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Abstract: As an important figure of merit for characterizing the quantized collective behaviors
of the wavefunction, Chern number is the topological invariant of quantum Hall insulators.
Chern number also identifies the topological properties of the photonic topological insulators
(PTTIs), thus it is of crucial importance in PTI design. In this paper, we develop a first principle
computatioal method for the Chern number of 2D gyrotropic photonic crystals (PCs), starting
from the Maxwell’s equations. Firstly, we solve the Hermitian generalized eigenvalue equation
reformulated from the Maxwell’s equations by using the full-wave finite-difference frequency-
domain (FDFD) method. Then the Chern number is obtained by calculating the integral of Berry
curvature over the first Brillouin zone. Numerical examples of both transverse-electric (TE) and
transverse-magnetic (TM) modes are demonstrated, where convergent Chern numbers can be
obtained using rather coarse grids, thus validating the efficiency and accuracy of the proposed
method.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Topology studies the invariant properties of geometry under continuous deformation [1]. While
in mathematics, topological invariants are commonly used to classify topological spaces, in
topological physics, topological invariants are explored to distinguish the bulk properties of
materials. If physical observables can be expressed as topological invariants, they can only vary
discretely and will not be affected by small perturbations of system parameters.

With the discovery of the quantum Hall effects [2,3] and recent advances in the study of
topological insulators [4], topological phases of matter have attracted great attention in condensed
matter physics. In 2005, Haldane and Raghu transferred the key feature of quantum Hall effect
in quantum mechanics to classical electromagnetics [5] and soon after, it was numerically and
experimentally verified by using photonic crystals (PCs) [6,7].

Chern number in a photonic system is defined on the dispersion bands in wave-vector space.
For a two-dimensional (2D) periodic system, the Chern number is the integration of the Berry
curvature over the first Brillouin zone. Once the Chern number is calculated, the topological
properties of the system can be identified (trivial or non-trivial). In addition, the Chern number
can be used to explain the phenomenon of “topological protection” of the edge state transmission
in photonic topological insulators (PTIs). Therefore, the accurate computation of the Chern
number is of crucial importance in the PTI design [8—10].
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In this paper, we propose a first-principle computation method for Chern number calculation,
based on the finite-difference frequency-domain (FDFD) method [11-14]. Compared with the
commonly used plane-wave expansion (PWE) method [15—17], the FDFD method is not only
accurate and stable but also has lower computational complexity. Firstly, the FDFD method is
used to compute the band structure of 2D gyrotropic PCs by solving the generalized eigenvalue
equations derived from Maxwell’s equations. Then, the formulae for the numerical calculation of
the Chern number are derived in the discretized first Brillouin zone. At last, numerical examples
are given to demonstrate the accuracy of the proposed method. Note, in this work, we will
focus on 2D PCs with lossless, non-dispersive, local materials, which is a common practice in
computing Chern numbers. The effects of material dispersion and loss in a real microwave ferrite
has been discussed in [6]. One remark we would like to make is that as the Chern number is a
global property of the energy band, it does not depend on the local changes of the band caused
by material dispersion as long as the band gap is still open, which also means that the Chern
number has a certain degree of built-in robustness against material dispersion. Nevertheless, the
extension of the current method to fully include the effect of material dispersion on the energy
bands and Chern number calculations is an interesting direction for future research.

2. Generalized eigenvalue problem using FD method
2.1. Maxwell’s equations in the generalized coordinates

Firstly, the Maxwell’s curl equations in free space in the generalized coordinate (Fig. 1) are
expressed by X A X A

Vo xH =1koémE, V,xE=—ikofi(r)H. 1)
Here, V,, is the partial differential operator in the generalized coordinate with three unit vectors
it,(x,y,2), (g = 1,2,3). E and H are the normalized vector fields with £; = Q; 2E;, H =
Q;H;(i = 1,2,3). Actually, in the numerical implementation, Q;s are the sizes of the discrete grids

along each direction [19]. ky is the free-space wavenumber. € and fi are the relative permittivity
and permeability in the form of 3 X 3 tensor which are written as

. 010,05

€(r) = [€(r) - gly - |iy - @ty X @3] 0.0, Aii(r) = [a(r) - gly - |ay - @ty X @)
iQ)

010,03 Q)
0:0;

where &(r) and fi(r) are the original relative permittivity and permeability in the Cartesian basis.
g is the metric tensor matrix which can be expressed as,

-1

Wy -y w0y 0y -uj
g= -y Gy -0y -3 3)
iy-@y 43 -0 0;3-43

With the metric tensor matrix, the length of a vector in the generalized coordinate is calculated
by
P =rl-g . )

2.2. Bloch’s theorem
In 2D PCs, due to the translational symmetry, the modes can be written in the Bloch form:
E i i) ®) = €L w1 (),

&)

H, 1) () = NP0, 10 (p).
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Fig. 1. The 2D Yee’s grid in general coordinates. The dashed arrows are where the periodic
boundaries apply.

Here, n is the band number, p is the mapping of vector r in the (11, uy) plane. u.(p) and u,(p)
are periodic functions satisfying u;(p) = us(p + R), u.(p) = u.(p + R), where R stands for any
lattice vectors.

In 2D PCs, we only need to investigate the in-plane propagating modes, i.e. k, = 0. Hence, the
mode can be rewritten as

E(p) = e XPu,(p),

. (6)
H(p) = e"®'Puy(p).
Then, the Bloch’s theorem can be written as
E(p +R) = e M RE(p),
@)

H(p + R) = e I"RH(p).

2.3. Discretization of the eigenvalue problems

From the Maxwell’s curl equations (Eq. (1)), we can derive the governing equations for the
modes of the PCs:
V x 4N (r)V x E(r) = w?é(r)E(r), (8)

V x e 1(r)V x H(r) = o?a(r)H(r). 9)

In 2D PCs, the modes can be separated into two distinct polarizations, transverse-magnetic
(TM) modes with z-polarized electric fields and transverse-electric (TE) modes with z-polarized
magnetic fields. The generalized eigenvalue matrix equations for the TM and TE modes of the
2D PCs can be discretized as,

{U1 (43{ V2 = V1) = Us (4} Va = iy V1) } B = e33kGE: (10)

{(Vi (/U2 — e, Uh) = Va (&1 Us — &1, Un) } H, = paskg (11)
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-1 1
Uy -1 0
-1 1
U = 1 . . (12)
1 Ql . .
Uy -1 0
1
-1
L Uy _1_.
g N -
-1 1
0 1 Vy
1
Vi=— -1 1 13
=0 (13)
0 1 Vy
-1
- l_
= | i
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-1
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T o - 1
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uy -1
L Uy -1
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Vo= — (15)

-1 1

The grid points at the boundaries are treated by the Bloch’s theorem, consequently

u, = exp (k- ajity), vy = —exp (—ik - aiity) ,uy = exp (k- axfi) ,vy = —exp (-ik - asily),
(16)
where ay, a; are the lengths of the unit cell along the directions of &, and #5.
By solving these eigenvalue equations, the band structure together with the eigenstates of 2D
PCs can be easily obtained. The matrices

Ok = {U1 (1) V2 = 41, V1) = Uz (i Va = i V1) } (17)

On = {Vi (85| U2~ U1) = Va (&1 U — £, Un) } (18

are discretized from the operator V x fi~!(r)Vx and V x é'(r)Vx. The condition of the
electromagnetic modes E,, , E,,, (or H,,, ,H,,) orthogonality is the Hermitian inner product
satisfies (Eq,, |[Eq, ) = [ €®E], - Ey,d*r = 0or (H,, |Hy,) = [ p(0H], -Hy,d’r = 0. The
subscript w; and w; stand for the different eigen-frequency under a fixed wave-vector k.

3. Chern number calculation

3.1.  Single-band Chern number

Chern number is an integer which determines the topological classification of different materials
or structures. Taking the TM mode of a 2D PC as an example, the Chern number of the n band
can be computed by integrating the Berry curvature over the first Brillouin zone as following

[20],
1
cm=_— / F,(k)dk

2 BZ
1

= — Vi X A, (K)dk
271' BZ
1

= > <un,e,k |Vk| un,e,k> dk.
2ni Jopz (19)

Here, the F, (k) is the Berry curvature. A, (k) = —i <un,e,k |Vk| un,e,k> is the Berry connection.
u,,.k denotes the normalized eigenstate satisfying |u,cx(p)) = |¢*PE,.x(p)) and |E,x(p))
is the eigenstate solved from Eq. (10).

For numerical discretization, the Chern number is calculated in the discretized Brillouin zone.
In Fig. 2(a), an example for a square-shaped first Brillouin zone is shown. It is discretized into
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4 x 4 plaquettes. Then, the Chern number is calculated using

1
c" = 7 |- Faodk

T JBZ
1
=5 <un,e,k Vkl un’e’k> dk
2ri Jopz
1 Z (n)
= 5 F ASk
k
2n keBZ
_ W m w
= sz:Z ImIn [Ukl_>k2 Uy Uk, Uk4_)kl] (20)
€

W ke [Unek
where Ul((n)ﬁk = M, @ f = 1,2,3,4, and (Wpex, Wneks) = [ €@ ex, @) -
@ B | <lly,,g,k(, |un,e.kﬁ>

W e ks (r)d?r. ki, ko, k3, k4 are the vertices of the each plaquette. The integration is replaced by a

summation Yy cpz F, l((")ASk.

T Periodic
2z 2r &
R A -y ®

k4§ k3
T X  Periodic [ ’Q‘ """""""" Periodic
l M ! ! ° -
g T Periodic %
(a) (b)

Fig. 2. Computational scheme for the calculation of Chern numbers. (a) A square-shaped
first Brillouin zone; (b) Discretization of the first Brillouin zone, and the computational
scheme for the Chern number.

For the first Brillouin zone in different shape, similar discretization scheme can be used. It
should be noted that to simplify the numerical calculation, we may need to use the equivalent
Brillouin zone which shares the same size with the first Brillouin zone but in a parallelogram
shape with its edges coinciding with the reciprocal lattice vector [18].

3.2. Composite Chern number

When the bands are degenerate, the Chern number can not be assigned to each band, so Eq. (20)
will no longer be valid. For this case, these degenerate bands (taking the {n,n+1,...,n+N -1}
bands as an example) jointly share a composite (first) Chern number, C?®+1®--®+N=1) which ig
associated with the multiplets u,x ® U4k @ - - - © Wy y—1 k. It is calculated using [20,21]
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C(nGBn+1€Bw€Bn+N—l) — i Trf ALn®n+1€B~~~€Bn+N—l)dk
s OBZ

1

:% -~ <um,g,k|Vk|unm’e’k> .| dk @21

Here, Ai{”@"ﬂea”@“]v_l) is an N X N matrix with the (I, m) element, —i<unl,e,k |Vl lln,,,,e,k>, and

m=n+l-1,n,=n+m-1.
By applying Stokes’ theorem, the composite Chern number can be rewritten in terms of the
composite Berry flux:

C(neBnJrlea---eanJrN—l) — L‘/ F]((n®n+lea---ean+N—1)dSk
271' BZ

- TrVk % A:{n@n+l®"'®n+N71)dsk’ (22)
2r BZ

Fl(:ze)n+l®---®n+N—l)dSk

= ImTr {ln [U(nea‘~€F)n+N—l)U(n€B‘~€Bn+N—l)U(n€B‘~€Bn+N—1)U(n€B---€Bn+N—1):|}

ki —ky Ky —ks k3 —ky ky—k;
—Imln {det [Ugie:smN—1)U§(r;e:~l§>n+N—l)UEzse:iij—1)U§(Ze:~lf>n+N—1)]} ' (23)
The element (/, m) of the link matrix U;ff:]i“[v_l) is
(n®---&n+N-1) (I,m) = <u"l’e»ka |u"m’e»k/3> (24)

ko—k :
% ‘ <un1,e,ka |un,,,,e,k/3 > ‘
Different from the single-band Chern number, in the composite Chern number, the link matrix
g’ea_';f"w D s used to replace the link variable Ul({”) . In the discretized Brillouin zone, the
o—kp o—Kp
Chern number is expressed as

C(n®n+l®---®n+N—l)

- % Bzzl Imin {det [U;(riei;i;jan+N—l)U:(r;Gi;i;jBrHN—l)Ug;Gi;i;jBn+N—l)UE::Gi)i;IGBn+N—l)] } (25)
As for the calculation of the Chern number of TE modes, the derived formulae are still valid,
except that the normalized eigenstates now become the normalized magnetic field, u, ().
Finally, we would like to note that the algorithm for the Chern number calculations described
above guarantees the calculated Chern number is strictly an integer for arbitrary discretization
spacing (for the detailed proof, see [20]). However, this does not mean that any discretization
will give the correct Chern numbers, but rather, convergence to the correct Chern numbers still
requires a sufficient sampling of the Brillouin zone, which can be achieved using rather coarse
discretization as we will show in the following section.

4. Numerical results

In the first numerical example, a 2D PC composed of Yttrium-Iron-Garnet (YIG) rods (€ = 15¢j)
in a square lattice is analyzed. The radius of the rods is 0.11a, where a is the lattice constant. An
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external direct current (DC) magnetic field is applied in the z direction (out-of-plane) to break
the time-reversal symmetry. The permeability is a tensor matrix written as

u ik 0
- Wy W Wyw
pg=1 —-ik wu 0 |, #=1+—2m 02, K=—2m X (26)
Wi —w Wi - w
0 0 wo

where wy = yH) is the precession frequency and w,, = 41yM,;. When the external magnetic
field is 1600 Gauss at 4.28 GHz, k = 12.4u¢, and u = 14uq [6,24].

Firstly, we calculate the band structure of the PC using the FDFD method. In order to ensure
the accuracy, the mesh size is set to be a/100. The calculated band structures for the TM modes
and TE modes are plotted in Figs. 3(a) and Figs. 3(b), respectively. In Fig. 3(a), C(Tll\)/[, C(Tzl\)/[, C(T31\)/1
stand for the Chern numbers of the first, second and third bands. Then, we investigate the
computational accuracy of the Chern number by discretizing the Brillouin zone with different
numbers of plaquettes. The computational results are shown in Table 1. We can see that the
computational results of Chern numbers are converged when the number of plaquettes is larger
than 4 x 4. By further checking the values of the Chern numbers and composite Chern numbers,

1e2) _ (1) ) (de2@3) _ ~1) 2) (3) L.
we find CTM = CTM + CTM, and CTM = CTM + CTM + CTM, which is as expected.

06 0.9F
0.8
05
66 0.7}
(2)
504 CTM 506
g g
g g
T T 05
&os &
H H
é é 0.4
5y
0.2 0.3
0.2F
0.1
0.1
X M X M
‘5 1‘0 1‘5 2‘0 2‘5 1;0 5‘ 1‘0 1‘5 2‘0 2‘5 3‘0
r Bloch Wavenumber r r Bloch Wavenumber I
(a) The band structure of the TM modes. (b) The band structure of the TE modes.

Fig. 3. The Band structures of a 2D PC composed of YIG rods in a square lattice when a

1600 Gauss +z DC magnetic field is applied. cth @

(3)
™ CTve CTM denote the Chern numbers of
the TM modes of the associated bands.

In the second numerical example, a 2D PC composed of gyrotropic rods in a square lattice is
analyzed. The geometric parameters are the same as these of the first example (» = 0.11a). The
relative permittivity and permeability are expressed as following,

gq igr O Ha igp O

M
1

—igg & O = =gy pg O . 27
0 0 E 0 0 yoan
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Table 1. The TM-mode Chern numbers and composite Chern numbers of different bands
calculated with different mesh sizes of the first Brillouin zone.

Chern

Cru Crm Crm Crm Crn
Mesh
2x2 0 1 0 1 -1
4x4 0 1 -2 1 -1
8% 8 0 1 -2 1 -1
16 x 16 0 1 -2 1 -1

Here, the parameters are chosen to satisfy the relationship &4 = pg, & = —pr, €1 = p. . Referring
to the YIG material under an external magnetic field at 4.28 GHz, the corresponding parameters
aresetas &g = 14,&p = —12.4 and pu, = 15, ug = 14, uy = 12.4 and e, = 15 [22].

The band structures of TM and TE modes are shown in Fig. 4. Different from the first
numerical examlg)le, by uzsing the §yr0tr0pic material, there are band gaps for both the TM and TE
modes. The C(TM TE? C(TI\)A/TE, C(Tl\)/uTE stand for the Chern numbers of the first, second and third
bands for the TM/TE mode. As shown in the Table 2 and Table 3, 4 X 4 meshes in the Brillouin
zone are also sufficient for the Chern number computation for TM/TE modes. With the increase

of the discretization density, the calculated results are stable.

Dsm
3) 1
Cre
DSM/\M
(2)
L 04F ™ L 04f CTE
% 03 E’ 03
£ [ )
2., CT 2 CTE
0.1 0.1
X M X M
r ° " cooweeme = 0T r ° " conwmeme - T
(a) The band structure of the TM modes. (b) The band structure of the TE modes.

Fig. 4. The Band structures of a 2D PC composed of gyrotopic rods in a square lattice

when a 1600 Gauss +z DC magnetic field is applied. C(Tll\),[ T’ C(Tzl\)/lfrE’ C(Tgl\),[ ITE

Chern numbers of the TM/TE modes of the associated bands.

denote the

Table 2. The TM-mode Chern numbers and composite Chern numbers of different bands
calculated with different mesh sizes of the first Brillouin zone.

Chern ch c? c® clie2) cl1e203)
™ ™ ™ ™ ™
Mesh
2x2 0 1 0 1 -1
4x4 0 1 -2 1 -1
8x8 0 1 -2 1 -1
16 x 16 0 1 -2 1 -1
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Table 3. The TE-mode Chern numbers and composite Chern numbers of different bands calculated
with different mesh sizes of the first Brillouin zone.

Chern cH c? c® clie2) cle2e3)
TE TE TE TE TE
Mesh
2x2 0 -1 0 -1 1
4x4 0 -1 2 -1 1
8% 8 0 -1 2 -1 1
16 x 16 0 -1 2 -1 1

In the third numerical example, a 2D PC composed of YIG rods in a honeycomb lattice
[23] is analyzed. The unit cell of the lattice is shown in the Fig. 5. The corresponding first
Brillouin zone (hexagon region) constructed in the reciprocal lattice is also shown in the Fig. 5.
As shown in this figure, for the convenience of discretization, the hexagon region needs to be
equivalently transformed into a rhombus region, which can be discretized into smaller rhombus
cells straightforwardly. The detailed reshaping and discretization procedure for the Brillouin
zone can be found in [18]. In Fig. 6(a), the first two TM bands with zero DC magnetic field
are given. It can be seen that the two bands are degenerate at the K point. By applying a DC
magnetic field, the time-reversal symmetry is broken and the degeneracy is lifted, as shown in
the Fig. 6(b). The calculated Chern numbers and composite Chern numbers corresponding to the
two bands are shown in the Table 4. The non-zero Chern numbers can be used to explain the
edge-state in [23] at 7.5 GHz. Also, as can be seen from this table, a very coarse mesh (2 x 2)
can guarantee the accuracy of the results.

The first Brillouin zone (&
reshaped Brillouin zone)

Fig. 5. The unit cell and first Brillouin zone of the honeycomb lattice.

Table 4. The honeycomb lattice’s Chern numbers and composite Chern numbers of the first two
bands calculated with different mesh sizes of the first Brillouin zone.

Chern
c c®@ c1e2)
Mesh
2x2 1 -1 0
4x4 1 -1 0
&§x8 1 -1 0
16 x 16 1 -1 0
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01f

M K M K

5 10 15 20 25 30 3 40 4] 5 10 15 20 25 30 35 40 4
r Bloch Wavenumber T Bloch Wavenumber I

Pl

(a) Band structure of the TM modes for a 2D honeycomb(b) Band structure for honeycomb lattice of ferrite
lattice. rods with &, = 15, H, = 500 Oe, 47Ms = 1750 G,
r =0.2a,a =10 mm, f =7.5 GHz [23].

Fig. 6. The band structure of 2D honeycomb lattice without and with DC magnetic field.

5. Conclusion

In conclusion, a first-principle computational method for the Chern number of 2D gyrotropic PCs
has been developed [25]. Firstly, the full-wave FDFD method was used to solve the generalized
eigenvalue problem based on the Maxwell’s equations. Then, the band structures of the PCs with
different material properties were analyzed. The Chern numbers were calculated by integrating the
Berry curvature over the first Brillouin zone. All the three numerical examples have demonstrated
the accuracy and convergence of this method. Importantly, the method proposed in the current
work could be potentially applied to 3D PCs [26] or 3D planar PCs when one cannot separate
the TE and TM polarizations, in which case the full vectorial eigenmodes could be used for the
Chern number calculations [5].
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