (1)
c \/ €1+ €2

where e, = &, (w). For example, for a simple lossless plasma & (w) = 1 — w?/w? with w, being the plasma
frequency. Plotting the dispersion equation (Fig. a) we see that propagation is reciprocal, w (—k) = w (k),
so that forward-propagating (k) and backward-travelling (—k) waves exist at the same frequency. A source
near the surface will excite SPPs travelling in both directions (+z), and upon encountering a discontinuity an
SPP travelling in, say, the +z direction will undergo both reflection and transmission, again resulting in both
forward and backward travelling waves. This is shown in the upper-left insert of the figure (see also Fig.
and associated example later in the text).

Waves can be excited in a single direction using a directive source (e.g., planar Yagi-Uda antenna, or by a
circularly-polarized source that couples to the SPPs spin polarization), but upon encountering a discontinuity,
partial reflection of the wave will occur since the material itself allows propagation in both directions.

However, if the medium only supports modes that can travel in one direction, say, via non-reciprocity
as depicted in Fig. b (e.g., via a magnetic-field biased plasma having a tensor permittivity with non-zero
off-diagonal elements), then upon encountering a discontinuity an SPP cannot be reflected (back-scattered),
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Figure 1: a. Dispersion of reciprocal SPP. Upper-left insert shows SPP power flow excited by a vertical dipole
source near a step change in height at the interface between a reciprocal medium (below) and a different
reciprocal medium (above), b. nonreciprocal SPP; shaded region depicts frequency range of uni-directional
propagation. Upper-right insert is the same as upper-left insert, except that the lower medium is now non-
reciprocal and we operate in the gap, ensuring one-way propagation.

as shown in the upper-right insert of the figure. This is a rather remarkable occurrence, and has important
applications in waveguiding (e.g., defect- immune waveguides). In general, there will be a range of energies
where only propagation in one direction is possible (e.g., in Fig. b in the indicated frequency band only
forward propagating modes can exist, there are no states with —k). Fig. at the end of these notes shows
power density excited by a source over a magnetoplasma material, as discussed in — .

However, the idea of one-way (backscattering-immune) surface-wave propagation is more general then indi-
cated above. In particular, one does not necessarily need a non-reciprocal material. A broad class of materi-
als exist known as photonic topological insulators (PTIs) which have this characteristic, generally supporting
Hall/chiral edge states. This class of materials includes biased non-reciprocal magneto-plasmas (more generally,
materials with broken time-reversal symmetry), but it also includes time-reversal-invariant materials with bro-
ken inversion symmetry. In the latter case, photon states are separated in two ‘spin’ sub-spaces (usually through
geometry such as via a hexagonal lattice), and ‘spin-orbit’ coupling is introduced through inversion symmetry-
breaking. Here focus on the simplest subclass formed by photonic topological media with a broken time reversal
symmetry, sometimes also designated as Chern-type insulators (the analogs of quantum Hall insulators).

On the electronic side, topological insulators (TIs) and quantum Hall edge state materials (which utilize
many of the same concepts described here) came first, and, noting the analogy between electronic and optical
systems, the first work on PTIs was described in [4] and . The first experimental demonstration of an optical
TI was shown in @, and in various material systems 7 , ﬂgﬂ, , and 7 among others. Understanding the
broad field of PTIs necessitates understanding the Berry phase, potential, curvature, and the concept of Chern
invariants, which is the subject of these notes. After an introduction to these concepts, we examine two previous
PTI results from the literature, and provide details of the various computations necessary to characterize the
materials.

1.2 Origin of the Berry Phase

Here we derive the Berry phase, following the usual procedure for electronic systems. For a derivation that only
considers classical electromagnetics, as well as a more thorough introduction, see .

We consider a system described by a Hamiltonian dependent on parameters that vary in time, H = H(R),
such that R=R (t) = (R (t),Ra (), R3 (1), ....) We will consider a path in parameter space C' along which R



changes. For example, R could describe the position of a particle (z (t),y (t), 2 (¢)) and C could be a path in
physical space. However, here we are primarily interested in the case when R (¢) lives in momentum (reciprocal)
space.

The evolution of the system is assumed to be adiabatic, such that the parameters R(t¢) of the Hamiltonian
change slowly along path C' in parameter space. The adiabatic theorem states that if a system is initially in the
nth eigenstate of the initial Hamiltonian H (R (0)), and the system is moved slowly-enough as R (¢) changes,
it will arrive at the nth eigenstate of the final Hamiltonian H (R (T')). Development of the adiabatic solution
below will show how the Berry phase comes about.

We will assume that the time dependent states evolves through an evolution equation

ihoy V(1)) = H(R()) [ (1)) (2)

which is typically taken to be the Schrodinger equation, where |¥(t)) is a scalar, but it could also represent the
Dirac equation where |¥(t)) is a spinor, and classical Maxwell’s equations (A = 1), where |¥(¢)) is the six-vector
of EM fields.

Because of the slow variation of the Hamiltonian parameters we can assume that at every time the instan-
taneous eigenstates of the Hamiltonian satisfy

H(R)|n(R)) = Ep [n(R)) . (3)

However, does not uniquely determine the function |n(R)), since we could include an arbitrary phase factor
(gauge choice) that depends on R (¢).

To motivate the following derivation, note that if the Hamiltonian is independent of time, then a system
that starts out in the nth eigenstate |n), remains in nth eigenstate but simply pick up a phase factor,

T (t)) = [n) e~ #En, (4)

So, to represent the evolution of the system with slowly varying Hamiltonian we use a superposition of these
instantaneous eigenvectors, adjusting the phase factor to account for the time variation,

(1)) =Y an(t)e# o P EEDE (R (1)) = 3 an(t)e’™ [n(R(1)) (5)

where o, (t) = —+ Ot E,(R(t"))dt" is called the dynamical phase. If we substitute this general form of solution

in the evolution equation we obtain

ihZ(@tan + ianﬁtozn)em" |n) + zhz a,etor |Oyn)y = H | )
ihZ(@tan)em" In) + ZEnaneio‘" [n) + ihZanem" |Ogn) = H |P), (6)

and taking the inner product of both sides by (m|, yields

O, = — Z an€@n=m) (m|dyn) . (7)

In the adiabatic limit, where excitation to other instantaneous eigenvectors is negligible EI , the choice of initial

1To prove the statement that the excitation probability of states n 7 m is small, the time derivative of the energy state equation
is O¢H |n) + H |0¢n) = 0t En In) + Ey |0gn), where we can set 0yFn = 0 due to slow variation. The inner product with (m| yields
(m|8n) = (m|8¢H|n) /(Em — En) (n # m) so we have from (7) diam = — 3, ane’(@n=%m) (m|8;H|n) /(Em — En) (n # m).
Choose the initial state to be one of the instantaneous eigenstates |¥(t = 0)) = [n(R(0))), so an(t = 0) =1 and am(t = 0) =0
for n # m. Then, for n # m we have dyam ~ —e(@n=m) (m|d,H|n) /(Em — Ey). Since the time dependencies of (m|d;H|n) and
E, — Ep, are slow, the most important time dependence will be in the exponential, which can be approximated by eX(@n—am) —
el(Bm—En)t/h Neglecting the other slow time dependencies then yields

Oram ~ —e(On=2m) (18, H|n) /(B — En)

(Em — En) h Wi
wmn = (Em — En)/h, (n# m). Due to adiabatic approximation we have adopted, (m|0:H|n) is slow compared to the transition
frequency wmn = (Em — Fr)/h. Therefore, the magnitude of the excitation probability to other states |am (t)|? is small for n # m.
For further reading see [14].

¢ . p
am(t) = _/ ei(Emen)t/hM . dt = ! M{eiwmnt/ﬁ —1}, (8)
0



state |U(t)) = [n(R(t = 0))) will imply that |a,(¢)] = 1, am(t) =0 for m # n. We then have

Oyay, = — Zanei(an—am) (m|dyn)

n

sy, = —ay, (n|Om) — an = € Opy, =i (n|Om) . (9)

Therefore, the adiabatic evolution of the state vector becomes

(1)) = ePmet [n(R(1))) (10)
We have
=i [ R G InR()
[t 0 . OR
=i [ (R 5 IR - G
Ry Ry
— [ R iR Ve n(R) = [ R AR (11)
R; R;

(setting Vg = 0/0R), where R; and R; are the initial and final values of R(t) in parameter space, and where
An(R) =i (n(R)| Ve [n(R)) = —Im (n(R)[ Vr [n(R)) (12)

is called the Berry vector potential (also called the Berry connection since it connects the state at R and the
state at R + dR) and 7, is called the Berry phaseﬂ

Eq. shows that, in addition to the dynamical phase, the state will acquire an additional phase 7, during
the adiabatic evolution (note that -, is real-valued; e () is a phase, not a decay ter. The existence of this
phase has been known since the early days of quantum mechanics, but it was thought to be non-observable since
a gauge-transformation could remove it. It was Berry who, in 1984, showed that for cyclic variation (Re¢ = Rj;)
the phase is not removable under a gauge transformation [19] (discussed below), and was also observableﬂ This
net phase change depends only on the path C in parameter space that is traversed by R(¢), but not on the
rate at which it is traversed (assuming the adiabatic hypothesis still holds). It is therefore called a geometrical
phase, in distinction to the dynamical phase which depends on the elapsed time. This geometric phase has been
generalized for non-adiabatic evolution [20].

1.2.1 Geometric Phase

Geometric phases have a long history, and arise in many branches of physics [21]. They are well-illustrated by
considering parallel transport of a vector along a curved surface. To consider an intuitive example, as widely
discussed (see, e.g., [15]) and depicted in Fig. [2| consider at ¢ = 0 a pendulum at the north pole of a sphere,
swinging along a longitude line. If the pendulum is moved along the longitude line to the equator, across the
equator some distance, and at ¢ = T arriving back at the north pole via a different longitude line (and assuming
the movement is sufficiently slow, in keeping with the adiabatic assumption), the angle of the pendulum swing
with some fixed reference is obviously different from it’s initial angle (this difference is called the defect angle,
which is a mechanical analogue of phase). The defect angle is given by the solid angle 2 subtended by the
path of movement. For example, Qsphere = 47 for a sphere, and so if the longitude lines are 180 degrees apart
the subtended angle is Qgphere/4 = 7. For the electronic case, moving along a contour in parameter space, the
Berry phase is equal to s{), where s is the particle spin. Parallel transport along an non-curved surface does not
lead to a defect angle, and so we see that a non-zero Berry phase has it’s origins in the curvature of parameter
space. In optics, an optical fiber wound into a helix has been used to demonstrate Berry phase [16], among other
results (see, e.g., [17]). In these cases the momentum is p = Xp, + ypy + zp. = hk, where k is the propagation

20ne can also obtain this result by assuming the existence of this extra phase [19], [¥(t)) = e?"mei®n |n(R(t))), and inserting
into Schrédinger’s equation. Taking the inner product with (n(R(¢))| and using (n(R(¢))|H (R)|n(R(t))) = En leads to the same
result as above.

3(n(R)| VR [n(R)) can easily seen to be itself imaginary since (n(R)| n(R)) = 1, and so taking a derivative on both sides yields
(n(R)| Vr n(R)) = — (n(R)| Vg [n(R))".

4Physically observable quantities must be gauge-independent



Figure 2: a. Parallel transport around a sphere. b. Parallel transport about a closed contour on a sphere and
solid angle subtended.

vector of the optical wave, |k| = k = 2w/A. Therefore, |p|2 =p? +p§ + p? = (hk)?, which is a sphere, and so
rotation of momentum is equivalent to movement on the surface of a sphere.

When R is a real-space parameter, consider an electron in the ground state of an atom. As the atom is slowly
moved through a static magnetic field the electron stays in the ground state (adiabatic) but picks up a Berry
phase, which is the Aharonov-Bohm phase. An example of R as a parameter space is given in Section for
an electron fixed in space but exposed to a time-varying magnetic field B (¢). As detailed in the electromagnetic
examples below, we will be more interested in the case when the parameter space R is momentum space, R = k.
In this case, we can simply consider moving through k-space without necessitating the time variable, and simply
consider v, (k), which will depend on the path taken in k-space.

1.2.2 Gauge

Obviously, 4, (R) is a gauge dependent quantity. If we make a gauge transformation [n(R)) — ¢®) |n(R))
with £(R) an arbitrary smooth function (this is equivalent to the EM gauge transformatiorﬂ) the Berry potential
transforms to A4,(R) — A,(R) — VrE(R). Consequently, the additional phase 7, will be changed by £(R;) —
&(Ry) after the gauge transformation, where R; and Ry are the initial and final points of the path C. For
an arbitrary path one can choose a suitable £(R) such that accumulation of that extra phase term vanishes,
and we left only with the dynamical phase. However, by considering a closed path (cyclic evolution of the
system) C where R; = R; and noting that the eigenbasis should be single-valued, |n(R;) = [n(Ry), then
e R In(R;) = R |n(Ry) = “®Bs) n(Ry;)), and so (R = ¢i€(Rs) That is, single-valuedness of the
eigenbasis means that e’¢®) (but not necessarily ¢(R)) must be single-valued, and therefore we must have

§(Ri) — E(Ry) = 2mm (17)
5 In EM, the gauge transform is
@' (r,t) = ® (r,t) — w A’ (r,t) = A(r,t) + Vx(r,t), (13)
which leaves the fields OA (r,1)
E(rt) = =V&(r,t) =~ =, B(r1)=VxA(1 (14)
unchanged. Then,
i 10) = A1) (15)

with the Hamiltonian 1
Hr,t)= 5o PreA (r,0)2 —e® (r,t) + V (r),
m
becomes d
i o) = ' |v) (1)
where |¢) = e~iex(r:)/h |4} and
-~ 1
H = [B+eA’ (r,1)]> —ed' (r,t) +V (r).
m
Therefore, Schrédinger’s equation is invariant under the gauge transformation, and the EM change of gauge is equivalent to a phase
change in the wavefunction, |1)’) = e=eX(r:t)/f |4,



where m is an integer. This shows that 7, can be only changed by an integer multiple of 27 under a gauge
transformation using a smooth gauge function; this phase cannot be removed. Note that this holds for Dim(R) >
1, so that we have a path integral in . For a one-parameter space R, becomes a simple integral over a
vanishing path; for Ry = R; = R flfz(n(RM % [n(R)) dR = 0. However, when applied to periodic solids (for
which the Berry phase is also called the Zac phase, electrons crossing the Brillouin zone can indeed pick up a
Berry phase, which persists in 1D because of the periodicity of the Brillouin zone; assuming period a, when k

sweeps across the BZ due to, say, an applied field, a phase can be acquired since f:/rt;a (1) dk = f:ﬁ‘;a () dk.

As described below, we will only be interested in paths C' that are closed in parameter space, and so we
write

Yo =7 (R) = ﬁdR -A,(R). (18)

In the space of gauge functions ¢ where e“(®) is single-valued, is gauge-dependent (one could say it is
gauge-invarient up to factors of 2m). If we restrain the class of gauge functions £ to be themselves single-valued,
then is gauge—independentﬂ

For a two-dimensional periodic material (such as graphene as an electronic example, or a hexagonal array of
infinite cylinders as an electromagnetic example), C is typically the boundary of the first Brillouin zone and S is
its surface in k-space. In this case, the “cyclic” variation forming the closed path C' in k-space is the perimeter
of the first Brillouin zone.

1.3 Berry curvature, flux, and tensor, and Chern number

Eq. is an analogy to the equation for magnetic flux ®,,,,, in terms of the real-space magnetic field and
magnetic vector potential A, in electromagnetics,

@mag:/SdS~B(r) :7{Cd1-Amag (r). (19)

where fc dl - A (r) is also related to the Aharonov-Bohm phase in quantum mechanics. For the magnetic
flux density in electromagnetics we have

B (r) = Vi X Apag(r). (20)

By analogy to electromagnetics, when 2 < dim (R) < 3 (other dimensional are considered below) a vector wave
can be obtained from the Berry vector potential A, (R) as

F,(R) = Vg x A,(R) (21)
= iVr x (n(R)| Vr [n(R)) = i (Vrn(R)| x [Vrn(R)). (22)

This field is called the Berry curvature, and is obviously gauge-independent. It is a geometrical property of the
parameter space, and can be viewed as an effective magnetic field in parameter space; just as the motion of a
moving charge is perpendicular to the magnetic field (Fp = v x B), i.e., the curvature of the magnetic vector
potential, the Berry curvature will induce transverse particle motion (an electronic or optical Hall effect). To
continue the analogy, first note that the magnetic flux can also be written as

Qg = / dS-B(r), (23)
s
where and are equal via Stokes’ theorem, i.e.,
]{ dl- A (r) = / dS - Vi X Apag(r) = / dS-B(r). (24)
c s s
For Stokes’ theorem to hold the fields must be nonsingular on and within the contour C'. Given that magnetic

monopoles, which would serve as singularities of the field, do not seem to exist, Stokes’ theorem is valid to apply
in this case. One can similarly use Stokes’ theorem to connect the Berry phase and the Berry curvature,

Yn = ]{de-An(R)i/SdS-Fn(R) (25)

6This is easily seen since fC dR - VrE(R) = 0 for € a smooth, single-valued function.



where C and S are a contour and surface in parameter space, and where the right side could be called the Berry
fluz. However, it must be kept in mind that the relation is not always valid, since for the parameter-space
fields A,, (R), F,, (R) singularities can occur, such that Stokes’ theorem does not generally holﬂ Nevertheless,
a gauge-independent Berry phase v, can be computed from the Berry flux integral,

o = /S iS -F,(R), (27)

Stokes’ theorem holding modulo 2.

The above form of F,, (and of A,) can be inconvenient for numerical work since it involves derivatives
of the state function (the problem this engenders is described below). In the following an alternative tensor
formulation is shown, applicable for any dimension parameter space, and which also leads to a more convenient
form for numerical computations.

For R* and R elements of R, with i, v covering all of R, then the Berry curvature tensor can be defined as

Rl = = ot =1 (@) gon®)) = (Gra®)| oonm))] (28)

which serves as a generalization of the vector Berry curvature. We can also write the Berry curvature tensor in
terms of the Berry curvature vector; for dim (R) = 3

0 F. -F,
F=-Fx 13><3 = —Fz 0 Fx (29)
F, —F. 0

where I3x3 is the identity. More generally, the Berry curvature tensor F), and vector F, are related by
7, = €uve(Fn)e with €,,¢ the Levi-Civita anti-symmetry tensor.
Importantly, the Berry curvature tensor can be also written as a summation over the eigenstates,

(n| OH /AR ') (n'| OHJORY |n) — (n| OH/ORY |n') (n'| OH /ORY |n)

Fl, =i (En — )2 . (30)

n’, n'#n n n
To obtain this result, note that
0 0 0 0 0
v Y UNTIENY i 0
At =i (R o (R} A =i (Rl )+ (Rt (R)).
Inserting into ,

0 0 0 0 0 0

no_ v_ B _

Fy, SR A7 SR Al =4 [< (‘3R”n(R)|8R” n(R) > - < R n(R)|8RNn(R) >] . (31)

Then,
HR)|n(R)) = E,(R) |[n(R)) = 0H/OR |n) + H |On/OR) = OF,,/JOR |n) + E,, |0n/0R)

and because of the adiabatic assumption we can drop the first term on the right side. By changing the kets to
bras and multiplying by |n') we obtain

(n|OH/OR |0y + (On/OR| H |0y = E,, (On/OR|n’)

(n|OH/OR |0y = (Ep, — Ep) (On/ORIN), n#n' (32)
from which the result follows.

In general, the fact that the wavefunction itself is gauge-dependent, creates an issue in computing A,, via
, and therefore F,, via , since for slightly different R values a numerical algorithm will generally output

"The obstruction to Stokes’ theorem

p=1 [?{CdR-An(R)—/SdS-Fn(R)} 40 (26)

T

can lead to a Zg invariant that characterizes the system [41], [42].



eigenstates with unrelated phases, thus prohibiting one from numerically taking the required derivative of the
eigenvector unless care is taken to make sure the phases are smooth. However, only requires the derivative
of the Hamiltonian, and so any numerical phase will disappear in taking the inner product.

Similar manipulations lead to the Berry phase

) (n|VrH |n') x (n'| VRH |n)
Tn :z/dSo Z (B, — En )2

. (33)

n', n'#n

Although the previous forms depend only on a certain state and it’s derivative, the forms and involving
summation over n’ # n show that the Berry properties can be thought of as resulting from interactions between
the nth state and all other states — it is a global property of the bandstructure.

Equations and show that the Berry curvature becomes singular if two energy levels F,, and E,, are
brought together at a certain value of R, resulting in the “Berry monopole.” In fact, the adiabatic approximation
assumes no degeneracies on the path C, but degeneracies can occur within the space enclosed by the path.

It is easy to show the conservation la

S FL =0, (34)
n
which demonstrates, among other things, that the sum over all bands of the Berry curvature is zero.
As discussed later for the photonic case, under time-reversal (TR) and inversion (I) symmetries,

TR: F(-k)=-F (k) (35)
I. F(-k)=F (k) (36)
TR+I: F (k) = 0. (37)

Therefore, a non-zero Berry curvature will exist when either TR, or I are broken.

1.4 Chern number, bulk-edge correspondence, and topologically protected edge
states

From elementary electromagnetics, Gauss’s law relates the total flux over a closed surface S to the total charge
within the surface,

fs goE (r) - dS = QT = my, (38)

where, assuming identical charged particles, m is the number of particles and ¢ the charge of each particle
(although often approximated as a continuum, Q7 is quantized). To keep things simple we’ll assume a monopole
charge of strength mq located at the origin. The electric field is given by Coulombs law,

mqg \ T
E = —. 39
<47r50) 73 (39)

]{B(r,t)-dS:O (40)
S

indicates that there are no magnetic monopoles. However, in parameter space the flux integral over a closed
manifold of the Berry curvature is quantized in units of 27, indicating the number of Berry monopoles (degen-
eracies) within the surface,

The analogous magnetic form

7{ ds -F,(R) =2mm, =2nC, (41)
S

where m,, = (), is an integer for the nth band known as the Chern number. The Chern number can be seen to
be the flux associated with a Berry monopole of strength 27C,,, leading to the Berry curvature

Cn\ k
8When we also do a summation over n then in fact we are taking all of the non-diagonal elements of the operators
OH/ORM" into account. Then, for any states like |[n) = |a), |n/) = |b); a # b there are another set of states like

[n) = [b), [n') = la); a # b such that (n|0H/ORM|n’) (n'|0H/OR |n) |(n=an'=p)= (a|OH/ORM|b)(b|OH/OR |a) and
(n|0H/ORY |n') (n'|OH/ORM |n) |(n—pn/—a)= (b|OH/ORY |a){a|OH/OR* |b) = (a|OH/ORH |b)(b|0H/ORY |a) cancel out each
other at the numerator.



The Berry monopole plays the role of source/sink of Berry curvature F, just the electric charge monopole mg
servers as a source/sink of electric field E oc r/r®. The Chern number can also be written in terms of the gauge
form. For two dimensions, e.g.,, R =k = (k;, ky),

1 1 B} B
= — Fn = — Ay - 7143: 4
Co =5 /S dkodky Yy = o /S dk,dk, ( o ar n) (43)

or, from ,

i n|OH/0k, |n') (n'| 0H |0k, |n) — (n|0H |0k, |n') (n'| 0H [0k, |n
C. = /Sdkfdkyz (n| 0H/0k, |n') (0’| OH/0ky |n) — (n| OH Ok, |n') (n'| OH [0k, |n) (44)

T o (Ep, — By )2 ’

n', n'#n

which is a form used later for computation.

Importantly, the Chern number is topologically invariant, meaning it is unaffected by smooth deformations
in the surface that preserve topology (e.g., for a real-space surface, a teacup deforming into a torus). Moreover,
the sum ) C), over all energies or bands n is zero (this comes from the curvature conservation equation ),
which plays a role in what is know as bulk-edge correspondence. This is an extremely important point in
understanding the most significant aspect of Topological Insulators (TIs), which is backscattering-protected
edge propagation. Note that in the presence of TR but with I broken, integration over the entire BZ yields zero
Chern number for each band, whereas in the presence of I but with TR broken, the band Chern number will
generally be nonzero.

In periodic media (e.g., for electrons, in a crystalline solid, and for photons, EM waves in a photonic crystal),
the Berry phase v, is a geometric (in parameter space) attribute of the nth band. The Brillouin zone is equivalent
to a torus, forming the closed surface over which the Berry curvature of any non-degenerate band is integrated
to compute the Chern number C,, for that band.

1.4.1 Example - Two-level systems in parameter space

A common example that demonstrates Berry phase, curvature, and Chern number concepts is cyclic evolution
of a two level system [15], such as electronic spin or valley pseudospin. Consider the evolution of spin for an
electron at the origin immersed in a magnetic field. Let the tip of the magnetic field vector trace out a closed
curve on a sphere of radius r = By, B = ByT (¢) — in this case the magnetic field itself plays the role of parameter
space, R = (B, By, B;). The Hamiltonian is the projection of spin onto the magnetic field coordinates,

H=-u-B=-B-8S, (45)

where p is the magnetic moment (= S), v is the gyromagnetic ratio (v = ¢./2mec for orbital electrons,
v = g¢e/2mc where g ~ 2), S = (h/2) 0, and 0 = (0,,0y,0,) are the Pauli matrices

e (00) (7 ) =3 0)

Whereas for magnetic moment due to a current loop the torque T = p x B acts to align g and B, for angular
momentum and spin the torque causes a precession of p around B, with the precession frequency wy = —vB.
Writing the Hamiltonian as H = h - o, where h = hr with h = —yhBy/2,

(47)

=N cos 0 e gind
UThr'Uh(e“”SinH —cosf )

Eigenvalues and eigenvectors satisfy (ho - T) |u) = A |u) and are

- [ e cos(0/2)
AT = +h, |u+>( sin (6/2) ) (48)

—h, |um) = ( e sin (6/2) ) (49)

A —cos(6/2)



The Berry potential is A¥*(R) = i (u*| VR |[u*) where R = (7,0,¢). Since the gradient is Vf = %ﬁ +
19f g 0+ L of & é
h 060 hsinf 0¢p 7

_ ., 0 _ .
Ay =i(u |%’u ) =0, A *z<u+|hae|u+>:0, (50)
1 0 sin? 10 1 0 cos? 1o
A, =ilu | ——=—|u")=—2, AT =i(u" ut) = 2 51
o =1 a6 Y T Tme A = g9 M) = e (51)
The Berry curvature is
1 0 1h
P = (o (A7 sing) ) b=+ 2
hisin 0 (ae sin 6 > 213’ (52)
which is the field generated by a monopole (in parameter space) at the origin. Obviously, the Berry curvature
has a singularity at h = 0 (i.e., Bg = 0). This singularity is due to a degeneracy between AT = h and A~ = —h at

the origin of parameter space (h = 0); these degeneracy points serve as “sources” (for A~, producing monopole
strength 1/2) and “sinks” (for AT, producing monopole strength —1/2) of Berry curvature (like any monopole).
Similar to Gauss’s law, when we integrate around a closed surface containing the monopole we get an integer
(here we call it the Chern number). The Chern number is

1h =~ 1
C:j{F-dS:i%f—thsinH dfdp = £21 = £-Q. (53)
g g 2h3 2
Given that
s
the Berry phase can be viewed as 1/2 the solid angle subtended by the closed path,
1h 9 1 ) 1
y==+ 27 -hh?sin6 dode = :t2 g sinf dfd¢p = iiQ' (55)

In fact, in general the answer is s{2, where € is the solid angle and s is the spin.

As a related example, but considering momentum space as the parameter space, consider a two-dimensional
material with a hexagonal lattice and two inequivalent Dirac points, such as graphene. The two in-equivalent
Dirac points lead to two different valleys sufficiently separated in momentum space so that inter-valley transitions
can usually be ignored. In the absence of a magnetic field, graphene respects both TR and I symmetry (and,
hence, has zero Berry curvature, but posses a Berry phase). The tight-binding Hamiltonian near the K and K’
valleys has the same form as the magnetic field problem considered above,

H = thurq, - o, (56)

where q. = (¢, 7qy) is momentum relative to the degeneracy point, 7 = %1 is the valley index (for the K and
K’ points, respectively), and s = +1 is the conduction and valance band index. In this case the two inequivalent
valleys play the role of spin, and so here o represents pseudospin, not actual spin. In the K valley conduction
band, the projection of pseudospin onto momentum is parallel to momentum, whereas in the valance band it is
antiparallel to momentum. In the K’ valley these are reversed.

The eigenvalues and eigenvectors are E|

s, T S, T 1 1 iqr-r
AT = shop |qr|,  |u® >¢§( o1 it )6‘1* : (58)

where (g, + ig,) = |q| e'®q, qu being the angle between q and the z-axis, ¢q = tan™' (¢,/g,). Then, since the
gradient is V f = 6f/\ 1 af ¢q +

q O0dq
1 0 11
AST =i (T STy = = 59
bq < | a¢q | > 9 q ) ( )
9The often used eigenfunctions
S, T 1 eii¢q/2 iqr-
[u®T) = 2 ( sreital2 ) elarr, (57)

are not appropriate since they are not single-valued [27]
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and [25]
27
Yo = }idq-A(q) =/0 —%qdﬂﬁq = —7. (60)

The Berry phase of m manifests itself in various ways, including in the suppression of backscattering and a phase
shift in Shubinikov de-Haas (SdH) oscillations [28]. Note, however, that

10 10 /1
F= Ay Vz=—-=-=—(=)z=0, 61
q0q (445.) q 9q (2) (61

so that in (non-gapped) graphene, which has both time-reversal and inversion symmetry, the Berry curvature
vanishes. This is considered further in Section [L4.4l

Finally, let us consider the optical fiber wound into a helix as mentioned previously. For a linearly polarized
optical field we have (o - k) |u) = A |u), which is the projection of spin (e.g., polarization) onto the direction of

momentum. This has the same general form as the magnetic field problem. However, for photons (spin 1), the
spin matrices are different and Berry phase is equal to the solid angle, v = Q.

1.4.2 Generalized equations of motion in a crystal

For electronic applications, an important aspect of the Berry curvature is that it plays a role in the equations
of motion [18]. In a crystal, the usual expression for the velocity, v = r = d¢/hdk, is modified by a non-zero
Berry curvature,

. Oe :
ver=- —kxF (62)
ﬁk:—e(E+pr), (63)

where k is crystal momentum. The term k x F is the anomalous (Hall) velocity due to Berry curvature, and is

transverse to the momentum. If we ignore the magnetic field contribution, then hk = —eE and
: Oe
= — E F. 64
VI T ok TR (64)

In the photonic case, analogous equations of motion for the geometrical optics field are presented in [26].

1.4.3 The Effect of the Hall Velocity: Quantum Hall and Valley Hall Effects

Obviously, the anomalous Hall velocity will give rise to an anomalous Hall current,

J=q Z / ve (&) f (B (K)) [dK] (65)

= Jan = & Z (E x F) f (E (k)) [dK] (66)

n,T

(E xI) Z/Ff dk] (67)

(IxZ/Ff ]) (68)

in d dimensions (and we have ignored any magnetic field effect). Therefore,

o=1x S > ¥ 00) (69)

dk
(2m)?
the Hall conductivity tensor is

where 7 is spin and [dk] =
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whenever the Berry curvature is nonzero. In fact, unlike the usual current, the Hall current will be non-zero
even when f = fy, the equilibrium Fermi distribution E In the following we restrict attention to insulators,
with the Fermi-level in the band gap. We further only consider 2D materials, where F = ZF, (z out-of-plane).
Then, e.g.,

o2
Gu =5 3 [ P (B0 aK (70)
n,T
where we sum over filled bands below the bandgap. Let E = Eyy; from the tensor
0 F, —F,
F=-FxIsxs=| —F, 0 F, (71)
F, -F. 0

we note that F,, = F,. Assuming a single valance band and spin component,

2
Jran = —X <q£ /ny [dk]> Ey = —X0.,E, (72)
where the Hall conductivity is
2
de
Gay = (h / ., [dk]) , (73)
such that [22]
Oxy = P ( )
where the Chern number is
C, = / iy [dK]. (75)

1.4.4 Valley Hall Effect

Although graphene respects both TR and I symmetry (and, hence, has zero Berry curvature), if we consider
materials like gapped graphene (gap opening by, say, an applied strain) or MoS2, inversion symmetry will be
broken and Berry curvature will be nonzero. In this case, the effective Hamiltonian is

_1
Ry (76)

A
H:ath-U—&—?az—m— 5

where q; = (7¢,qy), T = £ describes the two valleys, A is the energy gap (effectively, a mass term), the last
term accounts for spin-orbit coupling (negligible in graphene systems) where 2v is the spin-orbit splitting. The

Berry curvature is [23]
2a%t2 A
Foo=7 ¢ — (77)
(A2 + 4a2¢2t2)

in the conduction band, where A’ = A —v7s with s = &1 a spin index. For the valance band, F, (k) = —F, (k).
Upon the application of an electric field, electrons in different valleys will flow to opposite directions transverse
to the electric field, giving rise to a valley Hall current. As A — 0 the system exhibits Dirac cones, and the
Berry curvature vanishes everywhere except at the Dirac points where it diverges. For A > 0, the presence of
Berry curvature leads to an anomalous velocity transverse to momentum, and to a Hall conductivity for each
valley. However, it is important to note that the Berry curvatures in the two valleys have opposite signs, so that,
upon summing over the two valleys, the net Hall conductivity (as seen by an electromagnetic field) will vanish.
This can be overcome by pumping the material with circularly-polarized light tuned to the bandgap 23], which
will preferentially populate one of the valley conduction bands, leading to a net optical Hall conductivity and
chiral edge SPPs [24].

10Under typical perturbation conditions where a small electric field causes f = fo +df, §f << f, Hall current will be associated
with both terms, and the term associated with ¢ f is second-order small since §f itself is proportional to the electric field
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1.4.5 Bulk-Edge Correspondence

An aspect of Berry curvature that is of immense interest in both electronic and photonic applications is the
presence of one-way edge modes that are topologically protected from backscattering. The idea of Hall con-
ductivity in an insulator gives some intuition about the one-way nature of these modes. Consider a finite-sized
rectangle of thin material, immersed in a perpendicular magnetic field as depicted in Fig. 3] Bound electrons
will circulate in response to the applied field, and those near the edge will have their orbits terminated by the
edge [29]. The net effect is to have a uni-directional movement of electrons at the edge (orange arrows). The

(A A A AP A )

QO@Q
G O

2N T AN AN alalal)

Figure 3: Depiction of electron orbits in an insulator in the presence of a magnetic field, and interrupted orbits
at the edge.

presence of a Hall conductivity (whether due to a magnetic field in the ordinary manner, or due to non-zero
Berry curvature associated with broken TR or I symmetry) will elicit a similar response, although the response
is quantized as described above. Thus, the bulk properties of the insulating material will result in a conducting
edge state. This happes in both the electronic case, and the photonic case to be described below.
Furthermore, consider that the Chern number and all Berry properties are related to an infinite bulk material,
which generates bandstructure. However, in any practical application the material is finite, and has an interface
with another medium. Let’s consider a planar interface between medium 1 and medium 2. Far from the
interface, in each region, particles (electrons, photons) will be governed by the respective Hamiltonians Hj o.

Cﬁl), the Chern number

sum over bands below the gap for material 1, and Cgap2 = >, ., 07(12), the corresponding sum for material 2,
differ, Cgap,an = C2 — C1 # 0. For some parameter value the shared bandgap between the two mediums can
close and then reopen. At the closing point there is a degeneracy, and as the gap reopens it can be crossed by a
surface mode, as depicted in Fig. The edge-modes are circularly-polarized (spin-polarized), and in periodic
media are localized to a few lattice constants from the material boundary.

A A

Let’s assume that both materials share a common bandgap, and that Cgap1 =, <ng

k k

Figure 4: Bulk-edge correspondence. Materials with common bandgap and different Chern numbers share an
interface where a uni-directional edge state closes the gap.

The existence of the surface/edge state is necessitated by the bulk material characteristics, and so is inde-
pendent of interface details. Therefore, the interface can possess discontinuities, defects, etc., which will not

13



affect the surface wave. It can also be seen that the fact that the surface/edge states connect different energy
levels indicates that they will have a group velocity that has definite sign (i.e., one-directional propagation).
Therefore, in summary, the surface states are unidirectional and topologically protected from backscattering.

2 Electromagnetic Description - Berry quantities for photons

Although the concept of Berry phase is general for any cyclic variation through some parameter space R, a
primary application is to periodic solid solid state systems (e.g., electrons in a crystal lattice), although here
we are primarily interested in the photonic analogous of those systems, photonic topological insulators (PTIs)
for both photonic crystals and for continuum media.

For simplicity in observing the correspondence between Maxwell’s equations and the evolution equation
(2), we first assume lossless and dispersionless materials characterized by dimensionless real-valued parameter
€ T, &, T, representing permittivity, permeability and magneto-electric coupling tensors. Although any real
material must have frequency dispersion, this simple model allows a straightforward conversion of various Berry
quantities from the electronic to the electromagnetic case. The inclusion of both frequency and spatial dispersion
will be discussed later.

In this case, Maxwell’s equations are

OH ¢ OE
E= ol — — 22— 7,
v S T
OE © OH
H=¢e —+2> — +J.. 78
v R T T (78)
By defining the matrices
— 1 .
o €0€E Ef o 0 iV X 13><3
M<i§ MOJU’>7N(_Z'VXI3><3 0 ’ (79)

= (5) o= (8) o= ()

where M is Hermitian and real-valued, we can write Maxwell’s equations in a compact form [30],

[ 9g . of oM
N -f=i|=4+J|=0i| M=+ —F- J|. 80
! Z{afr} ’[ 8t+6tf+] (80)
Note that the units of the sub-blocks of M differ (as do the dimensions of the 6-vectors f and g) , and that €, &, ,
and p are dimensionless. In the absence of an external excitation (J = 0) and assumption of non-dispersive
(instantaneous) materials, Maxwell’s equations become

where H, = M~! - N, which has the same form as the evolution equation (e.g., the Schrodinger equation)
with i = 1, where the operator H.; plays the role of a classical Hamiltonian. Because of this similarity between
Maxwell’s equations and the evolution equation it is straightforward to extend the Berry potential concept
to electromagnetic energy (photons); rather then, say, electrons acquiring a Berry phase while transversing a
path in parameters space, photons will do the same (the polarization of the photon plays the role of particle
spin). In this case, we define f,, as a six-component eigenmode satisfyingiﬂ

Hcl . fn = nfn (82)

where F,, = w,. Under a suitable inner product (discussed below) H,; is Hermitian, and assuming the normal-
ization condition (fy,|fm) = dnm, the Berry vector potential has the same form as (12))

A, =i <fn|van> . (83)

Uln (79) and (81) f is real-valued, unlike in the Schrédinger equation where the wavefunction is complex-valued. The eigenfunc-
tions in (82]) f, are complex-valued.

14



If we assume a photonic crystal (periodic structure), f,, has the Bloch form f, (r) = u, (r) ’**, where u,, (r)
is the periodic Bloch function and k is the Block wavevector. In this case, Vg = Vi operates over parameter
space k = (kg, ky, k.) and

A, = i (un | Vi) (84)
where the inner product is
1 *
(i) =5 [ 0) M () (5) . (85)
BZ

This is the dispersionless special case of the result presented in [5] (see (41) in that reference), generalized to
account for magnetoelectric coupling parameters in M.

The extension to dispersive media (i.e., real materials) would seem difficult since the simple product g = M f
in becomes a convolution in time. However, it is shown in [5] (omitting magnetoelectric parameters,
although this can also be included) that the only necessary modification to allow for dispersive materials
M = M (w) is to replace M in with 9 (WM (w)) /0w, so that

1L OwM W)
() = 5 [t ) G ) i, (36)

The material continuum model will be considered below.

2.1 Some electromagnetic material classes that posses non-trivial Chern numbers

Although the field of topological photonic insulators is still being developed, there are several classes of materials
and structures which posses topological protection and non-trivial Chern numbers. The approaches to design
PTIs can be roughly divided into two categories. The first one relies on breaking of time-reversal symmetry
by applying a static magnetic field to a gyromagnetic material [13] or time-harmonic modulation of coupled
resonators [31], [32]. Another approach involves time-reversal-invariant metamaterials, where photon states are
separated in two ‘spin’ sub-spaces (usually through geometry such as via a hexagonal lattice), and ‘spin-orbit’
coupling is introduced through symmetry-breaking exploring such non-trivial characteristics of metamaterials
as chirality, bianisotropy and hyperbolicity [33], [34]. For an electromagnetic standpoint, the most important
aspect of a PTI is the presence of surface/edge states that are topologically protected from backscattering
(having non-trivial Chern number).

In classical electromagnetics, the fields E, D, and P are even under time reversal (do not change with
time-reversal), whereas Anag, B, H, J, and S (Poynting vector) are odd under time reversal (negated under
time reversal). For systems with time-reversal (TR) symmetry,

ap (k) = —Fis (=k). (87)

Furthermore, the fields B and H are even under space inversion, whereas E, D, J, P, A,,,,, and S are odd
under spacial inversion. For systems with parity /inversion (I) symmetry,

ap (k) = Fig (=k), (88)

so that if both symmetries are present,
ap (k) =0. (89)

Systems having both spatial-inversion and time-reversal symmetry will exhibit trivial topology in momentum
space, so that no one-way edge mode will exist (all bands have C,, = 0).

Regarding periodic materials, Dirac (linear) degeneracies will occur for hexagonal lattices, and other lattice
types may exhibit other degeneracies (e.g., quadratic degeneracies consisting of double Dirac degeneracies for
a cubic lattice [35], [36], but, regardless of degeneracy type, for, e.g., a simple lattice of material cylinders in a
host medium, if the cylinders are made of simple isotropic materials have scalar material properties € and , the
system will be both space-inversion and time-reversal symmetric, and all bands will have trivial Chern number.

In the periodic case the degeneracies can be broken in several ways. One way that has been widely studied
is to use rods with materials that themselves break TR symmetry [36], or to embed, say, a hexagonal array of
nonreciprocal rods into another array of simple rods [37] so that both arrays share a common bandgap. The
resulting nonreciprocal structure will generally have bands of non-trivial Chern number, leading to a non-zero
gap Chern number. A detailed example is provided below. Large Chern numbers can be achieved by increasing
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spatial symmetry to result in point degeneracies of higher order (e.g., several co-located Dirac points), and then
to, say, introduce TR breaking [38].

Another method to create a nontrivial Chern number is to use simple materials (simple dielectrics and
metals), but to break inversion symmetry by deforming the lattice. For example, in [39] simple dielectric rods
are used in a hexagonal pattern, resulting in a Dirac degeneracy and trivial Chern number. Slightly deforming
the lattice can result in inversion-symmetry breaking, and Cgap 7# 0. Various other schemes have also been
proposed [33], [10].

2.2 Berry quantities for continuum media

Although the electronic case, and, by analogy, the photonic case, were developed for periodic systems (for which
the relations provided in sections and hold), it turns out that continuum material models can also lead
to nontrivial Chern numbers. The simplest example is of a biased plasma (magneto-plasma) as considered in
Fig. 1, with permittivity tensor
€11 €2 O
€= €21 €29 0 (90)
0 0 €33

where typically 97 = €75 and €17 = €92 = €33 (in the absence of a bias field €152 = 0, the material is reciprocal,
and Z reduces to a scalar). An example involving this type of material is provided below. At the interface
between the magneto-plasma and an ordinary (unbiased) plasma, a topologically protected edge mode can
exist [3], |1], [2]. In addition, more complicated materials combining hyperbolic and chiral response have been
shown to be topologically nontrivial [34].

A continuum material presents a difficulty in that, rather than have a periodic Brillouin zone that is,
effectively, a closed surface (equivalent to a torus), providing the surface over which the Chern number can be
computed, the momentum-space of an infinite homogeneous material continuum model does not form a closed
surface. However, in [3] it is shown that 2D momentum space can be mapped to the Riemann sphere, forming
the necessary surface (north and south poles being exceptional points, as discussed below).

Another issue, for both periodic and continuum models, is to account for material dispersion. Following
the result in [5] for lossless dispersive local periodic media, in 3] continuum models of dispersive lossless, and
possibly wavevector-dependent (nonlocal) materials are considered. The Berry potential is again given by 7

with the inner produc
L0 (WM (w))

> fm (o)

3 Photonic Examples

3.1 Periodic photonic system example

This example is taken directly from [37].

One way to create a PTI is via a hexagonal array of infinite cylinders. Consider a simple dielectric of &
with a periodic array of air holes (cylinders of radius 7 = «ja, with a the lattice constant) in the form of a
triangular lattice, as shown in Fig. [Bh. The periodicity is chosen to create a bandgap in the allowed modes
of the system [37]. A single defect, such as making one hole a different radius, or filling the hole with some
material, can establish a resonator having frequency in the bandgap. Making a periodic array of defects can
create bandstructure within the original bandgap, in this case creating four modes in the bandgap. Here the
array of defects is created using cylinders of radius ro = asa of magneto-optic material,

e —ig; O
€rod = 1€ Er 0 (92)
0 0 e

and arranging them in a hexagonal lattice with lattice constant ¢’ = asa, as shown in Fig. . Due to the
hexagonal symmetry, for the unbiased defect array (¢; = 0) there are degeneracies in the modes at the I" and
K points. Time-reversal symmetry can be broken by applying a bias parallel to the cylinders (g; # 0), lifting
the degeneracy (see Fig. |§| discussed later).

12The most general result in [3] is more complicated, but for a wide range of material classes the simpler result shown here holds.

16



OO O000 0000
QO O0O000 0000 O
OO O0O0O0O0OO00O0
QOO0 O000 0000 O
OO O0O0O0O0OO00O0
OO O0OO000 0000 O
010101010101 01010)0)
OO O0OO000 0000 O
00O 00000000
QO 00000000 O
OO-COO0O0O0CO000

OO0 00000000
000000 @OO0 O
OO0 00000000
O00@O0O0O00O0® O
OO0 00000000
OO0 00000000 O
OO0 00000000
0O00@0000O0® O
OO0 00000000
00 0000@O00 O
©205020202020202020

Figure 5: (a) Top view of photonic crystal made from air holes (cylinders) in a host insulating medium. Lattice
constant is a, cylinders have radius 1 = aja, and the host medium is characterized by e (equivalently, one could
have dielectric cylinders in a host material), (b) Defected structure; here, magneto-optic cylinders forming a
hexagonal array of “defects” in the air-hole medium. Magneto-optic cylinders have radius ro = asa and lattice
constant a’ = aza.

To determine the bandstructure, we could solve the eigenvalue equation Hf,k (r) = Enxfnk (r), where
H,; is the 6x6 electromagnetic Hamiltonian and f,) is the six-vector of fields, both defined previously. In
general, this is a quite complicated electromagnetic problem, which, however, can be solved using commercial
simulators. We can simplify the problem from the 6x6 formulation by noting that from Maxwell’s equations for
a material characterized by this magneto-optic permittivity, TE modes have a single magnetic field component
H, parallel to the infinite cylinders, and an in-plane electric field. The magnetic field satisfies the eigenvalue
equation [43]— [44]

2
H(zH,) = (£) (2H.) (93)
where the operator H = H, = V x ¢~ !V x is Hermitian for lossless media, under the usual inner product
(f,g) = [f*-gdr. Thus, we can solve a scalar equation for H,. Furthermore, an approximate solution can
be obtained that gives considerable insight into the problem; the typical-binding method of condensed matter
physics can be used to obtain an effective four-band Hamiltonian in the electromagnetic case [45] (and, as a
special case we recover the graphene result).

The individual resonators support two p-type (dipole-like) modes at the same frequency wy. Considering
that the honeycomb lattice has two inequivalent sites A and B, each having two different states p, ,, then
considering Bloch’s theorem the wavefunction f,x (r) = H. (r) is expanded as

R kR 3 r—da—
Jnk ( ) \/N %: € ﬂ:zA;B a;:’y ca¢Pa ( dﬁ R) (94)

where R is the lattice vector and ¢ the mode function. Plugging into the energy eigenvalue equation H f, (r) =
E,x fnx (r), multiplying through by [dr ¢, (r — d,) and exploiting the assumed orthogonality of the modes,
it is easy to obtain the Hermitian (effective, 4-band) Hamiltonian matrix

wo gpy' (k) gn (k) gn” (K)

AB AB
wo Gy (k) gy, (k)

H= ye 95
w gl ) (95)

wo

where _
9% (k) =Y e*RHY (R), (96)
R

with H 3‘ f (1) being overlap/hopping integrals having the form

H (R) = [ dr 60 (v~ d,) Hopo (v - ds ~ R). (7)
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We assume that HJY is dominated by the self energyifl, which leads to the diagonal components.
To evaluate the off-diagonal components, we consider only nearest neighbors. However, let us first digress
and consider graphene, which is arranged in a hexagonal lattice and has two carbon atoms per unit cell.

3.1.1 Graphene interlude — the hexagonal lattice

The direct and reciprocal lattices for a hexagon lattice are shown in Figs. [G}8]

y

[ {
ey

Figure 6: Direct space for a hexagonal lattice, two-atoms (A and B) per unit cell. Nearest-neighbor vectors are
Riga3

The direct-space vectors are

a; = g (\/ﬁ 1) , ag— g (\/ﬁ,—l) 7 (99)

where a = |a;| = |ag| = v/3b is the lattice constant. For graphene, b = 0.142 nm is the interatomic distance
between carbon atoms. The nearest neighbor vectors are (see Fig. @

a a a a a
Ri=(-20), Ro=-astRi=(-—2 %) Ry=-a+R =[-—— -2}, 100
1 <\/§ ) o ( 2V3 2) o < 2V3 2) oo

with |Ry| = |Rz| = |Rs| = b=a/V3.
The reciprocal lattice vectors are (see Fig.

where |by| = |by| = 47/v/3a, (the side length of the reciprocal lattice hexagon is by, = |b1| /v/3 = 47/3a).
The high-symmetry points in the Brillouin zone are

2r 27 2m
=00, K=(-2 ) w™=(20), 102

0.0 (\/ga 3a> (\/ga ) 10
and |T' — M| = 27/v/3a, |T — K| = 47/3a, and |M — K| = 27/3a.

13

H’?:/l :/dr Opa (r —dy) Hpa (r_dv_R):/dr $pa (r — dy) Hydpa (r —dy — R) (98)
IWO/dI‘¢pa(r_d7)¢pa(r_d7_R):w0{ é: g;g ’

where H~ is the Hamiltonian of an isolated resonator
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Figure 7: Reciprocal space for a hexagonal lattice. I'; K, and M are the high-symmetry points.
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Figure 8: Close-up, reciprocal space for a hexagonal lattice.

For m—bonding in graphene (the usual low-energy case), each carbon atom contributes one 2p,-orbital, so
we have half as many unknowns compared to the two-orbital photonic case described above. Then,

1 ik
fnk(l”)zﬁgekR Z ¢y (r—ds —R). (103)

B=A,B

Since there is only one symmetric orbital, confining the summation to the three nearest neighbors 7,
g*? (k) = e™TH (1) = HOP Y ek (104)
T T
For atom A, the three nearest neighbors are the three nearby B atoms, located at 71 23 = R 23, so that

B = 3 etr = cibeds 4 (i(Thealathvg) | omi(kealatit) _ cibe s 9o (k5)e ™25, (105)
T

The Hamiltonian matrix is then

[ vht)o(k) viLE)k) } [ §§ ] = Enk [ Eg } (106)

where v = H? is the overlap integral (with typical values of several eV). Then, the energy dispersion is
(wo — Eni)® — [yvh (K)|* = 0, so that, since wy = 0, we have the celebrated graphene result

V3a a ) a
E,x = +v,|1+4cos <k$2 coS (ky§) +4cos (kzyg) (107)
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There is no bandgap because the two atoms are identical. The above is the simplest formulation; we obtain
several corrections to this result if we do not drop the R # 0 terms in the diagonal components, and also from
the fact that the A and B orbitals have some overlap.

Returning to the electromagnetic cylinder case considered in [37], since there are two orbitals per mode ¢, ,
evaluation of the g%g (k) functions is more difficult because we cannot factorize Y e " HY (1) ~ H*P Y~ etk
as above for the graphene case, due to the complexity of the orbitals. However, this is a common occurrence in
condensed matter physics, and the following two-center interaction integrals are widely used,

l3V0+(1—l§)Vﬂ fora=g=u=y
lal,B (VU - V?T) for a 7& ﬁa

where [, ,, are the direction cosines I, = a-R/|R|. For R=R4, 1, =1,1, =0, for R = Ry, [, = —1/2 and
ly = v/3/2, and for R = R3, I, = —1/2 and ly = —v/3/2. Therefore,

H;lti#ﬂ (R) = /dr Ppa (r —dy) Hepp (r —ds —R) = { (108)

E X R H A Bos R) = E eik'R/dr ¢pz (r —da) Hpp, (r —dp — R) (109)
R R
ik -2 a\ —ik. —a_ (1 3
* /3 - z5/3 | = —_
=e "3V, + cos (kyQ)e V3 (2V0+2V,r). (110)

For the next element,

> e RHypay (R) = Zeik'R/dr ¢pe (r —da) Hpp, (r —dp — R) (111)
R R
— _2isin (@%) e‘i’“mﬁg (Vo — V). (112)

The other elements are evaluated in a similar fashion.

In the following, we assume [37] ¢ = 16, r; = 0.35a, ro = 0.5a, and ¢’ = 6a. Making the substitution a — 6a
since in the derivation a = a’ is the hexagon lattice constant, but it is convenient to express the matrix entries
in terms of the original (undeformed) lattice constant a, the final matrix is |37|E|

wo —iV, (%V7T + %VU) cos (3kya) e~ iVBkza 4 1 ci2V3ksa —i§ (Vo — V) sin (3kya) e~ iV3kza
H— wo —i@ (Vo — V) sin (3kya) e~ iV3ksa (2V, + 4Vz) cos (3kya) emiV3ksa Ly i2V3kea
wo —in
wo
(113)
The bond integrals V, . are evaluated by matching the resulting bandstructure to the commercial simulation.
This results in the absence of applied magnetization (time-reversal invariant case) [37] V, = —0.001185, V, =
0.000085, and V,, = 0, the overlap between x and y orbitals for the same atom. In the presence of magnetization
(time-reversal symmetry broken, assuming ¢; = 1), V,, = —0.001192, V; = 0.000092, and V,, = 0.0007, where
all terms have units of radian frequency 27c/a.
From the projected Hamiltonian matrix H,, ,, it is easy to solve the eigenvalue problem H f,, = wy, f,. Results
are shown in Fig. |§|7 showing (a) the case for no magnetic bias (V, = 0 and (b) with bias applied, breaking TR
symmetry and lifting the degeneracies. Note that the high-symmetry points in Fig. [9] are with respect to the

a’ lattice,
27 2w 27
r=(0,0, K=(——), M=(———,0). 114
(0.0 (\/ga’ 361’) (\/ga’ ) (1)
To compute the Chern number, the form of the Berry curvature is convenient to use since derivatives of
the effective 4-band Hamiltonian can be taken analytically. Eigenvalues w, = E,, of the matrix H were found

analytically using a symbolic solver, and eigenfunctions |n) were found numerically. Integration over the first
Brillouin zone depicted in Fig. |8 results in the Chern number by ,

1
= — | F"dk.dk 11
C 1t B2 xy v Y ( 5)

20
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Figure 9: Bandstructure for the lattice depicted in Fig. . Left side shows the reciprocal case, V}, = 0, where
there are modal degeneracies that close the bandgap, and C,, = 0, and the right side shows the nonreciprocal
case, Vp, # 0, for which the degeneracies are lifted and two bands have C,, = £1.
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Figure 10: Left: Original hexagonal Brillouin zone (blue), and Right: equivalent rectangular Brillouin zone.

leading to bands 1 and 4 having Chern number Cy 4 = F1 and the middle two bands having Cs 3 = 0 (note
that the sum of Chern numbers is zero, as expected). For the reciprocal case V,, = 0, C,, = 0 for all bands.

For the numerical integration, it is convenient to use the fact that any two points in adjacent Brillouin zones
(or any points connect by multiples of a basis vector) are equivalent. Figure [10| shows that the upper two right
triangles (red and green) that form the top of the hexagon (blue) can be mapped to the bottom of the hexagon,
so that the integration reduces to being over the simple rectangle shown at the right of the figure.

The Berry curvature for each band in the non-reciprocal case is plotted as a function of k, — k, in Fig.
The two bands C2 3 = 0 have odd Berry curvature (so that they integrate to zero), and the two bands with
C1 4 = %1 have even, sinusoidal Berry curvature (so that they integrate to an integer). In the reciprocal case
(V,, = 0), the Berry curvature is identically zero, by , and which is also easy to confirm numerically.

3.2 Continuum photonic example

This example is related to [1] (see also [2]), with Berry quantities and Chern number analysis directly taken
from the seminal work .

As an example of a nonreciprocal continuous medium, we consider a magnetized plasma in the Voigt configu-
ration (propagation perpendicular to the bias magnetic field B), as depicted in Fig. For a single-component
plasma biased with a static magnetic field B = zB,, the permeability is © = po and the relative permittivity

14Note that uses a coordinate system where x and y are interchanged from those used here.
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Figure 11: Berry curvature for the four bands of Fig. @ Cia=Fland Cy3 =0

has the form of a Hermitian antisymmetric tensor,

€11 €2 O

€= €21 €99 0 (116)
0 0 €33
where
2 2
w w
P P
en=én=1-—"-7, e3=1-—7,
w? — w? w
2
—wewy

€12 = —¢€21 =1 (117)

w(w? — w?)
where the cyclotron frequency is w. = (g./me) B, and the plasma frequency is wg = N.q?/eogm.. In the above,
N, is the free electron density, and g. and m. are the electron charge and mass, respectively.

We will also consider the material model examined in , where €33 = 1 and

WoWe We

7s €12 = €21 =1——, (118)

€en=éex=1-——3
w? —wd w? — w3

where |wg| a the resonance frequency and w, determines the resonance strength, with wow, > 0.

For propagation in the z — y plane, k = (k, k,,0), the plane wave supported by this medium can be
decoupled into TE (E, # 0, H, = 0) and TM (E, = 0, H, # 0) waves. Since there is no magneto-electric
coupling £ = < = 0, the dispersion of these modes is

2 2 2
po it (%2)", T™ mode (119)
€11 C
2 _ e (92)
k* = es3 , TE mode (120)
C

such that w, is the eigenfrequency of each mode. Despite the non-reciprocal nature of the medium itself, in
the Voigt configuration the bulk dispersion behavior is reciprocal (an interface will break this reciprocity). The
dispersion curves for these material are shown in Fig. (the spatial cutoff is described later).
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w/ |wl

Figure 13: Band diagram and Chern numbers (TM modes) for a magneto-optic material; blue: TM mode, no
spatial cut-off, green: TM mode, with spatial cut-off, red: TE mode, purple: gap. Left: magneto-optic material
(118) with we/wp = 5.6 and kpax = 10 (wo/c), right: magneto-optic material with wy,/27m = 9.7 THz,
we/2m =1.73 THz (wp/w, = 5.6), and kmax = 10 (w./c), black: SPP dispersion.

The associated electromagnetic waves envelopes can be obtained y
by finding the solution f = [E,H]T, of , N - f=wM - f, which is - I
0 -k x 13><3 . E o WEQYE 0 . E X
k x ngg 0 H - 0 LU/J,()I3><3 H
(121)
so that
——1
—I5x3 — 5o kxIsxs < E >
we . =0. 122
( ok Iaxs —Isx3 H (122)
WithH=2z—E=¢"'.2% (TM), E=2—H= < x7 (TE),
we have the 6 x 1 vectors ’ Figure 12:  Interface between a
PR K magnetic-field biased plasma (bottom)
M — ( € X o > , and a simple material (top).
z
z
w-( ") (123)
HoWnk

Because the envelopes of the electromagnetic waves in the above equa-
tions are not normalized, the Berry potential is computed using

~ Refif}, - a5 (WM) Ok fa i}

Fre a5 @M fag

Considering the Riemann sphere mapping of the k, — k, plane as detailed in , it is possible to write the
Chern number associated with nth eigenmode branch as

1 1
Cn = %/An,k:oo ~dl — % /An,k:O+ -dl (125)

Ank

(124)

where the two line integrals are over infinite and infinitesimal radii (north and south poles of the Riemann
sphere), respectively. If we define A, = A, - ¢ then we have

Cn = klim (An,¢:Ok) (An,¢:0k)- (126)
—00

— lim
k—0+
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For a lossless TM-mode in propagating in the  — y plane we have k = k%X + k,y = k cos(¢)x + ksin()y.
Writing
ap;; a0

el = azr a0 (127)
0 0 Q33
we have
—ai1kytaizks —aq19+aiad
EQWn €QWn N
—ao1ky+aooks —a21 Y+
1.5y _k €own €own
€z 0 0
= - €EQWnk = a = 128
fnk ( 5 ) 0 s Ok fur 0 (128)
0 0
1 0
where
€22 €11 —€12 —€21
aoygGyZ=--—", Gp=—"7"—" ", Q2= — """, Q1 = —————————, (129)
€11€22 — €12€21 €11€22 — €12€21 €11€22 — €12€21 €11€22 — €12€21
such that L
f;:k = P ( (—Oéllky + 0412]{31)* (—aglky + 022]?1)* 0 0 0 1 ) . (130)
0Wn

From the frequency derivative of the material response matrix, d,,(wM), we have §;; = 0,,(wep€;;). So, for the
Berry potential we have

_ Re{lf;:k ) %A(wM(w))akfn,k} _ ]{6{]\73c + Ny}

A= Ow (131)
! k" 35 (WMw) fuk D
where
i .
N, = m{—%énalz[kxﬁm + kyBu1] + (laa1 |* + |ar2|?) [kaBi1 — kyBi2]}d (132)
? "
N, = m{2a11a12[l€$ﬁ11 — kyBi2] + (Jar1|? + |aaa|?) ke Bz + ky 5111}
|k[? 2 2
D = mmmﬂ + Ja12|”) f11 — 2a11a12P12] + po- (133)
Therefore, for the Chern number calculation we obtain
~  Re{N — Ngsi
A=A, b= e{ ycos(cbi) sin(¢)} (134)
Re{N,(¢ =0 ik
An(¢p=0)= M7 Ny(¢ =0) = —{2011012811 + (Jaa1|* + |a12]?) iz}
D (Gown)
2
Re( ellfjl 2{2011012611 + (011 * + |a12[?) B12})
Al = O)f = e P . (135)
ooz [(ean? + |ona[?) B11 — 2a11002612] + po
These expressions are used below in calculating the Chern number from ((126)).
3.2.1 Chern number calculation as a surface integral over the k, — k, plane
From (|132) the Berry curvature is
0Ay (ky, ky)  0Ay (ks ky) .
F. =R : VY Y () _
o = Re( ey
B iz 5 9
Fy = Re{m{%éuamﬁu + (loa1][*+loaz2]?) Bia} }- (136)
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If we consider propagation in k—space such that k£, = 0 then the Chern number computed over the infinite

surface is
¢=2m
/ / dk dky -Fp = — / kdkde - Fy,
ky=—00 =—00 k=

ky=
k=00

¢ = 60T = (Re {W%{mnauﬂu " (|a11|2+|a12|2)512}}) (187)

k=0

which leads to (126) with §(k) = A,(¢ = 0)k in (135]). Therefore the Chern number computed as an infinite
surface integral is the same as computed via the line integral near the north and south poles of the Riemann
sphere, as shown in [3].

3.2.2 Low frequency band of the TM-mode, material model (118))

For material model -, we will denote the lower curve in Fig. as the low frequency band of the TM-
mode. When k — oo from the TM-dispersion relation then wy, should tend to the zero of €17, which is

= /w2 4+ wowe. Since

2 2 2
p2 = Gt € (ﬁ)
€11 C

w2 — w? + 2wow, + w? (wi

2

2
. ) . TM mode, (138)
W) — W+ Wowe

c

in the limit & — co we obtain €;; = 0, a1 = 0 and (k/w,)? — co. So, for A, (¢ = 0) we get

ilk|? ilk
Re(eg‘wl)2{|a12|2512} - Re (eolwln)Z{‘e12| Biz2}

An(d) = O)k = Pl = 3 (139)
(6llﬂn)2{|0¢12|25n} + 1o (el]ﬂn)zﬂ;\zﬁn} + 1o
such that ) ) o2
wy +w . ww
B = 60(1 + wowe(wgo_w)a Bi2 = —Z€0we(wg_7£2)2- (140)

For w,, = \/wj + wowe we have 11 = 2¢(1+ £2) and 12 = — (2€pi/we) \/wi + wowe. Finally, taking the limit

k— o0,

2 |WO| 1 + %
lim Ay (6 = )k = Vwd +w2zue/we _ w 0o _ sgn(wo) B Sgn(we) (141)

When k£ — 0, the lower band of TM-mode tends to the light line (which means w, — O). Therefore €150 =0
and 12 = 0, which leads to IliH%) A, (¢ = 0)k = 0. Eventually, for Chern number we obtain
—

T . o sgn(we)
Ch=1= klingo(Am(b:Ok) - kli}g+(‘4n7¢:0k) = \/m‘ (142)
wo

The fact that this Chern number is not an integer will be addressed below, and the solution of this issue is a
fundamental contribution of [3].

3.2.3 High frequency band of the TM-mode, material model (118]

For material model (118)), denoting the upper curve in Fig. as the high-frequency band, from the dispersion

relation ([L19)),

2 02 4 Qowe + w2 w2
g2 o 0w +2 Wowe + w? (‘L) S0 if wy =0, wy= |wo+we. (143)
wh — W+ Wowe c
If w, =0, then
We 1 k2 1 We 2
en=1+—, e12=0, g1 = —————, a12=0, P11 =1+we/wo, P12 =0, <> =2<1+)
wo 1+ we/wo Wn c wo
(144)
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so for the numerator of A, (¢ = 0)k we have 2ai1a12611 + (Jaq1|? + |a12|?)B12 = 0. Therefore there is no
contribution for the eigenfrequency w, = 0 as £ — 0. In fact it is obvious that w, = 0 has no contribution
because this eigenfrequency as k — 0 belongs to the TM low frequency band and it has no effect on the high
frequency TM band.

If wy, = |wo + wel, it can be shown that

_ k 2 1 €2 2
) €11 €12 . €11 T €19
€12 = i€118gN(We), Q11 = 55 —> 00, Q12 = 55 — 00, B2 =ifnsgn(we), (— ) = -
€71 T €12 €11 T €1y n c 611( )

145

and by carefully treating the limit Ilirr%) A, (¢ = 0)k and considering the fact that for w, = |wo + we| we have
—

e11 = (w? + wowe) / (w? + 2wowe) > 0 then it can be shown that

lim A, (6 = 0)k = sgn(we). (146)

When k£ — oo then the high-frequency mode tends to the light line, so that klim A, (¢ =0)k = 0. Eventually
— 00
for the high frequency TM-band we have

Cp = kl;n;o(An7¢:0k) - kli%h(A"’qb:Ok) = —sgn(we). (147)

3.2.4 TE-Mode

Using same procedure as above, it is straightforward to show that for the TE-Mode we have

Cuu = Jim (Aygmok) = lim (A, 4-ok) = 0. (148)

3.2.5 Material model ([117))
Considering material model (117]), from the dispersion equation (119)),

w?(w? —w?) — 20w + w1

2 _ 02 _ 2 2
w? —wg —wp c

K2 =

(149)

As k — oo and regarding Fig. we have w, — oo for the high frequency band, and, for the low frequency
band, w? — w? — w2 = 0, such that w, =, /w? + w2.
For the TM mode if £k — 0 we have

0 o . wi:é{l—&—,/l— Tz4} for high frequency TM
w(w? — w?) — 20w +wp:0—>
w2 = % {1 — /1= 4( % 4} for low frequency TM

where wj = w? + 2w?.
The Chern number is - with -, and

2w+w w

_ 9, 2
ﬂll =1 +W m, ﬂlg = lecwpm. (150)
For the low frequency TM band when k — oo (w,, = 4 /w2 + w%), €11 = 0 and @17 = 0. Therefore,
lim (Ap g—ok) = sgn(we) (151)

{1512} G
k=00 Pu o, = fomraz /14 (22)2
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Wh

2 4
For the case of k — 0, we have w} = “ {1 —4/1—-4 (ﬂ> } which is the pole of a1 and aqa, S0 ajp — 00,

a1z — 00. Then,

Re(——{2011a12811 + (Joa1|* + |12]?) Bi2})
11m(An¢:0k) _ hm ( 0 )2 11{ - }
k50 ) k—0 m{(‘a11| + ‘0412| )B]l - 204110412612} + Ho
= Re( (6026)2 {Qgﬁ B+ (1+ ‘O‘lzl )512}) =1 (152)

|a12\ _9ai
e T TR WY =il
h

and the Chern number of the low frequency band is

¢, = _selwd) g (153)
T+ (2

For the high frequency band when & — oo we have w, — 00, €11 =1, €120 =0, a31 = 1, ay2 = 0 and B12 = 0,
2
$0 limg 00 (An,g=0k) = 0 and for the case of k — 0 we have w? = %+ {1 +4/1— 4(“’—2)4}, which is a pole of

w.

aq1 and @i SO i — 00, @y — 00. Then,

Re <(€00) {Qzﬁﬂl +(1+ |0;12| )B12})
e (14 585) 1 — 258 6o}

%%(An,tb:Ok) =

wgzé{1+,/1—4(%ﬁ)4}
and so for the high frequency band the Chern number is
C,=0—-(-1)=1

It can be seen that generally the Chern number of the high frequency band is an integer, but that of the
low frequency TM band is not (as was found for the material model (117))). In both material models, when
off-diagonal permittivity elements in (116 are set to zero, all Chern numbers are C,, = 0.

3.2.6 Integer Chern numbers and wave vector cutoff for magneto-optic material response

The non-integer Chern numbers for the low TM band for both material models, (142)) and (153), arise from
the continuum nature of the material [3], associated with the Hamiltonian not belng suﬂ"l(:lently well-behaved
at infinity (mapped to the north pole of the Riemann sphere). The problem is thoroughly discussed in [3], and
here we merely repeat the solution therein. The issue can be solved by introducing a high-frequency spatial
cutoff by defining a nonlocal material

1
Myeg(w, k) = Moo + ——————[M(w) — My 154
(k) = Moo 1 [M() = Mo (154
where M, = lim M (w). This material response tends to the local response as kyax — By considering a

wW—r00
wave vector cutoff for, e.g., the material model (118)), the non-local parameters of the material are

1 wowe —1 wew
€12 = —€
1+ k2R W —w? 2 P TIFRR w2 —w

m. aX m aX

€11 = €22 =1+ 50 €33 = 1, p= diag{mu,u} (156)

For the low frequency TM-band we have

wg — w? + 2ywowe + Yiw? w

]{72 _ 2 157
wi — w? 4 Ywowe c ) (157)
15Noting the Fourier transform pair
! o Fmax (155)
14 k2/k2 .« 2

and as kmax — 0o we have limy o km%e_kmaxr = §(r), which indicates locality.
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such that v = describes the non-locality. If k — oo then v — 0 and w,, — |wg|, which is a zero of €;;

1+k2/RZ,,,
in the limit of k — oo. Therefore for the case of £ — oo we have
2w? 2ww?
€11 =0, ann =0, B =ywowe e Pr2 = —iywe @ =) (158)
It can be shown that
) ilone|?Br2 B2 wo
lim A,(¢p =0k = ——F%—= = —= = — = sgn(wg) = sgn(we), 159
oo (¢ ) |Oé12|2511 ﬁll |CUO| g ( 0) g ( ) ( )

and for the case that k — 0 the low frequency band of the TM-mode tends to the light line and so %in}) An(od=
—
0)k = 0. Eventually for the Chern number of the low frequency TM band we obtain

Cn = lim (Ay g=0k) — kgr{)l+(4n,¢:ok) = sgn(we), (160)

the desired integer.

For the high frequency TM-band nothing changes from the previous development because the contribution
to Chern number comes from k — 0, and in this limit the non-local response turn into local response and the
Chern number is the same as previously obtained. So, for high frequency TM-band we have

Cn = klim (An,p=0k) (An,p=0k) = —sgn(w.) (161)
—00

— lim
k—0+

Introducing the wave number cutoff has no effect on the TE-mode because €33 does not change, and so the
Chern number of this mode remains the same as in the previous section (C,, = 0).

Therefore, we have Chern numbers Chign = sgn(we) and Clow = sgn(w.) for the higher and lower band,
respectively, so that the sum of the Chern numbers is zero. The band dispersion and integer Chern numbers
are shown in Fig.

Biased Plasma Case
For the material model , the permittivity tensor components become

2 2

_ _ wy B Iy Wewy
€11 =€ =1- 7m7 €12 = —€21 = —Wm (162)
such that v = 1/(1 + k?/k2,,.).
For this case, the dispersion equation is
k)? k)?
g2 = k) Fenk)? @), (163)

611(k’) C

We have k — oo if €11(k) = 0 and €12(k) # 0, or w, — 00, or w, = w.. The eigen frequency of the higher TM
band is w, — oo and that of lower frequency band comes from the zero of €1 (k),

2

w
ell(k)zl—vrpw?:O%wn:\/wg—i—’yw%.

C

When k — oo then v — 0 so for the low frequency band the eigenfrequency is w,, = hn%) \J W2 w2 = |wel.
=

For k — 00, wy, = |we|, we have €11(k) =0, a11(k) = 0 and so

. - if12(k) }
kl_)oo(An#?:Ok) - Re{ Bll(k) wWn=|we| (164)

2 2
such that 811(k) =1+ ’ng%, Bi2 = QiWwaZﬁ so the contribution form k& — oo in low frequency
TM band is ‘

. B iB12(k) _
(A mok) = Re{ T }wn=|wc -1 (165)
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For the case of Kk — 0 (v — 1) and we have same dispersion equation as when there is no wave vector cut-off,
and so that limit remains the same as before, limy_,o(A, ¢=0k) = 1. Therefore, for the low frequency band we
obtain

C,=-1—-1=-2.

For the high frequency TM band as k — oo (y — 0), limg_y00(An,¢=0k) = 0 and when k — 0 (y — 1),
limy,_,0(Ap g=0k) = —1 (as before), and so for the high frequency band the Chern number is

Cp,=0—(-1)=+1.

The sum of the Chern numbers is -1. However, in addition to needing a wavenumber cutoff to obtain integer
Chern numbers, the continuum model presents another complication. As detailed in [47], to predict edge states
in general for continuum media, one should compute Chern numbers for an ”‘interpolated material response”’.
This means, for example, that to see bulk-edge correspondence for the magnetized plasma and a Drude metal
interface, we should define a function €(7) where 7 varies from 0 to 1, such that when 7 = 0 we obtain the
permittivity of the magnetized plasma, and when 7 = 1 we obtain the Drude metal. Then, one needs to compute
the topological numbers for 7 = 1~ and 7 = 0. With this model, we obtain one additional low frequency band
for the magnetized plasma, very near w = 0, having Chern number 1. In this case, all band Chern numbers are
integers and sum to zero.

3.2.7 Full-wave simulation of one-way propagation

We first consider a 2D structure. A 2D dipole (i.e., a line source) is at the interface between a simple plasma (up-
per region) having e = —5 (this specific value relatively is unimportant; we simply need a negative-permittivity
material such as a metal) and a magnetoplasma (lower region) having permittivity . Fig. shows the
electric field profile for three cases, unbiased, biased but operating outside the band gap, and biased operating
within the bandgap. It can be seen that in the unbiased (reciprocal) case energy flows in both directions, in
the biased (non-reciprocal) case operating outside the gap we have one-way propagation but energy can leak
into the lower region, and in the biased case operating within the bandgap energy just flows in one direction, is
well-contained at the interface, and goes around discontinuities.

Non-biased plasma Biased plasma, radiation outside the gap Biased plasma, radiation in the gap

' SO DY {

RTTRTY

=

Figure 14: Electric field due to a 2D vertical dipole and w,/2m = 9.7 THz for three cases: left: unbiased
(reciprocal) case that respects TR symmetry, w, = 0, at 10 THz (A = 30x m), center: biased with w./27m = 1.73
THz at 12 THz, outside of the band gap (w/w. = 6.93), and right: biased with w./27w = 1.73 THz inside the
bandgap at 10 THz, (w/w. = 5.78).

Fig. shows a 3D simulation for a 420x120x90 um rectangular block of magnetoplasma with an ¢ = —5
plasma on the top surface and vacuum on all other sides: a (top) shows the electric field profile in the reciprocal
case, w. = 0, at 10 THz. Fig. (lower) shows the non-reciprocal case at 10 THz (in the bandgap). It can be
seen that in the reciprocal case energy flows in both directions, whereas in the non-reciprocal case energy just
flows to the right.
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Non-biased magneto-optic material

Biased magneto-optic material

v

Figure 15: Electric field at 10 THz for a 3D vertical dipole at a magnetoplasma—plasma interface (top interface is
between the magnetoplasma and the e = —5 simple plasma, all other interfaces are between the magnetoplasma
and vacuum). Top: unbiased (w. = 0, reciprocal) case. Bottom: non-reciprocal case when w./2m = 1.73 THz
inside the bandgap (w/w. = 5.78).

Figure shows the non-reciprocal case when an obstacle (a half-sphere) is hollowed out of each material
at the interface, forming a spherical vacuum obstacle having radius 30um (1) in the SPP path. It can be seen
that the wave goes past the obstacle without backscattering.

Biased magneto-optic material,
spherical obstacle at the interface

Figure 16: Electric field near a magnetoplasma—plasma interface, as in Fig. in the non-reciprocal case when
a large (1)) spherical vacuum obstacle is placed in the SPP path.

Finally, Figs. [I7] and show the power density for the case of an interface with a step discontinuity in
height. The step height is 30 um (1X). For Fig. as in Figs. and the top interface is with the e = —5
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simple plasma, all other interfaces are between the magnetoplasma and vacuum. A vertical dipole source is
located on the left side as indicated. Fig. shows the side view of the power density in the reciprocal case,
and Fig. shows the non-reciprocal case. It can be seen that in the reciprocal case energy flows in both
directions as well as interacting with and reflecting from the step, whereas in the non-reciprocal case energy
just flows to the right, and doesn’t scatter off of the step discontinuity. In Fig. we surround all sides of the

magnetoplasma with ¢ = —5 plasma. In this case energy circulates around the entire structure.

biased magneto-optic

Figure 17: Side view of power density due to a vertical point dipole source at the interface between a
magnetoplasma-plasma interface (top surface, all other sides interface with vacuum). a. Power density in

the reciprocal case. b. Non-reciprocal case.

Figure 18: Side view of power density due to a vertical point dipole source at the interface between a

magnetoplasma—plasma interface. a. Power density in the reciprocal case. b. Non-reciprocal case.

The dispersion relation for the surface mode is [1]

\/k?c — k(z)é‘s n \/k% - kgfeff _ 812’i/€w
Es Eeff El1€eff

where €, is the top material permittivity and

2 2
_ &1Lt ET
Eeff = 11

where €,,3 are the magnetoplasma permittivity components.
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3.2.8 Numerical Computation of the Chern Number

In these continuum examples the Chern number can be found analytically. However, often this will not be
the case, and numerical methods must be used (as in the photonic crystal example in Section . As dis-
cussed previously, the Berry potential and associated Chern computation may not be convenient for
numerical computations since it involves derivatives of the eigenfunctions, which generally need to be taken
numerically. The curvature form and associated Chern number provide a convenient method, since
only the Hamiltonian matrix needs to be differentiated.

In the non-dispersive case the formulation in Section [2| suffices, the classical Hamiltonian Hy = M !N is
Hermitian under the indicated inner product, the eigenvalue problem H; - f,, = w, f, is a standard eigenvalue
problem, and the 6-vector of natural modes f, = [E H]" from from a complete set of eigenfunctions. In
principle, either the formulation or can be used to compute the Chern number.

In the dispersive case this does not hold, but, nevertheless, only the natural modes f,, are need to compute
the Berry curvature [3]. However, these modes are not appropriate for the form , in particular, since
the eigenmodes depend on frequency and involves terms with different eigenmodes. Furthermore, in the
dispersive case the Hamiltonian H, = M ~'N does not admit a complete set of eigenvectors, which, in principle,
is needed in the computation (44)). Moreover, the 6-vector of natural modes (if one is going to use ([43))) is not so
easily computed in practice, since He (wy,) © fn = wnfn is a non-standard eigenvalue problem, and eigenvalues
would generally need to be found via a root search or similar method.

In [5] (and other works, see, e.g., [46]) the non-standard eigenvalue problem in the dispersive case is avoided
by introducing auxiliary variables (additional degrees of freedom), and in [3] this approach is extended to allow
for both temporal and spatial dispersion of general linear media. The resulting standard Hermitian eigenvalue
problem to be solved is

(M,' L) Q=wQ, (168)
where, in block-matrix form (all elements in M, and L are 6x6 blocks),
M 0 O
0O I o
My=1 0o oI , Mo = lim M (w,k), (169)
’ w—00

and
Nt Dosen (wpo) AL wpa [ Arfwpal 7 As
|wp71|1 2 A1 LL)p7lI 0
L = |wp’2|1/2 A2 0 UJpQI . 5 (170)
0 0 0 0 k. —ky
0 0 0 -k, 0 kg
_ 0 —k xIsxz \ 0 0 0 ky —kz O
N = ( k x IS><3 0 o 0 —k’z ky 0 0 0 ’ (171)
—ky ke 0 0 0 0
where M, and L are independent of frequency, Q@ = [f Q1 Q2 ...] where each element in @ is 6x1, and f is
defined as before. The elements A, are the 6x6 residues of the material matrix, A2 = —sgn (wp, o) Res (M),

and wy, o is the ath pole of M. More details are available in [3], and here we focus on the specific material
example (L18)considered above.

Given the permittivity form , the material matrix has two poles, at w = +wgy. Therefore, L is an 18x18
matrix, M, is the diagonal matrix (eg, €9, €0, fto, to, to,1,1,1...1) and

60% *Z‘€o% 0 0 0 O 50% 7:50% 0 0 0 O
i&()% E()% 0 0 0 O —Z'E(]% Eo% 0 0 0 O
5 0 0 00 00 5 0 0 0000
Al = 0 0 000 0|’ Az = 0 0 0 0 0 O (172)
0 0 00 0 O 0 0 0 0 0O
0 0 00 0 0 0 0 0 0 0 O
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Setting k. = 0, the final Hamiltonian matrix is

0 —i 0 0 -2 —a da 0000 —a —ia 0000

iw, 0 0 0 % e 20000 i@ —a 0000

0 0 0 = k% 9 o 0 0000 0 0 0000

k/oeo

0 0 = 0o 0 0 0 0 0000 0 0 0000Q0

0 0 -% 0 0o 0 0 0 0000 0O 0 0000

~& k9 0 0 0 0 0 0000 0 0 0000

3 i 0 0 0 0 1 0 0000 0 0 0000
H_uiL_| - -8 0 0o 0 0 0 1 0000 0 0 0000
9 o 0 0 0 0 0 0 0 1000 0 0 0000
o 0 0 0 0 0O 0 0 0100 0 0 0000

o 0 0 0 0 0 0 0 0010 0 0 0000

o 0 0 0 0 0 0 0 0001 0 0 0000

8 - 0 0 0 0 0 0 0000 1 0 0000

i# - 0 0 0O 0 0 0 0000 O 1 0000

o 0 0 0 0 0 0 0 0000 0 0 1000

o 0 0 0 0 0 0 0 0000 0 0 0100

o 0 0 0 0 0 0 0 0000 0 0 0010

o 0 0 0 0 0 0 0 0000 0 0 0001

(173)

where a = 3\/wl./eo, B = §/eowl, W, = we/wo, kb, = Kz y/wo.

From the eigenvalues and associated eigenvectors can easily be found numerically (or symbolically),
and the Chern number computed from . Of the 18 branches, two are the positive-frequency TM modes and
one is the positive-frequency TE mode described previously. In addition to static-like (longitudinal) modes,
there are dispersionless dark modes with E = H = 0 which don’t contribute to the Chern number. For each
TM band, the other TM band and, to a lesser extent, the TE band, provide the most important contributions
to the Chern number calculation (44)).
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