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Bulk-hinge correspondence and three-dimensional quantum anomalous Hall effect
in second-order topological insulators
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The chiral hinge modes are the key feature of a second-order topological insulator in three dimensions.
Here we propose a quadrupole index in combination of a slab Chern number in the bulk to characterize the
flowing pattern of chiral hinge modes along the hinges at the intersection of the surfaces of a sample. We further
utilize the topological field theory to present a picture of three-dimensional quantum anomalous Hall effect as
a consequence of chiral hinge modes. The two bulk topological invariants can be measured in electric transport
and magneto-optical experiments. In this way we establish the bulk-hinge correspondence in a three-dimensional

second-order topological insulator.
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I. INTRODUCTION

The bulk-boundary correspondence lies at the heart of
topological states of matter and topological materials [1-4]. It
bridges the topology of bulk band structures and the physical
observables near the boundary. In the quantum Hall effect
and quantum anomalous Hall effect (QAHE), the quantized
Hall conductance is associated with the TKNN number of the
band structure and the number of the edge modes of electrons
around the boundary [5-8]. In a topological insulator, a Z,
index in the bulk is associated with the number of the gap-
less Dirac cones of the surface electrons [9-11]. This reflects
intrinsic attributes of the topological phenomena. A recent
advance in the field of topological materials is the discovery of
higher-order topological insulators [12-20]. A second-order
topological insulator in three dimensions refers to an insu-
lator with one-dimensional the chiral hinge modes (CHMs)
localized on the hinges at the intersection of adjacent side
surfaces [15-27]. Over the past few years, a great of efforts
have been made to explore the possible relation of the bulk
bands and existence of hinge modes as an extension of the
bulk-boundary correspondence, such as effective mass anal-
ysis [18-23], the symmetry indicator [28-36], and spectral
flow analysis [37]. All the approaches have their own merits.
However, CHMs in a second-order topological insulator may
display various flowing patterns as illustrated in Fig. 1. It lacks
a systematic method to provide a comprehensive description
of diverse flowing patterns. Also it is desirable to learn which
observable in the bulk is associated with the CHMs.
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In the present work, we address the bulk-hinge corre-
spondence and three-dimensional (3D) QAHE as a physical
consequence of the CHMs in a second-order topological
insulator. We start with a minimal four-band model to re-
veal different flowing patterns of CHMs. It is found that a
quadrupole index is associated with the flowing direction of
four hinge modes of the system along one direction and a slab
quantized Hall conductance reveals the formation of a closed
loop of the CHMs. We further demonstrate the correspondent
connection of the CHMs to the quadrupole index and the slab
Chern number by means of topological field theory. Finally
we propose to utilize magneto-optical Faraday and Kerr ef-
fects to detect these topological invariants.

II. MODEL HAMILTONIAN AND SYMMETRY ANALYSIS

We start with a minimal four-band Hamiltonian,

3
H="Ho+» Vi M
i=1
which consists of four parts (Appendix A). The primary part
is

Ho =ho[vy (kesy + kysy) + vzk;s.]
+ [mo +m (kf + k)z) + mzkzz]azso, 2)

where k., ky, k, are the wave vectors, and m; and v; are the
model parameters. We consider the basis functions (|+ 1),
[+ 1), |— 1), |— })) with & being the parity eigenvalues and
1 (J) denoting the spin-up (-down) state, thus s; and o;
(i = x,y, z) are the Pauli matrices and sy and oy the identity
matrices acting in spin and orbital space, respectively. The
point group of H is D4y, which can be generated by a fourfold
rotation R around z axis, a twofold rotation R} around x axis
and the spatial inversion Z. H, possesses the time reversal
symmetry 7 = is,K(7* = —1, and K is complex conjugate)
and belongs to the symplectic symmetry class AIl. Here we
focus on the case of both mym,; < 0 and mom, < 0 such that
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FIG. 1. Illustration of selected patterns of chiral hinge modes
and their projection in a second-order topological insulator in three
dimensions. (a) 3D antiferromagnetic quantum anomalous Hall in-
sulator: A double-loop pattern with the quadrupole indices A,, =
—A, =1and A, =0 and the slab Chern number n, =n, =n, =
0. (b) 3D rotoinversion quantum anomalous Hall insulator: A single-
loop pattern with A,y =1 and Ay, =A, =0 and n, =n,=0
and n, = —1. (¢) 3D inversion quantum anomalous Hall insulator:
A single-loop pattern with Ay, =A,, =A, =0 and n, =n, =
—n, =1.

Ho describes a 3D strong topological insulator with gapless
Dirac cone of the surface states at all surfaces [4,38]. Hg also
respects the global chiral symmetry C = 0,50, i.e., {C, Ho} =
0. Including the crystalline symmetries, the total point sym-
metry group is Gy = Dy, x {1, T, P, C} with the particle-hole
symmetry P = C7 ' [39]. As shown below all the terms in H
preserve P, it is more convenient to rewrite Gy as Gy = Gy X
{1, P} with the magnetic group Gy = Dy;, X {1, T} = Dy, &
T Dy, (or 4/mm1’). The three additional terms breaks different
symmetries, respectively. Vi = c(k? — ky2 )oyso breaks both 7~
and R individually, but respects their combination R 7.
V, = doysp is an antiferromagnetic term which breaks both
T and Z, but respects the combination Z7. V3 = ) imx.y.z DiSi
is the magnetic Zeeman interaction or ferromagnetic term
which breaks 7 but preserves Z. The group Gy is a Heesch-
Schubnikov magnetic group of type II; the inclusion of any the
term in V; breaks time reversal symmetry and several spatial
symmetries and reduces it to a magnetic group of type IIL. In
general, the reduced magnetic point group can be expressed as
[391Gi = N & T (G — N), where G is subgroup of Dy, and N
is a halving subgroup of G. Combination of the three terms V;
may generate higher-order topological phases with different
symmetries (Appendix B).

(1) 3D chiral higher-order topological insulator (CHOTI):
Herort = Ho + V1. The presence of V) reduces the magnetic
group to G’ = Dyy & T (D4, — D). The term opens an gap
with opposite sign for the surface states on the neighboring
surfaces parallel to z axis and the CHMs may be localized
at their intersections. The CHMs are protected by the com-
bination of fourfold rotational symmetry and time-reversal
symmetry R57. The surface states on the bottom (001) and
top (001) surface remain gapless.

(i) 3D antiferromagnetic quantum anomalous Hall insu-
lator (QAHI): Haganr = Ho + Vi + V,. The inclusion of V,
in the Hamiltonian of CHOTI further reduces the magnetic
group to G; = Dy & T (Dy, — D,). The V), term anticommutes
with the linear terms /v, (k.0.s, + kyo,s,) along x and y di-
rections. Thus, it acts as the mass terms and gap out the surface
states on (001) and (001) while being projected onto the x-y
surface. Since V> commutes with the mass term oys¢ for the

surface states parallel with the z axis induced by V), it only
modifies its value and has no influence on the four hinge states
along the z direction. When all the surface states are gapped
out and the Fermi level is located in the surface band gap,
the electrons can only propagate unidirectionally along the
hinges shared by adjacent side surfaces due to time reversal
symmetry breaking. The presence of the antiunitary symmetry
Z7T imposes the strong restriction that there must be another
hinge state propagating in the same direction on its spatial
inversion if one CHMs propagates along any hinge. Thus, the
CHMs may form two closed loops on the surfaces (100) and
(100) as shown in Fig. 1(a). The relative sign between ¢ in V;
and d in V, will determine which surface the two hinge mode
loops locate around.

(iii) 3D rotoinversion QAHIL: Hgroam = Ho + Vi + Vs
with V3 = b.s.. The inclusion of V3 with magnetic field in z
direction reduces the magnetic group to G, = S, & 7 (Dyg —
S4). The ferromagnetic term b,s, behaves similar to the anti-
ferromagnetic term ), but open gaps with different signs for
the surface Dirac electrons of the 3D CHOTI on the (001)
and (001) surfaces. As a consequence, the chiral hinge modes
of 3D rotoinversion QAHI will exhibit a distinctly different
pattern compared with 3D antiferromagnetic QAHI. The pres-
ence of the improper rotation symmetry Sy = 'R protects
a single-loop CHMs wriggling around the bulk as shown in
Fig. 1(b). The relative sign between b and ¢ determines the
wriggling way of the single-loop CHMs.

(iv) 3D inversion QAHIL: Higam = Ho + V3 with V3 =
by i_.,.si- Only in the presence of V; that magnetic field
points to (111) direction, i.e., by = b, = b, = b, the magnetic
point group is 53 = C; & T (Cy, — C;). Due to the presence of
the inversion symmetry Z, the CHMs at the inversion symmet-
ric hinges are propagating in the opposite directions, and form
a closed loop as shown in Fig. 1(c).

Here, we only take several higher-order topological phases
with distinct flowing patterns of the hinge currents as ex-
amples to illustrate the bulk-hinge correspondence. All the
possible patterns of hinge currents can be constructed by the
strategy in Appendix C and the relationship between different
patterns and the topological invariants are also checked.

III. THE QUADRUPOLE INDEX

To characterize the topological hinge modes, we introduce
a quadrupole index as topological invariant. There are the
CHMs along four hinges in the z direction in the case of
Figs. 1(a) and 1(b). The energy dispersions of the four hinge
modes connect the conduction and valence bands, and cross
at k;, = 0 (see Fig. 4 in Appendix A). For a specific k., H(k;)
can be viewed as a 2D system in the x-y plane and there
are four corner states. The existence of corner states can be
characterized by the quadrupole moment [40-43],

1
Gey(ks) = 7 —Imlog [det[U} QuUr ]/ det O], (3)

where the matrix Uy, is constructed by the occupied lowest
energy states, Q,, = e>"h/Lily 7 are the position operators,
and L, are the lengths of the system in the « direction.
For the occupied states, we have H(k,)Uy, = Uy Eocc(k;),

with Eoce(k;) = diag[e; (k). €2(k;), ...€n,, (k)]. € and |u )
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are the energy eigenvalue and eigenstate, H(k;)|u; ) =
8n(kz)|u;'é)- Uy, is constructed by the occupied states Uy, =

(Juy. ), ...lup")), which has dimension of N X Noce. Niot =
L, x L, x Ny, denotes the dimension of total Hilbert space
with Ny being the “orbitals” per site and N denotes the
number of occupied bands. We hence build the the projection
operator into the occupied energy bands P,.. = UUT and we
also have relation UTU = 1y, xn,.. The determinant can be
reformed as

det [U} QU | = det [Ineonnee + U (@ = DUL] - )

Since the Hilbert space of the Hamiltonian (occupied and
unoccupied energy bands included) at each k, is complete, we
have the relation VkZV,i + Uy, U,i = 1 where we denote Vi as
the eigenstates for unoccupied band. By using the Sylvester’s
determinant identity, we have

det [U] QUL | = det [V QV,. ]det[Q]. Q)

We then focus on the anti-symmetries (e.g., the chiral symme-
try C or particle-hole symmetry P) because these symmetries
will relate the occupied states to the unoccupied states which
is essential in the quantization of the quadrupole moment [42].
Under the antisymmetry O,, the Hamiltonian obeys

O H(k)O, " = —H(xk,), ©)

with x = —1 denotes the operation O, will inverse the mo-
mentum k, and x = +1 means that O, keeps k, unchanged.
Following the same procedure in Ref. [42], it is found that an
antisymmetry (O, leaves xy plane invariant OuH(kZ)O;' =
—H(—k,) which will impose a constraint on the quadrupole
moment gy (k;): quy(k;) + goy(—k;) =0 or 1. At two high
symmetry points A, =0 or m, the symmetry is restored,
O H(A)O;" = —H(A;), and ¢, (A;) must be quantized
to 0 or % Nonzero quantized g,,(A;) indicates the system
topologically nontrivial and the existence of four zero-energy
corner states in the reduced 2D subspace. For example, if
Gxy(k; = 0) = 1/2, then gy, (£7) = 0 or 1. In this case, there
exist CHMs which compensate for the difference of the corner
charges. Thus, we can introduce a quadrupole index,

2
Ay = / k.3 sy (), ™
0

to characterize the existence and the flowing direction of four
CHMs. For antiferromagnetic QAHI in Fig. 1(a), we have
Ay, =—Ax =1 and Ay, =0, which are protected by the
combination of chiral symmetry and the mirror symmetry
CM,, and the combination of chiral symmetry and the time
reversal symmetry C7 . For rotoinversion QAHI in Fig. 1(b),
we have A,y =1 and A,; = A, = 0. The quadrupole index
along the z direction is protected only by C7 and along the x
(y) is protected by both C M, and C7T. For inversion QAHI
inFig. 1(c), Ay = Ay, = A, =0.

IV. THE SLAB CHERN NUMBER

The slab Chern number is another topological invariant as
the quadrupole index alone are not enough to characterize
the diversity of the flowing pattern of the CHMs. Consider
a slab geometry of the sample with a finite thickness L,

with the periodic boundary condition along the x and y di-
rection. Denote the Bloch eigenstates by |u,(k,, z)) are the
Bloch eigenstates, H(k,,z)|u,(ki,z)) = e,k )|u,(k1,z))
with k; = (kc, k,) and the index n for the bands. The
space-resolved Berry connection is given by Ay, (k1 ,2) =
—i{u,(ky, 2)|0y|uy(ky, z)) for the two occupied bands n, n'.
In this way we define the slab Hall conductance and its rela-
tion to a slab Chern number n, [36],

2

L
ol — / dz0,y(2) = n.—, @®)
0

where 0,,(z) = 55 [ d*k . Tr[Fyy k1, z)] and
Fapk) = 05 Ap(k) — 3gAg (k) + i[ Ay (k), Asg(k)]  (9)

is the non-Abelian Berry curvature in terms of Ay, v (k1 2).
Because of the periodicity of the Berry connection in the first
Brillouin zone, it can be proved that the slab Chern number 7,
is quantized if the filled bands has a band gap to the excited
states for a band insulator. According to the bulk-boundary
correspondence [8], each nonzero Chern number is associated
with the closed loop of chiral edge state. In Fig. 1(a), for
antiferromagnetic QAHI we have n, =n, = n; =0, while
two quadrupole indices are not vanishing Ay, = —A, = 1.
The system in a slab geometry (the open boundary condition
is imposed in the y direction) is analog to the quantum spin
Hall insulator except the the two counter-propagating hinges
modes are localized on the opposite sides. Experimentally, the
quantized anomalous Hall effect can be measured by using the
surface-sensitive method [44]. In Fig. 1(b), for rotoinversion
QAHI we have n, = —1 and n, = n, = 0. There is a closed
loop of chiral edge mode around the z axis. Combined with
the nonzero quadrupole index A,, = 1. there are four CHMs
along the four hinges along the z axis, the two indices can
determine that a single-loop of CHMs that wriggles around the
bulk. QAHE can be detected through a global quantum Hall
measurement probing the whole sample due to the nonzero n;.
In Fig. 1(c), for inversion QAHI we have n, = n, = —n, = 1.
There is a single loop of chiral edge mode around each axis.
Because of the zero quadrupole indices around the three axes,
there is no four CHMs along one direction. It exhibits a single
CHM traversing half of its hinges, which can be projected out
a single closed loop in the direction of x, y, and z. The QAHE
can be observed for three directions due to the nonvanishing
slab Chern numbers.

V. 3D QUANTUM ANOMALOUS HALL EFFECT

The CHMs can be further understood in the framework of
topological field theory with an effective action [45],

S = /dSrdt 1 (g - L) B0 02
87 7

4 2hic E B]’ (10)
where E and B are the electromagnetic fields, and € and w
are the dielectric constant and magnetic permeability, respec-
tively. O(r, t) is known as the axion angle [46]. The product
E - B is odd under the time reversal or spatial inversion, 6 has
to be 0 (modulo 27) for a trivial insulator and the vacuum and
7 for a topological insulator with respect to the symmetries
[47,48]. In the quadratic order of electric and magnetic fields,
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besides the Maxwell term, the 6 term may give rise to the
topologically magnetoelectric effect that an electric field can
induce a magnetic field and vice verse [45,49-53]. By taking
the functional derivative of 6 term with respect to a gauge
field, the induced electric current density depends on the spa-
tial and temporal gradients of the 0-field [45,46],

2

The first term depends on the temporal gradient of the 6-field
and is proportional to magnetic field, i.e., the so-called chiral
magnetic field, and vanishes in a static limit. The second term
depends spatial gradient of the 6 field and is perpendicular to
the electric field, i.e., the anomalous Hall effect. Thus, there
will be surface anomalous Hall effect at the interface between
two regions with different 6 values and no Hall response will
exist in the bulk as 0 takes a constant value 6, [54,55].

Jo(r,t) = e—[B,@(r, t)B — VO(r,1) x E]. (11)
2mh

J
The value of 6, is given by the three-dimensional integration of the Chern-Simons 3-form over momentum space [56,57],

3 .
1= [ st Funl04, 00 — ST, AghoLA, 0], (12)
Consider a Bloch Hamiltonian # (k) which is invariant under O, the eigenstates of H (k) at k and Dok must be related by a
gauge transformation, where Do is an operator transforming k to Dpk in momentum space with the Jacobian matrix as J,, =
d(Dok)p/dk,. We can prove that only those symmetries with Jacobian determinant detJ = —1 will quantize the axion angle.
There are two types symmetries satisfying this condition: the improper rotational symmetries and the combined symmetries
from time reversal symmetry and the proper rotation symmetry, which will put the following constraints on axion angle 6,
respectively,

0 43k
2% = / meaﬁytr[(U*(k)aaUT(k))(U*(k)aﬂUT(k))(U*(k)ayUT<k>>], (13)
and
) d*k ¥ ¥ i
2= f 2473 ey LU 03U W)U R)9pU ()(U k), U (k))- (14)

x and T represents the complex conjugate and transpose, respectively, and U (k) is the unitary transformation matrix acting on
the space of occupied bands, Olu,(k)) = Y_,, Uyn(k)|u,(Dok)) with n as the occupied band index. U (k) is periodic in , ky,
and k,, and thus defines a map from a 3-torus to the space of Ny X Noce Unitary matrices. Such maps are classified by an integer
topological invariant or winding number which is given by the righthand side of the above equations, 220—; eZ.ItUk) e UQ),
then the terms in the brackets can be interchanged, considering the antisymmetric form of the winding number, the axion angle
6, always trivially vanishes.

Therefore to yield a nontrivial axion angle, the occupied bands need to be degenerate such that the gauge transformation
U (k) becomes non-Abelian. (i) For 3D antiferromagnetic QAHI (b = 0, ¢ # 0, and d # 0), the all five 4 x 4 matrices in H
anticommute. The eigenvalues for two valance bands are easily obtained as

e (k) = —\ pe? + MK + [d + c(k2 — )], (15)

where M (k) = mo + m (k} + k) + m:k? and p(k) = (v ks, v ky, v:k;). The two bands are doubly degenerate for the whole
Brillouin zone which is guaranteed by the combined symmetry 7Z (with (Z7)> = —1). (ii) For the3D rotoinversion QAHI
b =1(0,0,b,), c # 0and d = 0), the eigenvalues for two valance bands are

el (k) = _\/ b2 + p(k)> + M(k)* + 2\/ b [v2k2 + M(k)? + (k2 — kg)z]. (16)
The band degeneracy occurs only for topological nontrivial case and at the four momenta (£, /— 5/, &, /—5/L). (iii) For the3D

inversion QAHI (b = (by, by, b;) and ¢ = d = 0), the eigenvalues for two valance bands are explicitly written as

el (k) = _\/b2 +pk)? + M(k)> £+ 2\/ [b - p(k)]> + b*M (k)>. (17)

The band degeneracy occurs at the momenta which satisfy
both the conditions M (k) = 0 and b - p(k) = 0. The first con-
dition requires band topology is nontrivial (mgm, , mom, <
0), and restricts the momenta to a 2D ellipsoidal momentum
surface. The second condition further restrict the momenta
to the line nodes perpendicular to the vector b. For the
case (i), the axion angle is not quantized and can take any
value. For the cases (ii) and (iii), the axion angle are quan-

(

tized and nontrivial. While for topological trivial insulators
(momy , mom, > 0), the band degeneracy is removed for all
the Brillouin zone the axion angle must trivially vanish
in this situation. We want to emphasize the band degen-
eracy for these two cases is not due to the symmetry but
the band topology. Therefore, the band degeneracy is nec-
essary but not sufficient for the quantized nontrivial axion
angle.
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In addition to the inversion or time-reversal symmetry, 6,
will be quantized with improper rotation symmetries or a
combination of time-reversal symmetry and proper rotation
symmetries [58]. From Eq. (11), the layer-resolved Hall con-
ductivities in the xy plane is associated with the gradient of 6,
0y(2) = %829(1). Thus, the slab Hall conductance Eq. (8)
is given by the difference of the 6 values of bottom and top
vacuum,

00 2
slab e” b —0p
= dzoy(2) = ———, 18
Oy /700 W0y(2) = 5 (18)
which is integerquantized independent of the 6 value of the
bulk. The gradient VO(r) is no vanishing at the interface be-
tween the two homogeneous materials with different 6 values.
Thus, the surface Hall conductances for the top and bottom
interfaces are given by
o 6‘2 97 - 9},
Y h 2w
2
B e 91, — 93
= — . 19
7o =Y on (19

Apparently, the total slab Hall conductance is given by the
summation of surface Hall conductances o3 = o + o 5.
Since the 6 value for the top and bottom vacuum can only
take the values 67/ = 2n’/8 with n’/ being integer, for
later convenience, we introduce the difference of the 0 values
between the top/bottom vacuum and the bulk of the material
as

~T/B _ T/B
2w’ =2mwn " — 0. (20)
As a result, the surface Hall conductance for the top and
bottom interfaces can be expressed as o, = <7l and ol =

_2

~B .
it , respectively.

VI. RELATION BETWEEN THE 6§ TERM AND THE
CHIRAL HINGE MODES

The current carried by the CHMs can be evaluated from
the spatial dependent 6, and each chiral hinge channel carries
one conductance quantum (e?/h). We calculate the current
through a 2D section disk (D) encircling a hinge normal
to the plane as illustrated in Fig. 2(a), I = [[, dS - j,. The
electric field is determined by the gradient of a scalar po-
tential, E = —V®(r), and we choose the boundary of the
disk as an equipotential line ®,.. By utilizing Stokes theorem,
1= % gfc ds - VO(r)®(r). Thus, there is no current or equiv-
alently gapless conducting channel on the hinge when 6(r) in
the two vacuum areas takes the same value n; = n,. If they are
different n; # n,, then there will be a branch cut separating
the two vacuums where 6 (r) is singular. In this situation, the
contour integral gives the number of the conducting channels,

I —

Ade2/h

which is the winding number of the field 6(r). A® = &, —
®;, denotes the potential difference between the outer contour
Cou and the inner contour Cjy. In other words, the gapless

hinge mode tracks the singularity of the 6 term and vice versa.
We also want to emphasize that, even when 6 in the bulk is

ny —ny =iy — iy, 2D

(@) o 0) g, g
6y = 2mmy o 2mn nontrivial
P ' =~ trivial
ot 1
D, o ||
i
6, = 2mn, :
6, 2mn, :— . /
Po T 3 o +2m
06
(c) (d) 04
04
@ o 0.2
202 2
o o
%00 g 00
T-02 B0y F02
—&— G, =

yz

i

—
)
=

S oo & o
(=X

)

i
<3
IS

/2

6,
o
o

—=— 6(z)
—e— 6(x)
—A—6(y)

0.8

0 2 4 6 8 10 0 2 4 6 8 10
Layer index Layer index

FIG. 2. (a) Schematic view of the hinge current. The planar
surfaces of the topological insulator are characterized by integers
n; and n,, describing the integer change of the 6 value nearby the
surfaces. (b) Schematic view of f-term as a function of the angle
¢ for topologically nontrivial and trivial cases. (c, d) Plots of the
layer-resolved Hall response o,4(r,) and panels (e, f) are plots of
the 6-angle as function of the layer index for antiferromagnetic and
rotoinversion quantum anomalous Hall insulator, respectively, from
a layer-resolved Kubo formula in a slab geometry for 10 layers.

not quantized, the above argument for the gapless chiral hinge
channel is still valid.

As show in Figs. 2(c)-2(f), we plot the layer-resolved Hall
responses 0,g(ry) (€48, = 1) and the integrated value for
0(r,) as a function of the layer index for three directions. In
numerical evaluation, we consider a slab geometry with the
periodic boundary in the o8 plane and open boundary con-
dition in r,, direction. The layer resolved Hall response only
distributes near the slab surfaces where 6 changes and quickly
drops to zero as the position moves into the bulk where 6 takes
constant value. For antiferromagnetic QAHI in Figs. 2(c) and
2(e), the magnetic point group G; will put a constraint on the
Hall response that the layer-resolved Hall conductivity takes
the opposite values for the slab center. Thus, the slab Chern
numbers vanish for three directions. Due to the presence of
the mass term d, the axion angle will deviate form the quan-
tized value m, for example, 0,/27 >~ —0.59 in Fig. 2(e). It
is also consistent with the symmetry analysis that there is no
such symmetry to guarantee the quantization 6 in G;. As a
consequence, the surface Hall conductance U)f’; for the bottom
interface and JXTV for the top interface are not half quantized in
sharp contrast to the axion insulators. However, the summa-
tion of the surface Hall conductance of the adjacent surface
must be quantized since o/, + 0%, = %(ni —nl) with i, j =
T, B, indicates whether the hinge mode at the intersection
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2L /%,

FIG. 3. (a) Schematic illustration of the measurement of Kerr and
Faraday angle. Incident linearly polarized light becomes elliptically
polarized after transmission (Faraday effect) and reflection (Kerr
effect), with polarization angles as 6y and 6, respectively. (b) The
reflectivity R as a function of the slab thickness L, along z direction
in the units of half of photon wavelength ,/2 for suspended single
loop case withe = 10 and u = 1.

of two surfaces exists or not. For rotoinversion QAHI in
Fig. 2(d), the symmetry G, constrains that the layer-resolved
Hall conductivities for z direction are symmetric about the
slab center, while for x and y directions are antisymmetric
about the slab center. The layer-resolved Hall conductivities
in xz plane and yz plane are also related to each other by the
S, symmetry. Furthermore, as shown in Fig. 2(f), 6, will be
quantized due to the presence of improper rotation symmetry
S, and a combination of time-reversal and the diagonal mirror
symmetry 7 M**™. As a result, the surface Hall conductance
are half-quantized for three directions. More detailed discus-
sion symmetry constraints on Hall response can be found in
Appendix D. In this way, we establish the relation between
the the CHMs and the two physical invariants,

Jal e r
o = eupy (A ), @
By = Sup_sgabpmalil 7). @

with €y, = 1.

VII. MAGNETO-OPTICAL EFFECT AS A DETECTION
OF TOPOLOGICAL INVARIANTS

We propose an optical experiment to directly measure
this phenomenon independent of material details as shown in
Fig. 3(a). Consider a normally incident linearly x-polarized
light with frequency w propagating along the z direction
through the sample E;, = Ej, expli(koz — ot)]X with ko =
w/c. E, and E, are the reflected and transmitted electric
field, respectively. Their values at the interface between two
materials are related to the incident field E;, by the 2 x 2

J

R'=1—

reflection and transmission tensors, and can be solved by
matching the electrodynamic boundary conditions. The Kerr
and Faraday angles are defined by the tan 0x = —E; /E* and
tan OF = E; /E}, respectively [49,50]. When the chemical po-
tential is located within the surface gap E, and ho < Eg,
the magnetic fields at the interface of the two materials are
discontinuous due to the presence of surface Hall current. The
reflection and transmission tensors for a slab can be obtained
by composing the single-interface scattering matrices for top
and bottom surfaces. For simplicity we only consider a free-
standing sample, the influence of a substrate do not change
our conclusion qualitatively. The reflectivity R = |E,|*/|E,|
will depend on the relative magnitude of the slab thickness

and the wavelength (A, = w%) inside the bulk. As shown in

Fig. 3(b), when the slab thickness contains an integer multiple
of half wavelength L, = N1;/2 with an integer N (the reso-
nance condition), R reaches the minima. At the resonance, the
reflectivity can be obtained as

,_ @ =)

i o - )

Z

(24)

If the slab Chern number vanishes i/ = /i 5 0, then the light
can propagate through the sample without reflection and the
transmitted light is still linearly polarized in x direction. In this
situation, the Faraday angle 6. = 0. If the slab Chern number
does not vanish, then the Faraday angle 6;. will be quantized

in integer multiples of the fine structure constant o = 471150 ;—ZC
(511,
tan 0, = a(ii. —iil), (25)

which is universal and independent of the specific value of 6.
As a ~ 1/137, 6. ~ a(i! — ii?). The slab Hall conductance
Eq. (22) can thus be expressed in terms of the fundamental
constants and the experimentally measurable quantity

2 2

e , e, .
a)fj,ab = tan 0 = ;(”zT — ii?). (26)
For the Kerr angle, we have
cotO = a(iil —iib), 27)

For the slab Chern number that is not so large, 0 =
tan~'[1/a(@ —a®)] ~ Z — a(il — iP), the polarization of
the reflected light will exhibit a full-quarter rotation relative
to the incident light [51]. To determine 7! and 7 for top and
bottom surface, we also need to use the results at reflectivity
maxima when L, = (N + %))»;,/2.

The corresponding reflectivity is

42

&
i

(£)* +28[1 — Q2T ] + [1+ (2a?)*][1 + (20iif)*]

with € and fi being the relative permittivity and permeability
for the material, respectively. For relative small slab Chern

(28)

(

number R’ ~ (x% —1)?¥/ (% + 1) is only determined by the
material constants. The corresponding Kerr 0y and Faraday
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angles 6 can be obtained as

tan 6y

2{£20( — i) — 20! [1+(2ei?) ]}

—(/%)2 — 2£20i! 207 +{1 - (2ai?)’][1 + (2078)*]
(29)

2 ~T _ =B
tan 6y = a(f; — ) (30)

1+ £ + 20i] 2001?
By canceling the explicit dependence on the materials
properties € and i, the measured Faraday angle 6 and Kerr

angle 6y give a relation (see Appendix E)

tan 0

tan(6y + 9,;’)(1 ) =a(@l +af). (3D

"
tan 6

Using the two relations in Eqgs. (25) and (31), we can deter-
mine the values of i/ and i as

!

1 tan 0
A = ﬂ[tan(e,;’ +9;’)<1 -= F) +tan9/}, (32)

tan 6/
) — tan@}]. (33)

tan 0y

~B 1 ” "

n; = % |:tan(9K + GF)<1 ané)
Similarly, 7i//% and 72]/® can be determined by the magneto-
optical Faraday and Kerr measurements in the samples of thin
films normal to other two crystallographic axes. Armed with
all 7il/B (a = x, y, 7), one can determine the values of all the
quadrupole indices [Eq. (23)] and the slab Chern numbers
[Eq. (22)], and figure out the flowing pattern of chiral hinge
currents [Eq. (21)].

VIII. CONCLUSION

In a 3D second-order topological insulator, the CHMs
circulate along the hinges of a sample and lead to the 3D
quantum anomalous Hall effect. The quadrupole index and
the slab Chern numbers are introduced to characterize the
flowing pattern of the CHMs. The nonzero slab Chern num-
bers determine the formation of the close path of the CHMs
while the quadrupole index indicates the existence of CHMs
along the four parallel hinges of a sample. The two topo-
logical invariants can be determined by the magneto-optical
Faraday and Kerr measurements. The relation between the
two topological invariants and the flowing pattern of the chiral
hinge states reflects the bulk-boundary correspondence in 3D
second-order topological insulators.
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APPENDIX A: MODEL HAMILTONIAN,
BAND STRUCTURE, AND THE WINDING
OF QUADRUPOLE MOMENTS

To facilitate numerical calculations, we map the continuous
Hamiltonian model in the main text on a square lattice in the
tight binding approximation, k; — % sin k;a and ki2 — a%(l —
cos k;a) for i = x,y, z. The lattice constant a = 1 is chosen as
the same for three directions. %(iv 1 0xS; — 2my 0,80 F 2¢0;80)
are the hopping matrices connecting the nearest neighbor sites
along x, y direction, respectively, and %(ivzaxsz — 2m,0,50) is
the matrix connecting the next nearest neighbor sites along
two directions in the x-y plane, which encode the hopping
between degrees of freedom between two sites. (my + 4m, +
2m;)o.so + doysy + Zi:x,y,z b;s; are the on-site energies. In
this representation, the Hamiltonian in momentum space is

Hik) = Hok)+ Y Vilk),

i=1,2,3

(AD)

with

Ho(k) =hio,[v (sinkys, + sinkysy) + v, sin ks ]
+ [mo + 2m (2 — cos k, — cos k)
+ 2m,(1 — cos k;)]o,so,

Vi (k) = — 2c(cos ky — cos ky)oysg,

Va(k) =doyso,  Vstk)= Y bisi.

i=x,y,2

In the Hamiltonian Eq. (A1), Ho describes a 3D quantum spin
Hall insulator. Throughout this work, we choose the parame-
ters

v, =v; =1, m=m; =—-0.5,my=0.5,

to realize the topological nontrivial phase. To illustrate the
differences of the hinge states between distinct higher-order
topological phases, we calculate the band structure in a
quasi-1D geometry along three different directions for the
antiferromagnetic QAHI and the rotoinversion QAHI. To for-
mulate these two cases, we need to add additional terms to the
model of 3D quantum spin Hall system H,.

(i) To realize the rotoinversion QAHI, we include both V)
and Vs and use the parameters

c=1,b,=03,b,=0,b,=0.

In Figs. 4(a)-4(c), we show the band structures in the bar
geometry along three directions. We can find two 1D chiral
modes in x and y directions in the energy gap of the surface
states which are singly degenerated with oppositely chiral
modes localized on the neighboring two hinges. The rod bands
along z direction exhibit four chiral modes which are doubly
degenerated and localized at four hinges with the same chiral
modes on opposing sides. In Figs. 5(a)-5(c), we show the
quadrupole moments for the two-dimensional subspace as
functions of the momentum in the third direction. Only the
quadrupole moment along the z direction exhibits a nontrivial
winding number which is consistent with the band calcula-
tions in Figs. 4(a)—4(c).
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1.5

m - 0 m

kz

FIG. 4. The band structure of the rotoinversion QAHI and the antiferromagnetic QAHI in three directions. Panels (a—c) are the band
structures of the 40 lowest bands along three directions of the rotoinversion QAHI. We use the parameters ¢ = 1 and b, = 0.3, b, =0, b, = 0.
Panels (d—f) are band structures of the antiferromagnetic QAHI along three directions. We use the parameters d = 0.2, ¢ = 1. The parameters

in H, are same for two cases: v, = v, = 1, m, =m; = —0.5, mg = 0.5.

(i) To realize the antiferromagnetic QAHI, we include
both V| and V), and use the parameters

d=02,c=1.

In Figs. 4(d)-4(f), we show the band structures in the bar
geometry along three directions. We can only find the chiral
modes along y and z directions in the band gap. The in-gap
chiral modes for two directions are all doubly degenerated
and localized at four hinges. It is further confirmed by the
winding of the quadrupole moments in Figs. 5(d)-5(f) that
the quadrupole moments along both the y and z directions
exhibit nontrivial winding. Only directions with four chiral
hinge modes exhibit nontrivial winding number in quadrupole
moments. In order to fully characterize the pattern of the hinge
states, we also need to introduce the slab Chern number as
discussed in the main text.

APPENDIX B: SYMMETRY OF THE HAMILTONIAN

The group QNO of Eq. (1) in the main text is a Heesch-
Schubnikov magnetic group of type II; the inclusion of any
term in V,—; 3 breaks time reversal symmetry and several
spatial symmetries and reduces it to a magnetic group of
type III (G', Gi—1 2.3 in the main text). In general, the reduced

magnetic point group can be expressed as [39]

G=N&T(G-N),
where G is a subgroup of Dy, and N is a halving subgroup of
G. The subgroups of Dy, has the following relations:

Doy D 84 :>_C’Z,§2,
Dy D D2y D Dy = Gy,
Gy D Ci = G3,

from which the reduced magnetic point group can be gen-
erated. The group G = Dy, ® T Dy, are given explicitly in
Table I and the symmetry breaking due to the inclusion of
Vi=1.2.3 is also presented.

APPENDIX C: HINGE STATE PATTERN
AS COLORING THE FACE

Identifying all possible chiral hinge patterns on a cuboid
geometry is equivalent to find all the distinct ways that a
six-sided cuboid can be painted by using two different colors
(each face in one color). The hinge currents can be viewed
to flow along the boundary of different colored faces. Two
colored cubics are not distinct if they are only up to a rotation.
We list all distinct colored cuboid patterns in the Fig. 6. The
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FIG. 5. The winding of quadrupole moments for the rotoinversion QAHI (a—c) and the antiferromagnetic QAHI (d—f) along three
directions. The parameters are the same as described in the caption of Fig. 4.

first line in Fig. 6 lists all the distinct patterns that one of the
faces is painted gray and all others white. The second line lists
the patterns that two faces are gray and all others white. And
the third line lists the patterns that three faces are gray.

All this results can be uniquely determined by the quadru-
ple index and slab Chern number in Table II.

APPENDIX D: SYMMETRY CONSTRAINTS
ON HALL RESPONSE

The Bloch Hamiltonian #(&) respects the symmetry
0, i.e., OH(E)O™! = H(Dp§E), where & = (ky, kg, r,,) with
o, B, y representing three orthogonal directions. As shown
in the second column of Table I, the unitary symmetry O, =
U is a unitary matrix that acts on the internal degrees of
freedom of the unit cell. The antiunitary symmetry O, can
be written as O, = UK, where U is a unitary operator and
IC is the complex conjugate operator. Due to the symmetry,
the eigenstates of H(&) at & and Dpé& can be related by a
gauge transformation. Explicitly, we can write the relations,
H(DoEOun(§)) = OH(E) un(E)) = £4(§)Ou, (§)), for any
eigenstate |u,(§)) of H(&) with eigenvalue ¢,(§) (the eigen-
value only depends on the momentum components). Thus,
Olu,(&)) is an eigenstate of H(Dpé&) with the same en-
ergy. We can thus expand Olu,(§)) by the states at Dpé,

Olun(g)) = Zm Bn,m(g)lum (DOE» with Bn,m(g) are the ma-
trix elements of a unitary transformation acting on the space of

the occupied bands. From which one can verify, for an antiu-
nitary symmetry operator O, and unitary symmetry operator
O,., the Berry curvature satisfies

Fup(&) = =3 5 BE) Fy (Do,E)B' (),
Fup(&) = T J B () Fsc (Do, £) BT (§),

respectively, with JO% = 0(Dpk)g/dky. From Eq. (8) in the
main text, the layered-resolved Hall responses have the fol-
lowing relations:

oup(ry) = —I3 T o5 [ (Do k), ]

oup(ry) = I I o5 [ (Do ) ], (D1)

where §, ¢, x are another three orthogonal directions. The
constraints on the Hall response due to the certain symmetry
for three different higher-order topological phases are pre-
sented in Table III.
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TABLE I. Symmetry of the Hamiltonian H,(k,, k,, k.), on lines: time-reversal antiunitary symmetry (7), chiral antisymmetry (C = PT),
particle-hole antiunitary antisymmetry (P), fourfold rotation (around z axis, Rj), twofold rotation (around j axis, ’Ré), inversion symmetry
(Z), fourfold improper rotation (around z axis, S4), mirror reflection (M the mirror plane is normal to j axis), and the antiunitary symmetries
(the combination of time reversal symmetry 7~ with the above spatial symmetries). For each symmetry, the operator of transformation is given
in the second column and the momentum is transformed according to the third column. The forth column: the Jacobian of the transformation.
The last five columns indicate which symmetry is further broken with the inclusion of Vi 13 .

Symmetries Operators Do (ky, ky, k) detJ doyso (ki — k)ayso b.s, b.s, bys,
T is, K (—ke, —ky, —k;) -1 X be be X X
c oy (ky, ky, k) 1 X X X X X
P=CT! —ioys,K (—ke, —ky, —k;) -1 v v Vi v Vv
RYR L2 (50 +is2) (ky, =k, k) 1 v X v X X
,Ré isz (_k)ﬁ _kyﬂ kz) 1 \/ \/ \/ X X
R3(R3) ISy (ky, —ky, —k) 1 v v X VO x(V)
RV (RS™) Lilse+sy) (ky, g, =) 1 v X X X X
A o (_kxa _kyv _kz) -1 X X «/ \/ \/
Su(Sh) Lo(so+is:) (—ky, kv, —k2) 1 X v v X X
M; i (ks ey, —k) -1 be be v be X
M(M,) i, (—ky, Ky, ko) -1 be be X VOO x(W)
Mery(foy) %iaz(sx + Sy) (_k)u _kxs kz) -1 X \/ X X X
TR (R Li(s, + 5K (—ky, ke, =) -1 X v X v v
TR; iSXIC (kx’ ky» _kz) -1 X X X \/ \/
TR5(R) —is:K (ki ky, ko) -1 be be N x(W) VOO
TR’ZC”(R;_“V) —g(so + is))IKK (—=ky, =k, k;) -1 X a J Vv i
TL ois, K (ke ky, k) 1 v v X X X
TS Lio (s, + 50K (ky, =k, ko) 1 v X X v v
TM, o5 C (—ky, —ky, k) 1 J J X J J
TMX(M\) _io‘zszlC (kxa _kyy _kz) 1 \/ \/ \/ X(\/) \/(X)
TMuyMoy) =% +is)oK (ky, e, —k:) 1 v X v v v
< APPENDIX E: MAGNETO-OPTICAL FARADAY
> AND KERR EFFECTS
In the main text we propose an optical experiment to
measure the topological invariants. We consider a suspended
1 sample with a slab geometry of thickness L,. A similar ap-
proach was considered in Ref. [50], but for the sake of
— — completeness, we present the detailed derivations here. We
b first solve the reflection and transmission coefficients for the
~ > A interface between two materials. Consider a light wave prop-
agating along the z direction through two materials, labeled
by i and j with dielectric constant and magnetic perme-
2 > 3 ability as €;, u; and €;, u;, respectively. The interface is
P TABLE II. The corresponding quadrupole index and slab Chern
b number of all pattern in Fig. 6.
4 - 1 1 1 2 3 4 5
z " 5 - ny 0 0 0 0 ~1
< . ny 0 0 1 1 1
y < n, 1 0 1 0 1
A, 0 -1 0 0 0
FIG. 6. All possible patterns of chiral hinge modes as the bound- 4, 0 1 0 1 0
A 0 0 0 0 0

ary of colored face on a cubic.

o
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TABLE III. The constraints on the Hall response due to the certain symmetry for three cases discussed in the main text according to
Egs. (D1). The symmetry constraints on the Hall response for each reduced magnetic point group are listed in the last line for each topological

phase.

D, & T (Dy — Dy)

Antiferromagnetic QAHI

,Ré sz(y) = —sz(—y), ayz(x) = _Uyz(_x)

R% ny(z) = _ny(_z)s ze(y) = _Jx:(_y)

T O'xy(z) = _ny'(_z)7 ze(y) = —ze(—)’), Uyz(x) = _Uyz(_x)
TMZ ny(z) = _GX)'(_Z)

ZM" Gyz(x) = _6)*1(_x)

gl ny(Z) = _ny(_z)v sz()’) = _sz(_y)’ O',vz(x) = _avz(_x)
S4 ® T (Dog — Ss) Rotoinversion QAHI

Ré sz(y) = _sz(_y)s Uyz(x) = _Uyz(_x)

84 ! ny(z) = _U_vx(_z)’ sz()’) = Uyz(-x)ﬁ Gyz(x) = —sz(—y)
TR;-H ny(z) = _ny(_z)v sz()’) = Uyz(-x)s Gyz(x) = sz()’)
,Z:MX gyz(x) = _Gyz(_x)

G 0x:(y) = —0:(—y) = Uyz(x) = _O'yz(_x)v %(Z) = ny(_Z)
COT(Cu—0C) Inversion QAHI

A ) o'xy(z) = ny(_z), sz(y) = Ua(_y)v Uyz(x) = Uyz(_x)
TR, 1(2) = =03(=2), 032 (¥) = 0:(1), 0 (¥) = 05, (x)
Z’Mx+y ny(z) = _ny(z)v Gyz(-x) = ze(_y)s sz(Y) = azy(_x)
gS ny(Z) = G,vy(_z)a sz(y) = Gz,r(_y) = zy(x) = Uzy'(_x)

located at z = zo. The electric field in the medium i can be
written as

E; = ¢"°E| + e "°E], (ED)

where Er(’) [E;(’),Er(’)]T denote reflected (transmitted)

components of the electrlc fields in the medium i, k; =

€;i; is the wave vector. The magnetic field is given by

Faraday’s law,
= [ S (i) |{e*EL — e RS ), (E2)
Wi

where 7, = [? Bi] is the Pauli matrix acting on xy space. The
incoming and outgoing fields at the interface are related by the

S matrix:
E1_[r t][E
w1 el ®

where r, r’ and t, t’ are all 2 x 2 reflection and transmission
tensors. The electric field Eq. (E1) and magnetic field Eq. (E2)

J

(w]-[w])] -

Using Eq. (E4) and comparing with Eq. (E3), we directly obtain

\/> + 4m7xx

21k, Zo Hi

0 0 } [Eﬁ}
. Likizo . —ikizo 13
iTy0;€ iTy0,e E'

in the medium i written in terms of the reflected and transmit-
ted components of electric field is

ikiz —ikiz
E; e e E!
[H] = |: Eeikiz(_ir ) _ ﬁe—ikiz(_i.c ):| I:Etl] (E4)
! V i y V oui y J
Now consider the interface conditions for the electromagnetic
fields, the electric field is continuous across the interface
(Ei —Ej)|;=, =0, (E5)

and the magnetic field will be discontinuous across the inter-
face due to the presence of the surface current

—ity(H; — Hj)|.—, = 47 Jil:=. (E6)
with the surface current density
J i |Z=Z0

where o is the 2 x 2 conductivity tensor. The electromagnetic
boundary conditions Egs. (E5) and (E6) can be recast into the
matrix form,

= GiEi |Z=Zo ’

(4m7x} 00— /& 87T0'xyll'y

(\/;:;—i— ;’i + 4noxx) + (4w oyy)?

2 ;—( /u +/ +4naxx 7o — /18T 0yiTy
ei(ki—kj)Z(J ! /
b

(V2 i+ 4mom)’ + oy
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r/ _ e—Zik,-zo

[;—fj —( s 4n0xx)2 - (4n0xy)2]ro — \/;:;SJTnyiTy

( /% +/0t 4710xx)2 + (4 oyy)?

Hj Hj

€j €j € s /€
2 —( -+ + w + 47t0xx)t0 Ty y SnGXy

(\/% + \/;j +4n0y)’

Thus, 1’ is related to r by making the replacement k; — —k;
and interchanging €;/; and €/ j and t’ can be obtained from
t by interchanging ¢;/u; and €;/u ;. The reflection (rg)) and
transmission tensor (t{) for a slab can be composed from the

single-interface scattering matrices r(T’?B and t(T’?B for the top

and bottom surfaces. We assume the two interfaces between
the vacuum and the sample are at z = 0 and z = L, respec-
tively. The vacuum outside the sample has €y) = o = 1. The
electric fields at the top and bottom interface have the follow-

ing relations:
EZ _ rr t;— EZT
E{ - tT I‘/T Ef, ’

E£ _ g tl/g Eg
E? - tp I’;g Ef ’

where E! and E! are the transmitted and reflected components
of the electric fields in the sample, respectively. We also have

EZ _ Irs tg EtT
E? tS r’S Ef ’
Then we can obtain the reflection and transmission tensor for
the slab
rs =r7 + tprp(l — rprp) 'ty
ts =tg(1 — ryrp) 'tr,
ty =t (1 —rpry)"'tp,
ry =r, + tpry (1 — rpry) 'ty
For an incident light linearly polarized in the x direction
Ei, = EinX.
The reflectivity is defined as
|Er|2 _ |rxinn|2 + |rxyEin|2

(E7)

+ (47 )?

[
and the Kerr and Faraday angles are defined by

E} o E; ry T
tan9K=——;=—yx m:-ﬂ:ﬂ,
Er rxinn Fxx Fxx
and
EY  t,En  ty te
tan GF — _tx — y_ — '}_ — __y’
Ez txinn Iyx Iyx

respectively. The reflectivity R depends on the relative mag-
nitude of the slab thickness and the wavelength inside the
bulk. For the cavity resonance condition kL, = N is satisfied
where k = ,/epiw/c is the wave number in the slab film and
N is an integer, we have

{ré‘,‘ii} _ 1 ~[47 (o] +02)]
R C L R s

and

e~ tkole [ €0
Mo
min

{ ¢ min } 4 [
Sxx | _ o ’
Snlag s+ an(ef 4 of)] (8 (os +on)

with kg = w/c is the vacuum wave vector. The corresponding
Kerr 0y and Faraday angles 6y, can thus be obtained,

tan;, =cotf, = —————.
K F™ 4n (axTy + O'fy)

(E8)

At the reflectivity maxima kL, = (N + %)n, we have

1

R= = = |rxx|2+|rxy|27
|Eiq |2 |Ein|?
)
pmax [ 77 2 € (€
S,xy (;) =+ 217(#_[()) —

”w

4molanoB) +[2 + (4mol) |[L + (4n0B)’]

Ko Ho

) —(£)’ +2¢4n0lamol + [2 — (4no])"|[2 +2(4mg,)2]
—2\/5{—/%47105 +anol [+ (4naf) ]}

Mo
and

e—ikoL:

Xy

| /€ & (£ £ _ T B
21\/; Mo (M + Ho 47[0)0'47[0)@)

fffif} _
{tgl)?;( (i)2 +25(2 —dnolancl) + [ + (47TO’T)2][;—(:J + (47‘[05)2]

H\ o xy Ko Xy

—2i\/§%47r (UxTy + ag)
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The corresponding Kerr 6 and Faraday angles ;. can be obtained as

2 [ {ganal - dnol [ + (ral)])

Mo

" o__
tan 0, =
"
., %471 (axg + Ug,)
tan 6, = .
F~™ e a _ T B
m + e 4naxy4nan

() 2€4noldnol + [ — (47roxTy)2][;—‘; + (4m02)’]

’

(E9)

From the results Eqs. (E8) and (E9), we can obtain Eqs. (6) and (7) in the main text.
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