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Metrology of band topology via resonant inelastic x-ray scattering
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Topology is a central notion in the classification of band insulators and the characterization of entangled many-
body quantum states. In some cases, it manifests as quantized observables such as quantum Hall conductance.
However, being inherently a global property depending on the entirety of the system, its direct measurement has
remained elusive to local experimental probes in many cases. Here, we demonstrate that various topological band
indices can be directly probed by resonant inelastic x-ray scattering. Specifically, we show that the crystalline
symmetry eigenvalues at the high-symmetry momentum points, which determine the band topology, lead to
distinct scattering intensity for particular momentum and energy. Our approach can be explicitly demonstrated
in several examples such as 1D Su-Schrieffer-Heeger chain, 2D quadrupole insulator, 3D topological band
insulator, and chiral hinge insulator. Our result establishes an incisive bulk probe for the measurement of band

topology.
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I. INTRODUCTION

In condensed matter system, scattering techniques gener-
ally measure two-point correlators of physical quantities that
determine the transport and dissipation of energy and momen-
tum through collective excitations of constituent nuclei and
electrons. In resonant inelastic x-ray scattering (RIXS) [1,2],
sensitivity to valence electrons is greatly amplified by reso-
nant processes when the incident x-ray is tuned to the binding
energy of a core electron. Besides detection of otherwise van-
ishingly small signal associated with subtle electronic orders
[3,4], RIXS sometimes provides additional valuable informa-
tion on the electronic wave functions; prominent examples
include the detection of pseudospin structure in spin-orbit
Mott insulators and the bonding/antibonding nature of quasi-
molecular [5] orbitals in quantum dimers [6—12]. The method
relies on the coherent interference [8] among different inter-
mediate states, whose phase differences encode information
beyond that contained in the correlation functions.

In this work, we investigate the possibility of exploiting
RIXS for probing the topology of an electronic band struc-
ture, which is classified by a topological band index [13—15].
We note that the band topology is difficult to directly access
through bulk energy spectrum as two topologically distinct
phases can share the same spectrum, but its change can be
detected at their interface. Hence, much of the previous exper-
imental efforts focused on detecting the topological boundary
modes via, e.g., photoemission spectroscopy [16-20] and
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tunneling probes [21-26]. However, the topological boundary
states are not always easily accessible in experiment, for ex-
ample, when the topological boundary states are buried deep
inside the bulk states. Thus it is desirable to establish a bulk
probe that can directly diagnose the nontrivial band topology.

To this end, we will show that the band topology mani-
fests in RIXS spectral intensity at high-symmetry momentum.
More precisely, we will prove that from the momentum de-
pendence of the RIXS intensity, one can directly infer their
crystalline symmetry eigenvalues of the reflection, inversion,
and rotational symmetries, which constitute several important
topological band indices [27-31]. We will explicitly demon-
strate our protocol on a few, most important examples of
topological insulators: 1D Su-Schrieffer-Heeger (SSH) chain
[32] relevant for A;WeXg (A = Rb, Cs; X = S, Se) [33-36],
3D topological band insulators (TBI) for Bi;_,Sb, [30,37,38],
and also 2,3D higher order topological insulators (HOTI)
[27,28,31] with material candidates XY (X = Ge; Y = S, Se)
[39].

The organization of this paper is as follow. In Sec. VIII, we
briefly review the formalism of (non-spin-flip) RIXS, which
will be mainly considered in our paper. In following sections,
we present the application of this formalism to the topological
band insulators. In Sec. III, we will consider the 1D Su-
Schrieffer-Heeger (SSH) model and show that RIXS intensity
can indeed be used to diagnose the band topology. In Sec. IV,
we generalize this to the prototypical time-reversal symmetric
topological band insulators and show that the Z, invariant can
be read off unambiguously. Finally, we apply our theory to the
higher order topological insulators in Secs. V and VII, which
are on the RIXS intensity of the 2D quadrupole insulator
model, C4-symmetric higher order topological insulator and
a 3D chiral hinge insulator.

©2023 American Physical Society
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II. BRIEF INTRODUCTION TO RIXS

We first review the formalism for RIXS in the fast col-
lision approximation [1,40-42]. The RIXS spectral intensity
is Z(q, ) = Y, | As(q, )*8(E; — Egs — ) with the quan-
tum amplitude

As(q, ) = (fIT(q, )IGS). 1)

Here |GS) and |f) are the many-electron states (the ground
state and an excited, final state) and 7'(q, ®) is the scattering
matrix describing the RIXS process.

In the fast collision limit, f"(q, w) describes the creation
of a local electron-hole pair at each atomic sites [1,40—
42]. In this work, we focus on the non-spin-flip RIXS [43]
(see Appendix A for a brief review),

T(q.0) =C(@) ) _ croc] €7, )

r,o

which can be achieved by appropriately selecting edges
(e.g., Bi 2s — 6p transition) or polarizations of photons.
Here, C(w) is a constant containing the information of atomic
details, e.g., dipole matrix elements, polarization of (incident
and outgoing) photons, and lifetime of the intermediate virtual
states. cjya (cr») 1s a creation (annihilation) operator of low-
energy spin-o electrons of an atom at r. More discussion on
T(g, w) is in Appendix A.

Inserting Eq. (2) to Eq. (1), we can recast Eq. (1) in terms
of Bloch functions v, (k) (which depend on spin for strongly
spin-orbit coupled systems):

As(g, ) = C(@) ¥ (k +q) - Miygi - k), (3

where E.(k + q) — E, (k) = w. Here “c” and “v” represent the
conduction and valence bands. M,Hk’k contains the informa-
tion of the sublattice structure. The final expression (3) can be
summarized as [Fig. 1(a)], where an electron is pulled from
the valence band to the conduction band. The momentum and
energy of this excited state is fixed by those of the photons
involved in RIXS.

In following sections, we present our central results by
applying Eq. (3) to various topological insulators: 1D SSH
chain, 3D TBI, and 2,3D HOTI [28,30-32].

III. SSH CHAIN
A. Main result

The SSH model [32] is the simplest reflection-symmetric
1D band insulator, which exhibits a quantized electric polar-
ization. Within each unit cell labeled by x € Z, there are two
sublattices o = 1, 2, at the position x + d, withd, = (—1)*d
[Fig. 1(b)]. We assume d < 1/4 without losing generality,
because the dimerization of the SSH model accompanies
structural deformation in real materials [33—36], which pushes
d away from 1/4. The Hamiltonian is

Hk) = —(t) + tcosk)o* @ s° — 1 sinko” ® s°. 4)

Here, o“ is the Pauli matrix acting on the sublattice index and
s? is that on the spin index. We set#; > 0, t, > 0. The model is
spin-rotational symmetric and hence only the identity operator
5% = Id, ., appears in Eq. (4). The topological invariant, i.e.,
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FIG. 1. (a) RIXS process Eq. (3). RIXS induces a transition from
the ground state to an excited state with an electron-hole pair. Here,
an empty circles represents the hole in the valence band and the filled
circle represents the created electron in the conduction band. (b) SSH
model. The black box represents a unit cell, which consists of the
two sublattices {1, 2} (black circles). They are physically separated
each other by “2d” within the unit cell and “1 — 2d” between the
unit cell. (¢) RIXS intensity of SSH model. Here, the error bars for
the data (filled circles) are due to the noise that we included in our
simulation.

polarization P, can be written as [44,45]
exp(2riP) = R,(I')R,(X), @)

where R, (k) is the reflection eigenvalue of the valence band at
k. T (X) represents k = 0 (k = ). The reflection symmetry is
R = o* with k = —k. Many aspects of the model have been
well known in literature [28]. Here we only need to know that
there are two phases: the nontrivial phase P = 1/2 mod 1 for
ti < tp and the trivial one P = 0 mod 1 for#; > 1.

To grasp P via RIXS, one would naturally consider the
scattering between X and I because of Eq. (5), which involves
the symmetry data at those momentum points. Indeed, P
directly manifests in the intensity

Tgn, A€] = 2|C(A€)|? sin*(g,d + Pr), (6)

where g, = 2n+ 1)w,n € Z is precisely the momentum
connecting X and I'. Ae is the energy difference between the
valence band at I" and the conduction band at X. This fixes
the scattering process as [Fig. 1(a)]. Remarkably, the intensity
Eq. (6) is largely independent of the hopping parameters of the
SSH model [except the overall coefficient C(A€)]. Even more,
its oscillation in momentum is entirely fixed by the topology
‘P. This allows us to apply Eq. (6) irrespective of the detailed
parameters of the Hamiltonian.

B. Proof of Eq. (6)

To prove Eq. (6), our starting point is the non-spin-flip
RIXS quantum amplitude,

Ay =Cl) Y

x€Z,a,s={1,}}

(flexa.sc) 4 € 7*GS),
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where « is the sublattice index, and s is the spin. On this, we
plug cr g 5=1,, = ZM UO}L,])/,,,X(k)e’k" where

= [V (k) [y (k)] (N

and v, (k) are the Bloch functions (see Appendix B for the
details of notations), to find

Ap(q) =C(@) Y (FI) Mg kU (k + @)

ks
X Vus(k + @)y, (k)lg). ®)

We have introduced a diagonal matrix ./\>lk+q,k whose ath
component is e~/4%=12 [Fig. 1(b)], i.e.,

n igd 0
Migi = (eo eiqd)' ©)

Up to the U(1) phase factor, this matrix depends solely on the
real space distance between the two sublattices, but not on
the Hamiltonians. Note that there is a gauge dependence of
MHq,k. ./\A/lHq,k depends on our gauge choice of the Bloch
functions. For example, the matrix itself is not invariant under
the U(1) phase rotation of the Bloch functions. This is because
it is not the quantum amplitude .4, but the spectral intensity
I~ |Af|2, which is actually measured in experiment.
From this, the RIXS intensity is

I(g, ) = 2|C(@)* Y 1] (k + @) Mg g1 ().
f

Here )’ represents a sum over the final states that satisfy
the energy-momentum conservation and the factor of 2 comes
from the spin degeneracy.

If we further specify the energy and momentum transfer
of the RIXS as Ae=¢€.(X)—e€,(I") and ¢,=2n+1)7 (n € Z),
(see [Fig. 1(a)]), the RIXS amplitude is

Z(gn, A€) = 2|C(AE) 1Y (X)) My, o¥r(D)I%,
where qu,o is obtained from Eq. (9).

eiq,,d

Mk+q,l,7r = < 0

where IT- M,, - [T = M,,, where [T = o is the chiral sym-
metry operator. Note that although the chiral symmetry
operator appears in the discussion, we do not assume that the
Hamiltonians respect the chiral symmetry.

The corresponding RIXS amplitude (per spin) is then

Af(‘ha AG)
C(Ae€)

e%,zd> = cos gnd +ising,d - f, (10)

= ¥ (X)¥y (D) cos gud

+ iy (X)), (T) sin g,d.
The corresponding RIXS intensity is

Zs(gn, A€)

Caop = WX cos gud
+ iy O, () sin gud .

The full RIXS intensity is simply the twice of the above,
because of the spin states, i.e., s =1, |.

Our goal is to show the following two. First,
it P =0, |y, Oy, =1, [y, X))y, =0, (11)

which trivially implies Z;(g,, Ae) = 2|C(A€)|? sin® g,d.
Second,

it P =1, |y COMY, (D =0, [y, COv (DI =1, (12)

which implies Zr(q,, Ae) = 2|C(A€)|? cos? gnd These two
are equivalent to Eq. (6).

To present the proof, we need a few preliminaries. First,
we prove g/f (k*)f[wn(k*) = 0 for k, = X, I". This can be
shown as

¥ )Ty (k) = ) (k)TTR R (k).

= Ry (k)W) (k) TIRY (k)
— Ry (k) (e RTTYr, (k)
= —Ry (k)W (k)T (k),
= =, (k)T (ks

In the third line, we used {I1, R} = 0. This implies V¢, (ki) L
fh/fc /v(ky). Note that the above does not require the Hamil-
tonian to be chiral symmetric. Combining this with the fact
that {y.(ky), ¥, (ks)} forms an orthonormal basis for the two-
dimensional complex plane, we conclude

Vepo(ks) L ey (k) = Voje(k) | ey (k). (13)

That is, ﬁwc/v(k*) is identical to ¥, ;. (k) up to a phase. This
1mmed1ately implies R.(k.) = —R,(k.). This follows from
W (ky )— Cnl/fv(k ) (with a complex phase factor |c| = 1)
and {H R} = 0. Another useful fact is that if | Wy, (k,)|> =
1 for a normalized vector W, then [Ty, (k) =0.
This is because {yr,(k), ﬁwu(k*)} is an orthonormal ba-
sis for the two-dimensional complex vector space. Simi-
larly, if Wy, (k,)|?> = 0 for a normalized vector W, then
(WY, (k) = 1.

We now prove the first claim that W X))y ()] =0 and
|¢ (X) Ty, (IN)| = 1 for P = 0. This is because

U XY (D) = ¥ XORRY, (D),
= Ry (D)RX)Y, X )¢, (),
=~ Py (X )y, (D).

where we have used R.(k,) = —'R,(k.) since {7%, fl} =0
and R,(INR,(X) = exp(2riP). Plugging P =0, we find
wj X))y, (I") = 0. Since {y, ("), [Ty, (")} forms an orthonor-
mal basis, we see |1/fCT(X)fIwU(F)| = 1. This completes the
proof Eq. (11).

For the second claim, we show that 1//CT X )ﬁwU(F ) = 0 for
P=1/2,

YL OOTY,(T) = ¥ CONR Ry, ()
= — ¢/ ORTIRY,(I)
= —Ry(DRX)¥, GO, (T)
= Ry (DR (X)) )T, ()
= &Py Oy, (),

n=c/v
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where we have used sequentially (R, 11} =0, Re(ky) =
—Ry(ky), and Ry(I'R,(X) = exp(2wiP). Plugging P =
1/2, we see WCT(X)IAva(F) = 0. Because {y,(I'), [Ty, (I")}
forms an orthonormal basis, we also find |/ (X )y, (D)> = 1.
This completes our proof for the second one.

Note that in deriving the above, we used only the sym-
metries. One obvious consequence of this is that the precise
positions of the states in energy is not important in obtaining
the above formula (6).

C. Numerical simulations

Here, we numerically demonstrate that Eq. (6) indeed al-
lows us to decipher P from the RIXS intensity. For this,
we first numerically generated the RIXS intensity data for
both the topological and trivial states of the SSH model (with
d = 0.24), and we attempted to fit the data with Eq. (6). The
data, which are represented as the filled circles in Fig. 1(c),
consist of the simulated signals from the clean SSH chain and
white noises (added to mimic the experimental situations),

Z(gn, @) = Zo(gn, @) + 8ZLrandom>

where Zy(g,, ) is the RIXS intensity from the clean system,
and 8Z;andom 1S the random noise. 8§Z angom 18 drawn from the
uniform distribution [—0.2, 0.2] x |C(A¢€)|*> (which is rather
large). Hence, Zy(g,, @) agrees well with the idealistic, perfect
RIXS signal Eq. (6). For the topological case P = 1/2 (red
circles), the parameters of the SSH Hamiltonian were ¢; = 0.1
and #, = 1. For the trivial case P = 0, the parameters were
ty = 1 and, = 0.1 (so that Ae is the same for the both cases).
We set d = 0.24 for both the cases.

We attempted to fit these data with Z(g,)/|C (Ae)]? =
Asinz(q,,B + P) + C, where (A, B, C, P) are the fitting pa-
rameters (we have restricted B € [0, 1/4] without losing the
generality). See the solid lines in Fig. 1(c), which are obtained
from the fitting. The results excellently agree with the dotted
lines, which are the ideal ones Eq. (6). For the ideal, noiseless
signal of trivial case (without the noise §Z;andom), We expect to
find

A=2,B=024,C=0,P=0, (14)

which is the dotted green line in Fig. 1(c). As the result of the
fitting (the solid green line), we found

A =198, B=0.24, C =0.02, and P = 0.00, (15)

which are pretty close to the ideal values (14). More im-
portantly, we succesfully diagnose the band topology P =
P/m = 0. For the ideal, noiseless signal of trivial case (with-
out the noise 8Z;yndom ) We expect to find

A=2, B=024, C=0, and P = 1.58, (16)

which is the dotted red line in Fig. 1(c). As the result of the
fitting (the red solid line), we found

A=199, B=0.23, C=-0.04, and P =1.58, (17)

which are pretty close to the ideal values (16). More im-
portantly, we succesfully diagnose the band topology P =
P/m =1/2.

Our theory can be tested in 3D bulk materials A, W¢Xg
(A =Rb, Cs; X =S, Se), which realize the quasi-1D SSH

chains [33-36]. We append their DFT band structures and
some information on these materials in Appendix B 4, show-
ing that they indeed have P = 1/2. In these materials, one
can use W 2p — 5d transition to perform RIXS experiments
to test our theory.

Finally, we remark that the above can be easily general-
ized to the multiband models, which explicitly lack the chiral
symmetry. For example, in Appendix B 3, we consider the
four-band model which explicitly breaks the chiral symmetry
and demonstrate that we can read off the polarization per each
filled band.

IV. 3D TOPOLOGICAL BAND INSULATORS

Our theory is not restricted to 1D and applies equally well
to the 3D TBI [30,46]. Some detail of the model can be
found in Appendix. E. Here, we focus on showing that the Z,
topological band index vy [46] can be completely determined
from RIXS intensity.

A. Main result

We consider the realistic, four-band model Hygi(k) =
Zf:o d;(k)T"; [30] describing Bi;_, Sb, [30,37,38]. The spe-
cific form of Hygi(k) is not important for now and can be
found in Appendix E. The Z, index vy is determined by a
product of the inversion eigenvalues I,(k.) of the valence
bands at the time-reversal invariant momentum (TRIM) points
k. [30]

= ] Wik

k,€TRIM

If vy = 1 mod 2, then the insulator is topological with a single
surface Dirac cone [46]. Otherwise, it is trivial.

Our key observation here is that the RIXS intensity con-
necting arbitrary two TRIM points, say k, and I', allows
us to determine the product Z,(k,)Z,(I"). This is because
Ty(k4)Z,(I") manifests in the intensity:

(g, Ack,) = 21C(A )P sin® (g, -d + Svem),  (18)

with d = $(1,1,1) and v, = 3(Z,(ks)Z,(T') — 1). Here,
we have tuned the momentum transfer as ¢, =k, +
Zi:l,Z 4 niGi, n; € Z where G; is a primitive reciprocal vec-
tor. The energy transfer Aeg, is tuned to the energy difference
between the valence band at I' and the conduction band at k...

See Fig. 2(a) for the RIXS process, when k, = X.

B. Proof of Eq. (18)

To prove Eq. (18), we will use the fact that each of conduc-
tion and valence bands in the model are twofold degenerate at
TRIM points because of the time reversal symmetry, and they
have the same inversion eigenvalues. Our starting point is the
non-spin-flip RIXS quantum amplitude,

As(g) =C(w) Z (flCra.sc)y €8, (19)
ro,s={1,{}

where « is the sublattice index, and s is the spin. On this, we
plug ¢ o5 = Zkﬁ anyn,s(k)e"k'x (see Appendix E for nota-
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FIG. 2. (a) Band structure of the 3D TBI along a momentum cut
[Fig. 2(b)] connecting the high-symmetry points in the diamond lat-
tice. The example in the main text considers the momentum transfer
q, = X —T". This excites a valence electron at I" to the conduction
band at X. (b) Momentum space of the diamond lattice. Here, the
arrows represent the momentum cut along which the band structure
is obtained in Fig. 2(a). (c) RIXS intensity of 3D TBI for the mo-
mentum transfer g, = X — I'. As in the SSH case, the error bars for
the data (filled circles) are due to the noise that we included in our
simulation.

tions) with

UT = [Ye B ()|, ()|, (K)]
gives
Ar(@) =C(@) Y (fIU W) MiyguU’
k,s
X (k4 @) vistk + @y (®)lg), (20)

where V., ., (k) is an eigenstate of hrg1(k) with a degeneracy

index u = =1 (due to the time-reversal symmetry), and Mq
is

erd 0 0 0
X 0 44 0 0
1o 0 ed 0

0 0 0 e iad

= cos (g - d)1axq + isin(g - d)I1,
with d = %(1, 1,1). Here I1 can be written as I''2 =
[['', I'?]/2i. The RIXS quantum amplitude is given by
ALY (g,, Ae) = C(Ae)(cos(g, - ), (k + q,) ¥ v ()

+isin(g, - Y., (k + ¢,y . (K)).
2D

Below, we would like to prove Eq. (18) from Eq. (21) by
applying appropriate symmetries. The first step of our proof

is to show 1//T (k)ﬁl//n’\,(k) = 0 where k € TRIM,

n=c/v,p

¥l T (k) =y (OTIZ T, (),
TGy, ()TIZy, , (K),

— LGy, ()T, (K),
= -y, Ty, (k)

where we used {Z, I1} = 0. See Appendix E for the de-
tailed algebra. This implies that Ilv,, , (k) is orthogonal to
Yesv,v (k). Therefore flwc /v, (k) belongs to the space spanned
by ¥y jc,v (k). Similarly, ifftpv,ﬂ(k) = Z,(k)Yr, . (k), then

17y, . (k) = I,k 11y, , (k) = Z((Ty, . (k)
= — L,() Iy, . (k)),

which means that Z.(k) = —Z, (k).
To proceed, we choose the convenient orthnormal basis at
k,k + g, € TRIM as follows:

{Vo.1(k), Yro2(k), Ye,1(k), Ye2(k)},

where V., (k) = flwuqﬂ(k). Similary, for the reciprocal mo-
mentum ¢,,, we define

{Voitk +q,), Yootk +q,), Ve itk +q,), Vealk +4q,)}

such that wg,u(k +qn)wv,v¢u(k)20 and wiu(k"'qn)wc,v;&u
(k) = 0. This choice allows us to forget about the degeneracy
index (|, v) because the amplitude is diagonal in this index.
With this, Eq. (21) becomes

AL (g, D) = 8" C(A€)(cos(q, - IV, (k + )V, (k)
+isin(g, - )y, ,(k + ¢,y ,(K). (22)

We now look for the symmetry constraints on the terms in
(21). For example, we can apply the inversion symmetry

Wl + g )V u k) = vk +q,)T Ty, (k)
= —T,(k+q,) L.k, (k+q,)
X Yy (k). (23)

Therefore we find that if Z,(k+¢q,)Z,(k) =1, then
1//1 w(k+g,) ¥, (k) = 0. At the same time, we automatically
find |y, (k + ¢,)1Tv, . (k)| = 1since | , (k)T (k) = 0
and wj,u(k + q,)Vc/vv2u(k) = 0. Hence, Eq. (22) becomes
A?U(q,,, Ae) = §"C(A€)isin(q, - d), which leads to Z =
2|C(Ae€)|*sin’*(q, - d).
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Similarly, because of
vl + g ), () = ¥, (k+ q,)T Iy, . (k)
= T,(k + q,)L,()y, , (k +q,)
x T, (k), (24)

we find that if Z,(k +gq,)Z,(k) = —1, then ‘”iu(k +
g,y , (k) = 0. This enforces |y, (k + g,) .. (k)| = 1.
Hence, Eq. (22) becomes A?V(qn, Ae)=5*"C(A€)cos(gq,- d),
which leads to 7 = 2|C(Ae)|zcosz(qn -d). This completes
our proof.

We note that the intensity (18) is largely independent of
the hopping parameters of the model [except the overall co-
efficient C(Ae€)]. Moreover, its oscillation in momentum is
fixed solely by Z,(k,)Z,(I"). We will see later that this allows
us to deduce Z,(k,)Z,(I") from the intensity. Hence, if we
repeat the RIXS experiment on all the TRIM k,, we can derive
Z,(k,)Z,(I") for all the k,. This allows us to determine vy
because

(1" = [ [IZok)T, (D). (25)

k£

C. Numerical simulations

Next, we explicitly demonstrate the utility of Eq. (18) in
determining the topology. For this, we remind that to correctly
infer the band topology of Hrgj(k), the inversion eigenvalue at
k. =X,1i.e., Z,(X), needs to be carefully determined. (There
are three symmetrically-equivalent X’s [Fig. 2(b)], but we
will take one below.) This is because the band inversion oc-
curs at k, = X, which controls the phase transition between
vo = 0 and 1 [30,46]. Hence, below we will focus on k,, = X
[Fig. 2(a)] and demonstrate that we can deduce Z,(X)Z,(I")
via Eq. (18) from the RIXS intensity.

We first numerically generate the RIXS intensity data,

I(lln, AG) = Io(q,,, AE) + (SLandomv (26)

where Zy(q,, A€) the ideal RIXS intensity [Eq. (18)] and
8L random 18 the random noise. 87, ndom 18 drawn from the uni-
form distribution [—0.3, 0.3] x |C(A€)|%. The parameters in
Hrgi(k) allow us to access both the cases Z,(X)Z,(I") = +£1.
The RIXS intensity data of these two cases are represented as
the filled circles in Fig. 2(c). Green (red) circles represent the
data of the system with Z,,(X)Z,(I") = 1 (Z,(X)Z,(I') = —1).
As in the SSH chain, we have included white noises to the
data to mimic the experimental situations.

Next, we attempted to fit these simulated data with
Z(q,, Ae)/|C(Ae,)|*=Asin’(q, - d+B)+C, where (A, B, C)
are the fitting parameters. The solid lines in Fig. 2(c) are the
results of the fitting. They agree well with the dotted lines,
which are the ideal ones Eq. (18). These dotted lines exactly
agree with the simulated data when the noise is removed,
and the small discrepancy between the ideal ones (dotted
lines) and the fitting (solid lines) is due to the white noise.
In particular, we found that the fitted parameter B correctly
determines Z,(X)Z,(I").

The RIXS intensity data [the filled circles in Fig. 2(c)]
with momentum transfer ¢, = (27,0, 0) + n(2n, 27, 27)
[which connects I' — X (27, 0, 0)] are generated by adding

the two contributions (26). Red circles correspond to the
Z,(IZ,(X) = —1 case and green circles correspond to
the Z,(I')Z,(X) =1 case. Note that in the fitting form,
7(q,. A€)/|IC(A€)|*> = Asin’(q, -d + B) + C, B is the di-
agnostics of the band topology, because we expect B =
%(Iv (g,)Z,(k) — 1)r if the fitting works well enough.

For the ideal, clean signal of Z,,(I")Z, (X ) = 1 case (without
the noise §Z;andom), We expect to find

A =2.00, B=0.00, and C = 0.00, 27

which is the dotted green line in Fig. 2(c). As the result of the
fitting [the solid green line in Fig. 2(c)], we found

A=1.96, B=0.01, and C = 0.00, (28)

which agrees excellently with the exact values Eq. (27). In par-
ticular, from B, we can correctly infer Z,(q,,)Z, (k) = 4B/7 +
1~1.

For the perfect, ideal signal of Z,(I")Z,(X) = —1 case
(without the noise §Z;andom), We expect to find

A =2.00, B=1.58, and C = 0.00, (29)

which is the dotted red line in Fig. 2(c). As the result of the
fitting (the solid red line in Fig. 2(c)], we found

A=1.96, B=1.58, and C = 0.00, (30)

which are pretty close to the exact result (29). In partic-
ular, from B ~ 7 /2, we can correctly infer Z,(q,)Z,(k) ~
—1. Hence, we conclude that we can successfully diagnose
Z,(X)Z,(I") via RIXS. Here, although we have focused only
on X points, the procedure can be repeated for all the TRIM
points. This will determine all the Z,,(k,)Z,(I") for any TRIM
k, and thus vy via Eq. (25). In real experiments, we note that
our theory can be tested in RIXS experiments on the standard
topological insulator Bi;_,Sb,, where Bi 2s — 6p transition
can be used.

This is not restricted to the prototypical four-band model.
For example, in Appendix E 3, we have considered eight-band
model and shown that we can easily read off the band topology
in this case, too.

V. 2D QUADRUPOLAR INSULATORS

We will apply our theory to the higher order topological
insulators, i.e., quadrupole insulator (QI) [27,28], which is
defined on the square lattice. Some details on the model can
be found in Appendix C.

A. Main result

The QI is a C4-symmetric, four-band insulator, which
can support the quantized quadrupolar moment Q,, mod 1
[27,28]. When C4 symmetry is imposed, Q,, can take only
the discrete values, either Q,, = 1/2 (topological) or Q,, =0
(trivial). This quadrupole moment can be related with the Cy-
symmetry eigenvalues of valence bands at I' and M = (, )
[27,28]

exp(2miQyy) = ra(M)ry(I'), €1y}

where r4(k,) represents the eigenvalue of the C4 symmetry at
the C4-symmetric k., such that (r4(k))* = i.
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0,0y =0

r

FIG. 3. (a) Hopping pattern of QI model. #,(¢,) is the inter-
site(intrasite) hopping parameter and dotted lines represents different
sign of hopping parameter (so that there are = flux for all the pla-
quettes). We present intersite(intrasite) hopping as a red (blue) line.
When 1, > t;, Hqp hosts a topologically nontrivial phase. Otherwise,
it is trivial. (b) Along the high-symmetry points, we plot the band
structure of Hgr. Each bands are twofold degenerate (degeneracy
index +). At the half filling, Hqr is an insulator. We consider the
RIXS transition from I' — M. An empty circle represents the hole
in the valence band and the filled circles presents the created electron.

From Eq. (31), we are naturally led to consider the RIXS
intensity between I" and M to grasp Q,,. Indeed, we find that
the intensity depends on O,

1[g,, A€l = 4|C(Ae)*sin*[(2n + )wd + O], (32)

withgq, = 2n+ 1)(w, ), n € Z. Here, “d” is the half of the
real-space distance (in unit of the lattice constant) between the
sublattices within a unit cell [Fig. 3(a)]. Thus the topological
index Q,, can be deduced from the RIXS intensity.

B. Proof of Eq. (32)

As in the previous cases, our starting point is the Bloch
State Cra.s=t.p = D ., Uy, vns()e™ (see Appendix C for
notations), which we insert into the formula for the non-spin-
flip RIXS quantum amplitude,

Asilg, @) =C(@) Y (fIU W) Mupg iU’
k,s

X (k +@))v stk + @y ()18,
|

TABLE 1. C4 eigenvalues at symmetric points. We denote a Cy
eigenvalue of a band(n = c, v). Here, (§ = %) represents the index
for the degenerate states at k* = ', M as rfji_u(k*). When |5, >
t1], Qxy = 1/2 mod 1 and otherwise 0 mod 1.

Bands (g = (0, 0)) M(q = (w, 7))
. -) sign(y + 1,)e' 47 sign(ty + )¢ Qv e i
(v, +) sign(; + tz)e“%” sign(t; + tg)ez"ig**'e*i%”
(c,—) —sign(t; + tz)e*’%” —sign(t; + tz)ez”iQX>’e*i%”
(c,+) —sign(t, 4 fp)e i —sign(ty 4 1,)e?" Qo gtiiT
where
ei(@xtayd 0 0 0

. 0 e iaxtay)d 0 0

Mirgr = 0 0 pi(—guta)d 0
0 0 0 e'@x—ay)d

The corresponding RIXS intensity of the QI model is

Z(q, Ae) = 2[C(AE)* Y 1Y) (k + @) Muyg g (),
f
where factor 2 came from the double degeneracy of the spin.

Here, we consider g, = 2n+ 1)(w, ), n € Z, and Ae =
€.(M) — €,(I"). This fixes the RIXS channel as ' — M

I(q,. Ae) = 2[C(AE) > [l (M) Mg, 0%y (DI
n,n'==+

To proceed, we note that ¥¢—. /v,,,(k* =TI", M) is an eigenstate

of Cy4 rotation with the eigenvalue rﬁ n(k*). This in fact fixes
the wave function up to a complex phase factor:

yl k) = L(1 =5 (), 5 (), = (K)).,  (33)

where rin(k*) is a Cy eigenvalue of the wavefunction at k* =
I', M. See Table I, for example. We insert this into Z(q,,, A€)
to finally find

I(q,, A€) = [C(AE)* x {|(cos2(2n + md — ¥ 19))? + sin®(2(2n + 1)md)},

= 4|C(Ae)|*sin®((2n + 1)d + Qyy)7) =

C. Numerical simulations

As in previous examples, we simulated RIXS intensity
data. The RIXS intensity data with momentum transfer g, =
(2n + 1)(or, ) are generated by adding the two contributions
(Fig. 4):

I(qn’ Ae) = Io(qm A€) + 8L andoms (35)

4|1C(A€)|?sin®(2n + D)rd
4|C(A€)|? cos*(2n + 1)md

for |t1| > |t2| (Qxy =0),

(34
for |t1] < |t2] (Qxy = %)

(

where Zy(q,, A€) is the RIXS intensity obtained by applying
Eq. (34), and §Z;andom 1S the random noise. §Z;andom 1 drawn
from the uniform distribution [—0.5, 0.5] x |C(A€)|?. Hence,
7Zo(q,, A€) is the analytic, perfect RIXS signal on the clean QI
model. For the topological case Q,, = 1/2 (red circles), the
parameters of the QI model were #; = 0.1 and #, = 1. For the
trivial case Q,, = 0, the parameters were t; = 1 and 1, = 0.1
(so that A€ is the same for the both cases). We set d = 0.24
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I/|IC(Ae)?
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Trivial+noise
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FIG. 4. RIXS intensity of QI model for the momentum transfer
q, = (2n+ 1)(r, ) and fitting. As in the previous examples, the
error bars for the data (filled circles) are due to the noise that we
included in our simulation.

for both the cases [47]. The error bars are due to the noises
8L andom that we included.

We have attempted to fit the data with Z(q,, A€)/
|IC(A€)]> = Asin® (2n+ )B4+ Q)+ C, [cf. Eq. (34)].
Note that the topological index Q,, is given as Q/m. See the
result of the fitting in Fig. 4.

For the ideal, noiseless signal of the trivial case (without
the noise §Z;angom), We expect to find

A=4,B=024, C=0, and 0 =0, (36)

which is the darker green line in Fig. 4. As the result of the
fitting (the light green line in Fig. 4), we found

A =3.89, B=0.23, C =0.04, and Q = 0.00, (37)

which are pretty close to the ideal values (36). In particular,
the fitting gives us the correct quadrupole moment Q,, =
Q/m =0.

For the ideal, noiseless signal of the topological case (with-
out the noise §Z;andom), We expect to find

A=4,B=024,C=0,andQ =158,  (38)

which is the darker red line in Fig. 4. As the result of the fitting
(the light red line in Fig. 4), we found

A =399, B=0.24, C =0.03, and Q = 1.56, (39)

which are pretty close to the ideal values (38). In particular,
the fitting results in the almost correct quadrupole moment
Qyy = Q/m ~ 0.49. If one remembers that the quadrupole
moment should be quantized, one can confidently infer Q,, =
1/2 from the fitting.

This can be tested in candidate materials for QI such as
XY (X =Ge; Y =S, Se) [39] where Ge 1s — 4p transition
is available for the RIXS experiment. In Appendix C, we gen-
eralize the above to another class of nondegnerate multiband
C4-symmetric insulator H1(2) of Refs. [28,48].

VI. 2D C4 SYMMETRIC HOTI
A. Main result

We also apply our RIXS intensity to another C4-symmetric
higher order insulator Hl(g) [48]. Its topological invariant C

mod 1 is equal to either 1/2 (topological) or O (trivial) which
can be determined by the relative C4 rotation eigenvalues at I'
and M,

exp(2riC) = ra(M)ry(T")

with r4(ke(r )* = 1. Details of Hl(g) can be found in
Appendix D such as its symmetry and topology.

As in the QI case, we find RIXS intensity connecting I" and
M encodes the information of topological invariant,

Tlg,, Ae] = 2|C(Ae)[*sin*[(2n + 1)d + C)],  (40)

with ¢, = 2n+ 1), 7) =M —T (n€ Z), and 2d is the
distance between sublattices in the unit cell [Fig. 5(a)]. The
overall factor 2 came from the spin degeneracy. We are going
to prove that from RIXS intensity C can be read off by proving
Eq. (40).

B. Proof of Eq. (40)

We prove the RIXS intensity of 2D C4 symmetric higher
order topological insulator Eq. (40) for diagnosing the band
topology. Essential process of the proof is parallel to QI
model. The RIXS quantum amplitude is written as

Asi(g,, Ae) =C(Ae) D Wk, (M) Mosg, 0%0.1.5(D),

s={t.4}
with
ei(axtay)d 0 0 0
N 0 e~ Hax+ayd 0 0
Mictgr = 0 0 ei(—axtayd 0
0 0 0 x4y

Therefore the RIXS intensity of the C4 symmetric higher
order topological insulator is

1(g,. Ae) = 2IC(A) 1Y, (M) Mosg, 0% 1 (D, (41)

where the overall factor 2 comes from spin degrees of free-
dom. Following the same calculation of QI model, the wave
functions at the high symmetric points k, = I, M are fixed by
the C4 symmetry (up to a complex phase), which gives

wc/v,l(k* =I'M) x %(1’ "ic/v(k*), r4,c‘/U(k>k)7 ri,c/v(k*))’

TABLE II. C, eigenvalue tables at high symmetric points. We
summarize rotation eigenvalues of (¢/v, 1) bands which is relevant
band in the quarter filling. See the band dispersion [Fig. 5(b)]. When
[t;| > |t2], C = 0 which is the trivial phase. When |t,| < ||, C = %
and H 1(2) is in the topological phase.

G I'(g =(0,0) M(q = (7))

sign(t; + 1) e¥ric
—sign(t; + 1) e'C

sign(tl +1t)
c —sign(t; + 1)
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X M rr X M r

FIG. 5. (a) Hopping pattern of Hl(;” model. #,(#,) is the intersite(intrasite) hopping parameter. We present intersite(intrasite) hopping as a

red(blue) line. When #, > t,, H 1(2) hosts a topological phase. Otherwise, it is trivial. (b) Along the high-symmetry points, we plot the band
structure of H 1(2). At the quarter filling, Hl(g) is an insulator. (c) RIXS process. We consider the RIXS transition from I' — M. An empty circle

represents the hole in the valence band and the filled circles presents the created electron.

where ric /U(k*) = 1. Inserting them into the RIXS quantum amplitude with the C, eigenvalues in Table II, we obtain
1(q,, Ae) = |C(A€)*| cos2(2n + Drrd — 7|7,
= 2|C(Ae)*sin*((2n + 1)d + C))
2|C(A€)>sin*(2n + l)wd ~ for |t| > |t;] (C = 0),

= (42)
{2|C(Ae)|zcos4(2n + Drd  for 6| < |n] (C=3).

(

C. Numerical simulation As before, we have attempted to fit the data with Z(q,)/
IC(Ae))? = Asin* (2n+ )7B+ Q)+ C [cf. Eq. (40)].
Here Q will be the diagnostics of the band topology, i.e.,
C = Q/m is the band index.

The RIXS intensity data (Fig. 6) with momentum transfer
q, = (2n+ 1)(w, ) are generated by adding the two contri-

butions: ) .. . .. .
For the idealistic, perfect signal of the trivial case (without
7(q,, ®) = Io(q,, ®) + 8 Lrandom> (43) the noise 8Z;4ndom), We expect to find
where Zy(q,, w) is the RIXS intensity from the insulator, and A=2, B=024,C=0, and 0 =0, (44)

8Zandom 18 the random noise. Essentially, Zy(q,, ) is the
analytic, perfect RIXS signal on the clean Hg) model. On
the other hand, 8Z.4ndom 1S the white noise drawn from the
uniform distribution [—0.3, 0.3] x |C(A€)|>. For the topolog- A=1.90, B=10.23, C =0.04, and Q = 0.00, 45)
ical case C = 1/2 (red circles in Fig. 6), the parameters of
the Hi,i) model were r; = 0.1 and #, = 1. For the trivial case

C = 0 (green circles in Fig. 6), the parameters were #; = 1 this Correct'ly de‘ter'mines C= _Q/ 7 = 0.00. . )
and 7, = 0.1 (so that Ae is the same for the both cases). We For the' idealistic, perfect signal of topological case (with-
set d = 0.24 for both the cases. out the noise 8Z,ndom), We expect to find

A=2,B=024, C=0, and Q = 1.58, (46)

which is the darker green line in Fig. 6. As the result of the
fitting (the light green line in Fig. 6), we found

which are pretty close to the exact values (44). In particular,

I/|C(Ae))? which is the darker red line in Fig. 6.
2 As the result of the fitting (the lighter red line in Fig. 6), we
found
Trivial+noise
Fitting A =190, B=0.23, C =0.00, and Q = 1.57, 47
=== Analytic
1 / ® Topological which are pretty close to the exact values (46). In particular,
i vt this correctly determines C = Q/m = 0.5.
)

{ === Fitting
W — Analytic VIL 3D CHIRAL HINGE INSULATORS
0

A. Main result

(7T,17) (377,3m) (577,5m)
The above discussions can be generalized to 3D CHI [31]
FIG. 6. RIXS intensity of H'Y’ model with momentum trans-  (see Appendix F for a review), which hosts a chiral 1D mode
fer g, = 2n+ 1)(r, ) and energy transfer w = Ae = €. (M) — at the hinges. The insulator is classified by another Z, topo-
€,.1("). See the band dispersion [Fig. 5(b)]. logical band index v’ € {0, 1}, which can be determined by
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the inversion eigenvalues Z(k,) at C4,Z-symmetric points k,,
or rotoinversion symmetric points (RISP)

"= J] Zko.
CiTko=k,
Similar to the 3D TBI, this Z, index for the CHI can be
reformulated in terms of the product of Z(k, ) between the two
high-symmetric points, e.g., Z(k.)Z(I") Hence, the topology
of the CHI can be diagnosed in the exactly same fashion as
we did for the 3D TBI.

As in the 3D TBI case, we consider the RIXS intensity
from a reference point, say I', to other RISP k.. That is, we
select the momentum transfer: g, = k, + Z?zl n;G; with G;
being a primitive reciprocal vector. The RIXS intensity can be
expanded as

I(q,, A€)

— 9 ain? 1
CAOE 2 sin <q,, -d + Z(Iv(k*)Iv(r‘) — 1)n>, (48)

where g, =k, + )_._; , 31:Gi, (n; € Z) with G; is a recip-
rocal lattice vector and d = (0,0, d) is a sublattice vector.
Obtained RIXS intensity manifests the RIXS intensity en-
codes a product of inversion eigenvalues of k, and I, which
implies topological band index can be constructed.

B. Proof of Eq. (48)

To prove Eq. (48), we start with the RIXS intensity which
can be expanded in terms of eigenstates of hcyj(k) as in the
3D topological band insulator case

1(q,, A€)

ICAe)? D L e ) My, (D), (49)

TRy

where ¥/, , (k) is an eigenstate of Acy(k) with a degeneracy
index . See Appendix F for notations. Here, M, contains
sublattice information,

My, = cos(g, - d) + isin(g, - d)I1, (50)
|

if Z, (k. )Z,(I') = —1,
ifIv(k*)Iv(F) =1,

which gives Eq. (48). To prove Eq. (51), we consider
w:’ﬂ(k*)wv'ﬂ([’), where we insert an identity, (CjI)T(CjI),

¥l (e ) (1)

AAAAA

= —T,(k)e=™ T, (D)eT ™4yl (k) (D),

C

= —T,(k)T,(D)Y, , (k) (D).

Therefore, if Z,(k,)Z,(I") = 1, then wlu(k*)wv,u(r) =0.
At the same time, we have ¥ (k) (T) =0,
l/f:’ﬂ(k*)fhb,,,ﬁ(r)zo for ji # . They together imply
. k)Y, (D) = 1. For  Z,(k)Z,(I) = =1 case,
one can similary show that if WCT, H(k*)ﬁwv,ﬂ(F) =0 and

then |w;#(k*)1/fv,u(r)|2 = la
then |1//jl,,(k*)wvu(r)|2 = O,

with IT = 730¢. By plugging IT into the RIXS intensity, we
obtain

I(q,, A i
|(g(nT€)|62) - Z |cos(q, - )V, () o ()

TRy

+ isin(g, - )y, (k)Y , (D)

We first note that the C‘jf eigenvalues of {v, ,(k.),
Yy a2u(D)} can be ordered to be {Z,(k.)e™ T, Z,(Ie™ 7}
from symmetry algebra (details of algebras can be found
in Appendix F). This implies Iﬂlu(k*)lﬂvﬂ#“(r) = 0 where

Wc,u (k*) = fI wv,u (k* ), because
Ul e, (D) = vl (kDD (CiD Y, i (D)
= =TI, (ks )e:I:in /4Iv (F)eim /" WJ, w (k)

X I//U.ﬁ(r)7
= FiZ, (k)LD , (k) 7 (D).
In the second line, we have used Z,(k,) = —Z.(k,) from

{CiI, 11} = 0 for k., € RISP. Similarly,

= T, (k)™ T, (D) 4y (k)
x Ty, (D),
= +iZ, (k)T (D), , ()T (D).

s0, ¥, (k)ITyr, 5 (T') = 0. Therefore the RIXS intensity for
this case is diagonal in the degeneracy index, and is reduced
to

1(q,, A€)

Cnop = 2o cos@, L kv (D)
m

T

+ isin(g, - )], k)T, (D).

For this case, we want to prove that

[, e )Ty, (T)> =0,

. (629
WL )Ty, (D) =1,

(

[, (k) ()] = 1 since {C3F, I1} = 0, which completes
our proof.

C. Numerical simulations

Next, we numerically demonstrate how we can read off
the topological band index from RIXS intensities. The RIXS
intensity data (Fig. 7) with momentum transfer ¢, = (2n +
1)(0, 0, 7) and energy transfer Ae = €.(Z) — €,(I") are gen-
erated by adding the two contributions

I(qn, Ae) = Io(q,,, A€) 4 8ZLrandom, (52)
where Zy(q,, A€) is the RIXS intensity from the insulator,

and 6Zandom is the random noise. Essentially, Zo(g,, A€) is
the analytic, perfect RIXS signal on the clean Hcy; model.
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I/|C(A0)?
2
[Z(D)Z(Z) = +1]
~+noise
Fitting
T === Analytic
118 @ ZNZ(2)=-1]
b4 ~+noise
= Fitting
mmm Analytic
0
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FIG. 7. RIXS intensity of Hcy model with momentum transfer
q, = 2n+1)(0,0, ) and energy transfer o=Ae=¢.(Z) — €,(I").
As in the previous examples, the error bars for the data (filled circles)
are due to the noise that we included in our simulation.

On the other hand, §Z;,ndom is the white noise drawn from the
uniform distribution [—0.3, 0.3] x |C(A€)]|?.

For the topological case v =1 mod 2, i.e., Z(INZ(Z) =
+1, (red circles in Fig. 7), the parameter of the Hcyy model
is M/t = —2.9 (see Appendix F for the parameters). For the
trivial case v = 0 mod 2, i.e., Z(I')Z(Z) = —1 (green circles
in Fig. 7), the parameter is M/t = —3.1 (so that Ae€ is the
same for the both cases). We set d = 0.24 for both the cases.

We have attempted to fit the data with Z(q,, A€)/
|C(A€)|> = Asin? (2n + 1)aB + 1) + C, [cf. Eq. (48)]. Here
I € [—m, 0] will be the diagnostics of the band topology, i.e.,
I = 3 (Z,(Z)Z,(I") — 1). For the idealistic, perfect signal of
the trivial case (without the noise 8Ziandom), W€ expect to
find

A=2 B=024, C=0, and] = 0, (53)

which is the darker green line in Fig. 7. As the result of the
fitting (the light green line in Fig. 7), we found

A =190, B=0.23, C =0.05, and I = 0.00, (54)

which are pretty close to the exact values (53). In particular,
this correctly determines Z,(Z)Z,(I") = 1.00.

For the idealistic, perfect signal of topological case (with-
out the noise §Z;andom), We expect to find

A=2,B=024, C=0, andl = —1.58,  (55)

which is the darker red line in Fig. 7. As the result of the fitting
(the lighter red line in Fig. 7), we found

A=208, B=0.24, C=-0.03, and/ = —1.57, (56)

which are pretty close to the exact values (55). In particular,
this correctly determines Z,,(Z)Z,(I") = —0.99. Therefore one
can read off Z,,(I")Z,(Z) from this RIXS intensity, from which
one can infer the topological band index.

VIII. CONCLUSION

In this work, we have shown that the RIXS intensity
directly reflects the band topology of various insulators in
different spatial dimensions. Essentially, the RIXS intensity is
strongly constrained by the crystalline symmetry eigenvalues

and this allows one to reconstruct the topological band indices.
We have explicitly demonstrated this strategy in 1D SSH
chain, 2D quadrupolar insulator, 2D Cy-symmetric higher
order topological insulator, 3D topological band insulator,
and also higher order chiral hinge insulators. From these
examples, it is not difficult to anticipate that a broader class
of topology [48-53] of band insulators and superconductors
(beyond the examples discussed in this work) may as well be
manifested in RIXS. We leave the generalization to the future
research.
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APPENDICES

Since the Appendix is rather long, here we summarize the
organization of the Appendix. In Appendix A, we provide
more information on RIXS formalism. This is basically the
expansion of the section . In Appendix B, we review the basic
physics of the SSH model focusing on its symmetry and band
topology. We also provide a four-band generalization of the
SSH model, on which our proposal is not restricted to the
two-band systems. Even more, we show that we can read off
the band-wise polarization. Note that in Appendix B4, we
provide our DFT data and its details on the candidate SSH
materials A,M»X. In Appendix C, we review the physics of
the 2D quadrupole insulator models, on which we focus on
their symmetry and topology. In Appendix D, we present the
physics of the 2D C4-symmetric higher order topological in-
sulator. As similar in the previous models, we mainly consider
the symmetry and band topology of the model. In Appendix E,
we review the physics of 3D inversion symmetric topological
insulator model on the diamond lattice. We particularly focus
on the inversion and time-reversal symmetries as well as the
Z, band index. In Appendix F, we finally review the basics of
the 3D chiral hinge insulator model.
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FIG. 8. RIXS process. An incident photon transfers the core
electron to an empty state, which leaves a core hole and an electron
excitation. This configuration decays rather quickly and the core hole
is filled back by another electron. This leaves an electron-hole pair
excitation.

APPENDIX A: RIXS INTENSITY

Here we present a brief review of the theoretical formula-
tion of the RIXS spectral intensity [1]. Our starting point is
the RIXS sepctral intensity formula with momentum transfer
q and energy transfer Aw.

I(Aq, Aw) = Y | Asilky —ki = Aq, of — o
f

= Aw, €, €)*8(Ef — E; — Aw),

(AD)

which sums over allowed states f. Here A; is a RIXS quan-
tum amplitude which is a function of incident (outgoing)
photon momentum k;s, with energy wjs) and polarization
€i(r)- Next, E; and Ey are the energy of many-electron states
before and after the scattering process.

1. RIXS quantum amplitude

Formally, the quantum amplitude Ay; is determined by
internal processes (see Fig. 8).

-Afi = <f|D(kfa €7) Geore-hole (@) DT(kiv €)18), (A2)
where D is a transition operator that transits a core electron
to an empty state, i.e., a state in the conduction band. Here
Geore-hole (@) 1s the green’s function of the whole system with
a core hole and the excited electron. It is instructive to perform
the spectral decomposition of Geore-hole (@):

|n) (n]

_— A3
w—FE,+il', (A3)

Gcore—hole(a)) = Z

where E, is the energy of an intermediate state with a core
hole and an excited electron, and I',, is an inverse of the life-
time of the intermediate state. We assume that the core-hole
lifetime is very short, e.g., it is roughly O(1) fs in 4d/5d
materials [54,55] which makes the excitation remain at the
same site during the scattering. Near the resonant condition,
we can effectively take all the I', as a single number T,
ie, I, T > |w — E,| which is known as the fast collision

approximation [1,40-42]

|n) (n]

Gcore—hole(w) = Z m
— L

n

(A4)

Here, Geore-nole (w) as written above can incorporate nontrivial
dynamics of the intermediate states, for example, the excitonic
effect (interaction between the core hole and excited electron)
[41,43,56,57].

Next we identify the dipole transition operator D. In gen-
eral, we have

Dk, &) = Z *Rcit, ole Fld; ', o )R ody
R0, U 0,0’

+H.c., (A5)

which transits a core electron cg ¢, to another valence state
(dr.¢ o), where £ represents the orbital of the relevant elec-
tronic states and o represents the electronic spins. Here,
dp.s are the fermions which forms the basis for the tight-
binding models whose topology we wish to investigate in the
main text. Note that the information encoded in this operator
D(k, &) is atomic, which is in principle independent to the
detailed values of the hopping integrals of the low-energy
tight-binding models.
Plugging Eqs. (A4) and (A5) into Eq. (A2), we obtain

Ai=Y 3" > gul@Me e, oo
R

n (Lo),,0")
i igR
X <f|dR,€’,(r’dR,g,gelq 1g),

where g;l (w)=w — E, +iI" and g = ks — k;. Depending on
the matrix elements of M, . no,0'> ONE CAN ACCess either the
non-spin-flip RIXS (which allows only the transition between
the electronic states of o = o) or the spin-flip RIXS (which
allows the transitions between the states ¢ # o).

When the polarizations of the photons are carefully chosen,
or when the RIXS transition itself does not allow the spin flip
(e.g., Bi 2s — 6p transition), we can access the non-spin-flip
RIXS [43], i.e., M&,Q-,n;(ﬁ’,d),((,a) = Mgiqgfqn;gaa‘gf. Thus we
find

A=Y 3" en(@)Me - (fldrody ,e4%]g)
R n o

(A6)

=C(@) )Y (fldrody ,¢""g) (A7)
o R

In the above, we have suppressed notating £ because we have
assumed that there is one particular ¢, e.g., 5d,,, which is
relevant both in a particular RIXS edge (that we would like
to utilize) and selected polarizations of the photons. Here,
let us emphasize that dg ¢, has nothing to do with the Wan-
nier states of certain bands. This is obvious because dg .o,
which is atomic and localized in real space, is clearly not an
eigenstate of generic Hamiltonian. Thus it is not the real-space
representation of certain band. Nevertheless, to have a desired
transition, it is certainly needed to require dg ¢, to have a
finite overlap with the target states included in the transition.
Here, C(w) =Y, gn(®)Me, . .n Which depends on the details
such as g,(w) and also the polarizations of photons (&;, &5).
The RHS of Eq. (A7) is Eq. (2) in our main text. In the
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following section, we will work out Mg, ¢, n(¢'s7).(t,0) TOr the
transition 2p — 5d, which are relevant for the W-based SSH
materials A,W¢Sg (see Appendix B 4). There, we will also
show that in principle, the spin-flip and non-spin-flip RIXS
can be selected by appropriately choosing the polarizations of
incident and scattered photons.

2. Example: 2p — 5d,, transition

As a concrete example, we will work out the details of
the RIXS transition 2p — 5d,;, which may be relevant for
AryW4Se (Appendix B 4) with 5d element W. We will also
discuss the effect of the polarizations of the photons.

Let us start with the core-hole state. In the 5d elements, the
core-hole spin-orbit coupling can be strong. Because of this
spin-orbit coupling, the core-hole states are splitted into the
two different angular-momentum sectors J = 3/2 and 1/2,
which are energetically separated. We will focus on the J =
3/2 states below, although the discussion can be easily gener-
alized to the case with J = 1/2.

Within the dipole approximation, we will need the follow-
ing matrix element to calculate the RIXS amplitude:

(5dx:|€ - FI2pi=y y.z, 0 =1, 1), (A8)

~

where € is the polarization of the photon involved in the
transition. We introduce the following polarization basis for
the convenience:

Im=0) =12p;), Im==l)= —(|2Px ) £il2p,)).
\/_
. Lo .
Py =E(x2|: i§), fo=2.
Dig)= ) e *Me - #odjy ,proto,

Rl 0

=M, E e aRe .
R

2 —ig R~ & T
+ \/;sz Ze ake . ro(d;,TPR,m,:% +dg | PRony—1)-
1

During the RIXS process, the total angular momentum is con-
served even in the strong spin-orbit coupled systems. Hence,
we use the total angular momentum basis

J=3m=3=m=1)

=5 J—Z—m—, ,

;3 _1_\/T| _1¢>+\/§| _o.1)

_2,m1_2— 3m— 3m—,T,

J= 3= —g)= A =0.0) + [sm=—1.1)
B AETY A T 3=

J=2m= ) =im=—1)

=5 m=—z)=lm=-11)

7 1 1 \/T 1

=% J—__2>—__ —3|m—_0 T)+,/—3|m—— N

7 1 1 \/T 1
=—,my = ——>_— —|m_—l| \L)_ l_|m—_ ’T>

Using this basis, we will compute relevant matrix elements
associated with 2p — 5d,,, which are

(5dy € - Flm = £) = M€ - 7y, (A9)
where
1
My =M, = E(dezh’xppz)s
Mo = M = (5d:|r:|2px). (A10)
Plugging these, we find the dipole transition operator
o s s (i Lo
P\ draProm=3 T 3R\ Pim=1 | F P\ PRm=—3 ) 3R A PRI=1
(A11)

Inserting this to the RIXS amplitude (whose energy transfer w is tuned to induce the transition between 2p and 5d,,), we find

Ayi(q, ©) =

22

R o=

where xqp for 2p — 5d,, is given by

(@) xup (f1dR odg ge

4R g) (A12)

* IS A \k/A ~ l S ~ EF2S A 2 A A \kAa A
Xt =X, = |sz|2((ef SACE R GRS A CE rl)) + S IMol* @ - 7o) (& - o),

V2

Xty =X =

This x, g can be actually further recast into

Xap = MNsFOap€s - € + MspOap - (€7 X &). (A14)

T(szM;(éf “Fo) (& - F1) + MM,

(€ - F1)* (& - 7o)). (A13)

(

where mnsr and mgg are the corresponding coefficients (which
can be written out explicitly in terms of M,, and M,,) [9].
Hence, when &} x & = 0, only the non-spin-flip process will
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be allowed. With this, we finally find

Al 0) =) Y &@)xep(fldrady ge ¥ |g)
R o p={1.1}

=C@) )Y (fldrody e "lg),  (A15)
R o

where we have identified g(w)xup = g(@)mnspdap as C(w).

APPENDIX B: 1D SU-SCHRIEFFER-HEEGER (SSH)
MODEL

1. Review of SSH model

Here, we present a brief review of the SSH model [32]. We
will temporarily suppress the spin index because the model
has the spin-rotational symmetry. The SSH Hamiltonian is
given as

Hgsy = — Z(Ilci,lcxl + tzclzcx-&-l,l +H.c.), (B1)
xeZ

where t(#,) is an intra(inter) site hopping parameter. c;a cre-
ates electrons at x, = x + d, with dy—1 2> = (—1)“d. Hence,
the unitcell size is normalized to be “1.” Within a unitcell,
there are two sublattices labeled by «, whose positions are
Z + d. The real-space position of the sublattices is not often
discussed in detail because it does not affect the symmetry and
topology of the model. However, the RIXS intensity depends
on the distance between the sublattices and so we will need to
keep track of this below.

Much of the important physics of the model can be well
illustrated in momentum space. Hence, we proceed to the
momentum space by performing the Fourier transformation

Coa = Crae™. (B2)
k
With this in hand, the Hamiltonian can be written as
Hssn =Y ¢jhssu(k)ex, (B3)
k
where
hssu(k) = _(11 —1—()[2e”< 1 +626_ik) B4)

and c,{ = (¢k.1, Ck.2)- Next, we diagonalize the Hamiltonian,
Vi.s(k) = UyaCk o5 Such that

U = [y (k) (K], (B5)

where V., (k) are the Bloch functions. With this, we obtain
the standard results

Hssu= Y &,(k)y, (k)y, k),

k,n=c,v

Enmev(k) = £,/12 + 13 + 2111, cos k. (B6)

2. Symmetry

There can be two symmetries in the model: the reflection
symmetry and the chiral symmety. Among the two, we will
use only the reflection symmetry to derive the RIXS intensity
later. That is, although we discuss the chiral symmetry for
completeness, our results apply to the systems without the
chiral symmetry.

Let us start with the reflection symmetry, which is repre-
sented as R =o'

R:ck—>7A2'c_k=o*l-c_k. B7)

We will enforce the reflection symmetry, e.g., R - Hsgy -
7?,_1 = Hgsy.

Secondly, the chiral symmetry is given by [T = &3, which
is the unitary matrix part of the symmetry operation on the

fermion fields
Dicy > e =0 ¢ (BS)

This is in fact one of the symmetries of the simplest SSH
chain model as written above, i.e., [1- Hggy - [17! = —Hggy.
However, we will always assume that the chiral symmetry is
explicitly broken by some perturbations.

3. Four-band model: polarization per each filled band

In this section, we consider a four-band, nonchiral symmet-
ric model and explicitly demonstrate the applicability of our
protocol, which allows us to read off the band topology per
each filled band. For the clarity and brevity of our discussion,
we will temporarily omit the spin indices.

The model is basing on the two-leg ladder generalization
of the SSH chain.

Hiaadger = Hi ssu + Hassu + Hi 2,

Hissu = — Z(tl,lci,lcxl + t1,2C;2Cx+l,l + H.c.),
xeZ

Hj ssq = — Z(QJCIJCH + l2,201,40x+1,3 + H.c.),
xeZ

_ i i
Hyp = — E (Aey jCxita +13,1€ Cx 5
xeZ,i=1,2

+ t3,2ci,,'cx+1,57i + H.c.), (B9)

where #, 1(#,2) is an intra(inter)-unitcell hopping parameter of
the ath SSH chain. On the other hand, (#3 1, 32, A) are the
interchain hopping parameters, see Fig. 9(a) for the pictorial
representation of the model. Here, c;a creates an electron,
whose real-space position in x is given by x, = x + d,, with
dy=123.4 = (—1)*d. By performing Fourier transformation,

§ ikx
Cx,a = Ck,a€
k

the ladder Hamiltonian is written as

¥
Hyadder-ssH = E ¢ Magger (k)i
3
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where
ha=12,ssu(k) = =3 (t0 — (=1)73)((ta,1 + la2 COS K)o + 142 sin ko), (B10)
hl’z(k) = ATi00 + (3.1 + 135 COS k)rioy + 132 sinkty0s, (B11)
Maader-ssu(k) = hi ssu(k) + ha ssu(k) + hy 2 (k)
0 t1+ tl,ze_ik A 1+ t3,ze_ik
_ i+ tl,zeik 31+ t3,2€7ik A
N A ' 31+ l3,2€ik 0 A i+ tz,ze_”‘ ’ (B12)
31+ tS.Zelk 1+ l‘zyzelk 0
[
with C]Z = (qul, Ck.2, Ck3, Ck,4). Here, 7, is the Pauli matrix (a) (b)
acting on the chain index and o; acts on the sublattice index L _____‘3 haf gl 1Es
of each SSH chains. The hj,q¢er(k) can be diagonalized via
k=0, h O e
¥n(k) = UpaCr.a> Where s A — =
0|
U = [Ye1 (k) [We 2 ()W, 1 (k) [$ru2(6)]. A . ta.1 . ta2
............ 11 oo
Then, ¥,—¢ y,o=1,2(k) corresponds to the Bloch state of hjagger. ... tos ton e \/

With this, we find the diagnonalized Hamiltonian

Hiadder = }

k,n=1,2,3,4

&, (), (k)yy (k).

The band structure with generic parameters can be found in
Fig. 9(b). As obvious from the spectrum, the chiral symmetry
is explicitly broken and there is no particle-hole symme-
try. More explicitly, we can show that the chiral symmetry
[epiral = 7307 is explicitly broken, because {Hchlml, Hiadder} #
0 when #3 and t3, are finite. We will assume that the two
lowest bands are filled.

Here, we will show how the band topology for each filled
band can be read off from the momentum oscillations of the
RIXS intensity. The quantum amplitude with the momentum
transfer ¢ in this model can be obtained by

Af(g, @) =C(@) Y (flevact ,€4g).

xeZ,a

By substituting ¢, o = Y, U, ny,,(k)e”‘x we obtain the ampli-
tude in terms of the Bloch states,

Af(q. @) = C@) Y (fIUE My iUk + v
k

x (k +q)y, (k)|g). (B13)

where Mk+q,k = cos(qd)14x4+isin(gd )flsub is generated
from the spatial separation of the sublattices along x direction
of the model. Here, [y, = t903. Note that ﬁsub anticom-
mutes with the reflection symmetry operator R = 001 and
also ngb is distinct from the chiral symmetry Hchlral = 17303.
Implementing the Bloch functions explicitly, we find

Af(g, wysi) = C(wﬁ)(wgna] (k + @)Vrinitiai (k) - cos(qd)
+ iV (k + T

X Yinitial (K) - sin(gd)), (B14)

X X

FIG. 9. (a) The hopping pattern of four-band ladder model (B9).
Red (pink) dotted line represents the intra-unitcell hopping of the
upper (lower) chain, #;(#,,;1). Red (pink) solid line, on the other
hand, represents the interunitcell hopping of the upper (lower) chain,
t12(t22). Hopping between the two chains (3, %32, A) are repre-
sented by the gray dotted, solid and dashed lines. (b) Generic
band structure of the four-band ladder model (B9). In the plot,
we used the arbitrarily-chosen values of the parameters, e.g.,
([]'] , [112, l‘2y| , 12_2, l‘3,1, l‘3y2, )\.) = (1, 05, 04, 02, 01, 02, 02) Note
that the particle-hole symmetry in the spectrum is absent.

in which Ygnayiniial (2) is the Bloch function of the final and
initial bands at the momentum p after/before the scattering,
and wy; is the energy transfer required to connect the two
states. For example, we can consider the scattering processes
like in Fig. 10. Below, we will be interested in the cases, where

(a) (b)
E : E

(@ = Aer qn = 2n7)

y M/ - M/‘

X r X X X

FIG. 10. Our protocol to read off the topological index of the
b band from the RIXS intensities. There are two transitions for
us to determine the band topology of the b band. (a) the RIXS
transition with the energy transfer w; = Ae; = €,(I") — €,(I") and
momentum transfer g, = 2nzw (n € Z) (a), which connects I" point
of the b band and I" point of the a band. (b) Another transition with
energy transfer w, = Ae; = €,(I") — €,(X), and momentum transfer

= (2n + 1) (b), which connects X point of the b band and I
point of the a band.
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k and k+q are both the reflection symmetric. That is, k will be
either I or X, and g = 2zn+m or 2rrn. These are exactly the
processes in Fig. 10.

Given this expression, it is straightforward to show that if
the RIXS intensity shows cos?(gd)-like oscillation, the prod-
uct of reflection eigenvalues of the initial and final states that
participate in the RIXS intensity is 1. That is,

1(g) « cos*(gd) — R(k)R(k +q) = 1. (B15)
Similarly,
1(g) o sin’(gd) — RUR(k + q) = —1, (B16)

because {7A2, f[sub} = 0. (Remind that k and k+¢g are both the
reflection symmetric.)

The proof for these is the following. For
example, for the RIXS intensity with the cos?(gd)-
like oscillations, we see that from Eq. (Bl4),
(| lfgnal(k+q)winitia1(k>|, ¥ A T Yinicin (K)]) = (1, 0),
Then,

Uik 4+ DV (k) = ¥k + ORI R ol (k)
= Reinal(k + q)Rinitial(k)wgnal
X (k + @)Winitia (k) # 0.

In the above, we have used the fact that k and k+¢ are
both the reflection symmetric, i.e., X or I'. Hence, ¥ (k+¢q)
and (k) are the eigenvectors of R with the eigenvalues
Rena(k + q) and Riniia1 (k). From the above expression, we
note that Rgnai (kK + ¢)Rinita (k) is either +1 or —1. If it were
—1, then w;ml (k 4+ q)Vinitiat (k) would have been zero. Hence,
Rinat(k + ¢)Rinitia (k) should be +1. Similarly, one can prove
the case of I(g) o sin*(gd).

Polarization per each filled band

With the above, we can read off the polarization of any
filled band from the RIXS intensity via the two types of the
momentum transfers, g, = 2n7w and ¢, = 2n+ 1)w (n € Z)
(Fig. 10). For example, we will consider the b band in Fig. 10,
while keeping the I' point at the a band as the reference.
Essentially, these two transitions will allow us to determine

Ra(I)Ry(T) (B17)
from the energy-momentum transfer in Fig. 10(a), and
Ra(T)Rp(X) (B18)

from the energy-momentum transfer in Fig. 10(b), from their
momentum oscillations. With these, we can determine the
polarization of the b band via

exp(2iPp) = Ryp(D)Rp(X)=Ra(T)Rp(I") - Ra(I)Rp(X),
(B19)

because R (I')? = 1.

As a concrete illustration, we simulate a set of the RIXS
intensities with the white noises taken from the uniform
distribution, [—0.1, 0.1] x |C(Ae€)|? (Fig. 11). As in the pre-
vious section, we can obtain RIXS intensity oscillations as a
function of momentum transfer. For these, we try to fit the
simulated RIXS intensity data into A sin?(Bg,) + C, which

(a) (b)

I/le(Aen)? 1/[c(Aer)[*
1 \ 1
0 0
orr T 2 3 4t 57 O s 2 3 47 5

@ 186, q/1ca6)P @ 1Aerg)/IC(Ae)

FIG. 11. RIXS intensity oscillation with respect to momentum
transfer. Simulated RIXS intensity with noises as a function of g, =
2nm (a) and g, = 2n+ 1) (b) (n € Z). The simulated random
noises taken from uniform distribution [—0.1, 0.1] x |C(A€;,)|>.
Dots with error bars show simulated RIXS data with momentum
transfer and we try to fit with simulated data (solid lines) where ideal
behaviors of RIXS intensity are dashed lines. Since functional forms
contain information of R,(I")R,(I") and R,(I")R,(X), collecting
a product of reflection eigenvalues determines polarization of the
b band.

gives
I(gn = 2nm, w1 = A€)/IC(Aep)|
= 1.005sin?(0.20g,) 4 0.00, (B20)

for g, = 2nm case with Ae; = €,(I") — €,(I"). This deter-
mines

R,(IRy(T) = —1. (B21)

On the other hand, for ¢, = (2n+ 1) case, we try to fit
simulated RIXS intensity data into A cosz(Bq;L) + C, which
gives

I(g, = @n+ Hr, w = Ae)/IC(Ae)?
= 1.01 cos*(0.204/,) + 0.00, (B22)
where Ae; = €,(I") — €,(X) [Fig. 11(b)]. This determines

Ro(DR(X) = +1. (B23)
Hence, we find
exp(2iPy) = Rp(IRp(X) = Ra(D)Ryp(T)
“Ra(DRp(X) = —1, (B24)

which is consistent with the fact that the b-band carries the
polarization of 1/2 mod 1.

Note that the above process can be repeated for the other
filled band, and hence we can determine the band topology
per each filled band. Next, here we used I" point of the a-
band as the reference, as an illustration. However, one can
obviously choose other high-symmetric points in other bands
as the reference. Finally, it is straightforward to generalize the
above to other band topology and read off the bandwise topol-
ogy, e.g., 3D topological band insulators, which we explicitly
demonstrate in Appendix E.

4. Material candidates of SSH model and DFT calculation

We conduct DFT calculation for searching realistic materi-
als that host SSH model. Specifically, a family of materials
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(a)

N W > O

Energy (eV)

(d)

Energy (eV)

FIG. 12. DFT calculated band structure of (a) Rb;MogSg, (b) Cs;MogSe, (c) Rb,W¢Se, and (d) Cs;WeSe. The size of the black circle
represents the contribution of M d,., d,, orbitals. The valence and conduction SSH bands are highlighted by blue and yellow colors, respectively.

with the formula A,MXs, where A = Na, K, Rb, Cs, In,
Tl; M = Mo, W; and X = S, Se, Te can be a suitable
material candidate. These compounds were experimentally
synthesized via the reaction of the corresponding alkali metal
tetrathiomolybdates with stoichiometric amounts of M and
X. They share the same crystalline structure with the space
group P63/m (No. 176). The structure features close-packed
one-dimensional MgXs wires, consisting of face-sharing Mg
octahedra surrounded by X atoms. The M¢Xs wires are ori-
ented along the z direction with screw rotation symmetry,
arranged in a trigonal lattice in the x-y plane. The A atoms
are intercalated in the large holes between the MgXs wires.
The A,MgXg structure contains the twofold screw rotation
symmetry Sy, and the time reversal symmetry 7.

Figure 12 shows the calculated band structure of selected
molybdenum and tungsten monochalcogenide compounds
with dimerization whose unit cell size is 4.3-4.5 A [33].
Without dimerization, one observes a nodal surface located
at the k, = m plane, protected by the antiunitary symmetry
T'S,.. The nodal surface is very flat due to the weak interwire
hopping, and it sits almost exactly at the Fermi level. The
spin-orbit coupling (for the valence electrons) is also rela-

tively small, which we estimate to be O(1-10) meV. Such
a band structure would be ideal for realizing the SSH model
and employing the RIXS experiment.

All the bands near the Fermi level are contributed from the
d orbitals of the transition-metal (Mo or W) atoms. Especially,
the flat nodal surface states mainly originate from d,, and
dy, orbitals of Mo or W. When we allow the dimerization,
there are two different M-M bonding distances along the chain
axis. Due to the Peierls instability, the dimer formation of
lower symmetry is found to be more energetically stable. This
dimerization results in a structural deformation d/ag = 0.24.
The dimerization also induces a gap at the nodal surface with
the gap size of 0.16-0.2 eV. Depending on the unit cell con-
struction, there are two different topologically distinct phases.
One can consider the L edges of transition metal Mo (W),
i.e., 2p — 4d (5d), the transition metal monochalcogenide
compounds A, MeXg can be used to test our theory.

5. Few minor comments

Here we leave a few minor comments on our RIXS inten-
sity formula, which are interesting to note.
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FIG. 13. Nontopological RIXS intensity of the SSH model with different energy and momentum transfer. [(a) and (b)] RIXS intensity
with the fixed energy transfer Ae = €.(X) — €,(I"). Here we have changed the momentum transfers from ¢ = 0 to ¢ = 7 (a), from ¢ = 2x
to ¢ = 37 (b). [(c) and (d)] RIXS intensity with the fixed momentum transfer ¢ = 7 (c) and 37 (d), while we tune the energy transfer from
Ae = Ey =€.(X) —€,(I') to Ae = Ey + AE. The increment in each step is iAE = i[MaX(e(,(k + 1) — €,(k)) — Min(e.(k + ) — €,(k))].

a. Quantization of “normalized” RIXS intensity
Let us define the normalized RIXS intensity
_ 1q,»)
2[C(@)*
which essentially factors out the energy dependence from the
usual RIXS intensity.

Using this, we can summarize the result of our RIXS inten-
sity formula for the transition:

T (Gn, A€) = sin*(gud + Pr),

J(q, ®) (B25)

(B26)

which is entirely fixed by the topology P, but not by the
details of the Hamiltonian. For instance, even if one changes
the detailed values of the tight-binding parameters, 7 (g,, A€)
remains the same and forms the plateau.

See the orange lines in Figs. 13(a) and 13(b) for the nor-
malized RIXS intensity at g, = 7 (a) and 37 (b). Here we
took d = 0. We made this plot by numerically calculating the
normalized RIXS intensity as we tune the ratio between the
hopping parameters #,/t;. For t,/t; < 1, the ground state is
trivial, i.e., P = 0. For 1, /¢; > 1, the ground state is topologi-
cal, i.e., P = 1/2. Hence, this explains the steps at#,/t; = 1.

Such “quantization” of this normalized RIXS intensity is
unique to the particular energy and momentum transfers as
depicted in Fig. 13. One can easily guess this from the main
text, where the reflection symmetry and its relation to the po-
larization P have been essential in deriving our RIXS intensity
formula (6) of the main text.

To check this, we numerically calculated the normalized
RIXS intensity of different energy and momentum transfers
while varying the ratio £,/tf;. We set d =0 for conve-
nience (here the atomic unitcell size is ay = 1). We have

performed the two following numerical experiments. First,
we fix the energy transfer of the RIXS intensity at Ae =
€.(X) — €,(I") and vary the momentum transfer from g = 0
to  [Fig. 13(a)], ¢ = 27 to 3x [Fig. 13(b)]. One can clearly
note that except the orange lines (which are precisely the
channels that we studied in our manuscript), all the oth-
ers smoothly evolve and thus depend on the details of the
band structures. Secondly, we change the energy transfer
from Ae = Ey =€.(X) — €,(I') to Ae = Max(e.(k+ 1) —
€s(k)) by ;AE = y[Max(e.(k + 7) — €,(k)) — Min(e.(k +
) — €,(k))], while we fixed the momentum transfer g =
7 [Fig. 13(c)] and ¢ = 37 [Fig. 13(d)]. Again, except the
green lines (which are the channels that we studied in our
manuscript), every others smoothly evolve and depend on the
detailed band structures. These clearly demonstrate that the
RIXS intensity at all the other energy and momentum (except
the channel in Fig. 13) are nontopological and depend on the
details of the band structure.

b. Effect of redefining the unitcell

It is well known that in the SSH chain, the two distinct band
topology P =0 and P = 1/2 can be exchanged by simply
redefining the unitcell. That is, if we redefine unit cell by
shifting d — d — 1/2, then polarizaiton P (mod 1) should
also be shifted P — P — 1/2. Motivated from this, one can
ask if our RIXS intensity formula is consistent with this. In
fact, it is so because we can rewrite it as

Z(qn, A€) = 2|C(A€)|* sin*(gad + Pr) = 2|C(Ae)|?
x sin® (gu(d — 3) + (P —3)7).  (B27)
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(eo)[ee] =p oo oo
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FIG. 14. Unitcell dependence of polarization. If we redefine the
unitcell from the left panel to the right one by shifting the center
of the unitcell by the half lattice constant ayp = 1, P should also be
shifted by the half. Such covariant transformation gives the exactly-
same RIXS intensity.

Hence, the intensity remains the same under the redefinition
of unit cells as it should be (because the RIXS intensity is
physical, gauge-invariant). See Fig. 14 for an illustration.

c. Effect of spin-flip RIXS on the SSH materials

Here we will show that our conclusion remains the same
even when the spin-flip RIXS is included. For example, when
one cannot control the polarization of photons, then the spin-
flip RIXS may occur simultaneously with the non-spin-flip
RIXS. We will use Eq. (A14) [9] to calculate the intensity
for the spin-flip RIXS. For example, one possible form of the
spin-flip RIXS is

I
Topinetip(q> @) = |Copinetip(@)* D[] (k + @) (M. ® 00)
f

X (Idyr ® 05, o (k).

Here, we note that /\%Hq,q is independent of the spin and
that asis, signifies the spin-flip process. Because of the spin-

(B28)

is the same as the non-spin-flip RIXS up to a multiplicative
constant. That is,

-,Z:spin-ﬂip (q; (1)) = const. X Inon-spin—ﬂip (Qa a)) (B29)

Hence, even with the spin-flip process, we can still use the
same formula, i.e., Eq. (6) in our main text, to diagnose the
band topology of the SSH materials.

APPENDIX C: 2D QUADRUPOLE INSULATOR
1. Review of quadrupole insulator model

In this Appendix, we will review some basics of the Cy-
symmetric quadrupole insulator (QI). In this section, we will
temporarily suppress the spin index, which we will recover
later when we discuss the RIXS intensity.

Our starting point is the QI Hamiltonian [28],

¥ . n ¥
HQ[ = — E hn (Cr,lc"73 + Crolra + C,i.,lcr,4 - Cr’zcr,3) + H.c.
reZ?

i i i
- E 0(Cp 1 Cris3 F Coys0Cra + Cp Criga
reZ?

— ¢l 5,63) +He, (C1)
where c] , creates an electron at r, = r +d, with
rn=r+(d,d), r=r+(-d —d), r3=r+(-d,d),
ry =r—+(d, —d). (C2)

and #,(;) is an intra(inter)site hopping parameter. We move to

, _ ¥
flip process, V. (k + ¢) and v, ¢(k) with s # s’ appear in Hor = chhgl(k)cl" (©3)
the expression. However, the form of the Bloch function is k
independent of the spin state, this spin-flip RIXS intensity with
J
0 0 (t; + tre'*) (t; + tre'™)
0 —(t1 +he ™) () 4+ ne ™)
hor(k) = a N (C4
t +he ™) —(t + he™) 0 0
(t + 126‘7”{«“) tH + tzeik") 0 0

and ¢ = (ck 1, k2, Ck 35 Ck.a)-
By diagonalizing the Hamiltonian, we finally find

Hy = Z

k,n=c,v,E=1,2

SE,n(k)V;,,(k)Vs,n(k),

et 2mca(k) = %[22 + 23 1 2n12(cosky + cosky).
(C5)

2. Symmetry

There are two symmetries of the insulator, which we will
often use: C4 rotation symmetry and chiral symmetry. (In the

(

QI, we assume that there are perturbations to the Hamiltonian,
which break the chiral symmetry explicitly. Hence, although
we discuss the chiral symmetry operator here, we do not
impose it to the Hamiltonian.)

First, the C, rotation symmetry is given by the matrix Cs

5 - 0 (o))
Gy = (_i@ 0). (C6)

When the symmetry is applied to the fermion field, we find

A 0 o
Cyicp — Cy-cppg = <—i02 00> *Crylkls (C7)

where 74 @ (ky, ky) — (—ky, k).
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Secondly, the chiral symmetry is given by the matrix

10 0 0

. 01 0 0

M=a®n=15 9 1 o €8
00 0 -1

When the chiral symmetry is applied to the fermion field, we
find

M:cp, — f-¢cp = (03 @ 0p) - . (C9)

3. Topology

We present the C, rotation eigenvalues which are useful to
calculate the RIXS intensity formula. See Table I of the main
text. The quadrupole moment, Q,, of the insulator, satisfies
the relation Eq. (C10) [28]:

APPENDIX D: 2D C4 SYMMETRIC HIGHER ORDER
TOPOLOGICAL INSULATOR

1. Review of 2D C4 symmetric higher order topological insulator

In this Appendix, we investigate another C; symmetric
insulator Hl(b [48]. As in the quadrupolar insulator, we will
suppress the spin index for the clarity. We will restore it
back when we calculate the RIXS intensity. The real-space
Hamiltonian is

4 +
Hl(b) = — Z t (cIylcr,3+cZ’2cr,4+ CI,1Cr,4+ Cryzcrg) + H.c.

reZ?

i il i
— E tZ(Cr,1Cl‘+qu3 T Crye 2Crd T CpCryey 4

reZ?
+ ¢ly, 0r3) + He, (D1)
where ¢/ , creates an electron at ro with
ri=r+(d,d), rp=r+(-d, —d),
rn=r+(—d,d), ra=r+(d,—d), (D2)

where r € Z?. See Fig. 5(a) for the real-space hopping pat-
terns of H 1(2).

20 = ¥ (D)FE (M) =5 (D)4 (M). (C10 By  performing  Fourier  transformation, ¢ o =
exp (27iQy) = ry (T)'ry (M) = 13 (D)'ry (M). (C10) ) o clae™”, the Hamiltonian is
4 _ T (4)
Here (¢ = =) is the index for the degenerate states at the high- Hy, = Z ey (K)ek, (D3)
symmetry points I' and M, which can be resolved by the Cy k
eigenvalues. where
|
0 0 h+net 4 4+ e
@) _ 0 0 h+ tzeiik’ h+ tzeiik“
hlb (k) - f+ tze—ikl f+ tzeiky 0 0 (D4)
H+ l‘ze_ik’ H + lzeik" 0 0
We diagonalize the Hamiltonian via
Hy = Y €,y K)Yiee/n(K), (D5)
k,i=c/v, n=1,2
€izc/v1 (K) = :I:\/tl2 + 17 4 tita(cos k, + cos k) + \/(tlz + 13 + 2011, cos k) (17 + 13 + 2111 cos ky), (D6)
€izesp2(K) = :I:\/tl2 + 1} + fiia(cos ky + cosky) — \/(tlz + 13 + 2111 cos k) (17 + 13 + 2611 cos ky), (D7)

with the corresponding four eigenstates, ¥i—cy ,=1(k) and
Yi—c/v,n=2(K), respectively. See Fig. 5(b) for the band disper-
sions of Hl(g).

2. Symmetry

There are three symmetries in H 1(2): C, rotation symmetry,
and two mirror symmetries, and chiral symmetry. Although
we discuss the mirror and chiral symmetries here, we do not
impose them to be respected by the Hamiltonian, when we
come to calculate the RIXS intensity. That is, we will assume
that there are always small perturbations which break the
symmetries explicitly.

(

First, let us discuss the C4 rotation symmetry, which in-
volves the matrix C4. When it acts on the fermion,

A 0 o
Cyier — Cy-Cpypg = ( 00> *Crylkls (D8)

01

where r4 : (ky, ky) — (—ky, k).

Similarly, the M, , mirror symmetries are given by the
corresponding matrices Mx,y where x, y represents the mirror
planes.

~ 0 o

Mx PCp —> Mx *Com k] = <UO ()0> * Cng[k]s (D9)
~ 0 (o]

My L Cp —> My . cmy[k] = o 0 . cmy[k]v (DlO)
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TABLE III. C; eigenvalue tables at high-symmetry points. We
summarize rotation eigenvalues of (¢/v, 1) bands which is relevant
band in the quarter filling. See the band dispersion [Fig. 5(b)]. When
[t;] > |t2], C = 0 which is the trivial phase. When |t| < ||, C =
1/2, and H 1(2), Eq. (D4) is in the topological phase.

Cy (g = (0,0)) M(g = (w,m))
v sign(t; + 1) sign(t, +t,) €27C
c —sign(t; + 1) —sign(t; + t,) €€

where my @ (ke, ky) — (—ky, ky), my (ke k) — (ke, —k)).
Lastly, the chiral symmetry is represented by 11 = ¢° ® o¥.

3. Topology

For Hamiltonian (D4), we summarize the C4 rotation
eigenvalues in Table III, which are useful in the next section.
These eigenvalues determine C, which is either O (trivial) or
1/2 (topological).

APPENDIX E: 3D TOPOLOGICAL BAND INSULATOR

1. Review of 3D TBI

Here we will review the basics of the 3D topological band
insulator (TBI) in a diamond lattice (see Ref. [30] for the de-

J

X1 = %(ky + k),

Xy =

tails), which is consisted of two interpenetrating face-centered
cubic lattices (FCC) with a displacement d = %(1, 1, 1). The
tight-binding Hamiltonian is

Hrgr =t ZCITCJ' + 8ikso Z CITS . (dllj X d?j)Cj +H.c.,
(i, J) (. )
(E1)

where ¢ is a hopping parameter and d 1-1]12 are the two nearest-
neighbor bond vectors traverse between i and j. Here, Agg is
the spin-orbit coupling strength. Under strain [111] direction,
the hopping parameter along [111] direction ¢ is changed
by t — t 4+ 6t [30]. Incorporating this and performing the
Fourier transformation, ¢, = Zk ce®” we find

Hrpr =Y cjhrpi(k)ex, (E2)
k
where ¢ = (cr,1,1, €105 Ch,2,15 Ch,2,1 )
5
hrgi(k) =y " d ()T, (E3)
a=1
and
%(kx+kz)’ X3 = %(ky‘i‘kx)v

di(k) =1t + 8t +t(cosx; + cosxp + cosxsz),

dr(k) = t(sinx; + sinx; + sinxz),

d;(k) = Aso(sinx; — sinx; — sin(x, — x1) + sin(xz — x1)),

ds(k) = Aso(sinxz — sinx; — sin(xz — xp) + sin(x; — x3)),

ds(k) = Ago(sinx; — sinxy — sin(x; — x3) + sin(x; — x3)),

Fa:l,2,3,4,5 — (_L,IO_O 2 0 3

3.2 33)
b

,T°0°, 70,7707, T°0

and &¢ is the change of the hopping parameter along the [111]
direction.

2. Symmetry and topology

The Hamiltonian Atgp(k) has the two crucial symmetries.
The first is the inversion symmetry

1:cp —> f~c_k = 1100 - C_k. (E4)

The second symmetry is the (antiunitary) time-reversal sym-
metry

Tico > T -cp = (i1902)K - ¢y, (ES5)
where K is a complex conjugate operator.
The phase diagram of Hrpy is simple:
8t > 0 : topological &t < 0 : trivial, (E6)

where the Z, topological band index can be calculated as
[30,46]

(—1)" = Mg, errivZy (k) = Mg, etrivi—(ry Zo (T)Zy (ky),
(E7)

[
where the time-reversal invariant momentum (TRIM) points

are given as
I'©,0,0), X,(27, 0, 0), X>(0, 27, 0), X3(0, 0, 27),

X Ll(n57tan)’L2(7T’_n’_n)yL3(_7T7jT9_n)a

X La(—=m, —m, 1), (E8)
and Z,(k, € TRIM) = #£1 is an inversion eigenvalue of the
valence bands at the TRIM points. In the second equality of
Eq. (E7), we have used Z,(I")® = 1.

Let us present the inversion eigenvalues for a given value
of the 5. When 8¢ > 0 (topological), the eigenvalues are

ks T X [ %[ X% [L[L] L] L
k) | -1 -1 1] -1[1T [-1]-1]-I
(E9)

which gives (—=1)7 = (=1)", i.e., v = 1 mod 2. On the other
hand, when 67 < O (trivial),

k. T [ X [ X | X L | L | L | La
Tk | =1 ] 1T [ 1 [ 11 =1]=1]<I
(E10)

which gives (—=1)* = (—=1)", i.e., v = 0 mod 2.
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3. Another demonstration

In this section, we demonstrate how the RIXS data can be used to read off topological band index. Suppose a series of RIXS
intensity that connects I' and other TRIM points (X, L1, L») by ¢;_, , 5 is obtained. For example,

It x@r.00/(q1, Aer) = [C(AeD)” Y 1Y, () Mg, ¥, u (D) o sin’(g, - d), (E11)

2
Ity (G20 A€2) = |C(A€)* Y W], (L) Mg, u (D) o< cos?(qy - d), (E12)

n
It Lyr ) (@3, A€3) = [C(A€3)P Y 1], (L) Mg, (D) o sin’(gy - d). (E13)

n

From these results, we can reconstruct the inversion eigenvalues at k € TRIM, see Table (E14).
k r Xi X X3 L Ly Ls Ly (E14)
Lyk) | Zu(D) | Zu(@) | Zu(T) | Z(D) | =Zy(T) | Zy(I') | Z(T) | Zy(I)
From the eigenvalues, we can also infer the Z, topological index, i.e.,

(-1 =—Z,M)¥=-1 = v=1mod?2. (E15)

This actually corresponds to 6t > 0 case of hrg; (k).
Note that the above protocol can be generalized to nonminimal models. For example, as a concrete illustration, we will
consider the double copies of Eq. (E3) with different Hamiltonian parameters.

hrgi(t1, 8t1, Aso,1:k) + e1llaxs

El6
e3llaxs (E16)

e3ll4x4
hrrs(h) = ( hrgi(t2, 812, Aso,2:k) + €2H4x4>’
Here, hrp1(t;, 8, Aso.isk) (i =1,2) is one of two copies of bloch Hamiltonian (E3) with a parameter set (f;, §t;, Aso,;) and
ea=12lax4 is for the constant energy shifts for each bands. Here, e is the hybridizations between the two copies. The band
dispersion of hrp g(k) is plotted in Fig. 15.
We note that this model shares the same structure factor M, as before. That is, M, g = M, @& M,. We can explicitly write
the RIXS intensity and quantum amplitudes out in terms of the Bloch functions:

AL (g, Ae) = C(AY] |, (k + g,) My, ¥, (),

= C(A€)(cos(g, - W}, (k + q,) Vi, (k) + isin(g, - )y}, (k +q,) sy (k)), (E17)

where p and v are degeneracy indices for each bands. Finally, the inversion symmetry is Iy =T!' @ T, which implies that
{Zg, ITg} = O still holds. Since all the algebra straightforwardly follows even in this case, we can easily show that

2|C(A€)|*sin*q, -d  for Z;(k + q,)L;(k) = 1,

1(g,, Ae) = (E18)

2IC(Ae)|*cos*q, -d  for Zy(k + q,)Tik) = —1,

for g,, that connects TRIM points k and k + ¢q,,. For example, g, = 27 (n + 1, n, n) as the momentum connecting I" to X.
Below, we will work with the parameters,

(t1, 1, 8ty, 6ta, A.Sowl, )\‘50’2, e1, e, e3)=(0.5,0.6,-0.2,0.25,0.3,0.3,0.12, —0.15, 0.12),

which are arbitrarily chosen. We will label each twofold degenerate bands as in Fig. 15 and summarize their inversion eigenvalues
at TRIM points in Table (E19).

Kk T | X | X% | X% | L | L| Ly | L
iy || 1 | =1 =t =1]=1|1]1]1
L || 1|1t =1| 1|11
L || =1 1 | 1| 1] 1 |=1]=1]=1
) || =1 | =1 =t =1] 1 |=1]=1]=1

(E19)

(

Next, we demonstrate our protocol to read off the product
of the inversion eigenvalues from the momentum oscilla-
tion of the RIXS intensity. From this, we will determine
the topological Z, band index at the end. As a concrete
illustration, we will take the state at X of the 2-band as
the reference and will attempt to read off the band topol-

ogy of the 3-band. For this, we consider the two example
transitions: (a) ¥3,,(I') = ¥, ,(X), which we can choose
degeneracy index p as before, by momentum transfer g, =
2n(n+1,n,n) (n € Z) and (b) ¥3 ,(X) = ¥ ,(X) by mo-
mentum transfer g, = 2w (n, n, n) [withn € Z, see Figs. 16(a)
and 16(b)].
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S
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(2r1,0,0) (2rt,77,0) (371/2, 311/2, 0) (717,77,77)

L

FIG. 15. The band dispersion of hrgyg(k) with (¢, t,, 8t1, &y,
)‘-SO,I N )\.50_2, e, e, 83)=(05, 06, —02, 025, 03, 03, 012, —015,
0.12) along the high-symmetry cuts in the Brillouin zone.

(0,0,0)

We have numerically simulated those two RIXS transi-
tions with noises taken from a random uniform distribution,
[—0.2,0.2] x |C(A€)|? to mimic experimental situation. With
the data, we try to fit Z(g,)/|C(A€)|> = Asin’(q, -d + B) +
C [cf. Eq. (18)] for (a). As before, B is the diagnostics of the
band topology, B = i(I3(F)Iz(X )+ 1), where Z,(k) is an
inversion eigenvalue of the a band at k.

For the ideal limit of (a), clean signal of Z3(I")Z> (X) = —1
case (without the noise), we expect to find

A =2.00, B=0.00, and C = 0.00, (E20)

which is the dotted red line in Fig. 17(a). As the result of the
fitting (the solid red line in Fig. 17(a)], we found

A =199, B=0.01, and C = 0.00, (E21)

which agrees well with ideal result. In particular, from B, we
can correctly infer Z3(I"N)Z,(X) = 4B/ — 1 =~ —1.

For the ideal limit of (b), ideal signal of Z5(X)Z,(X) =1
case (without the noise), we expect to find

A =2.00, B=1.58, and C = 0.00, (E22)

(a)
E

(w=Ae1,q=qn

(0,0,0) (2r1,0,0)0  (271,77,0) (3712, 377/2, 0) (77,77, 70)

(0,0,0) (0,0,0)
T

which is the dotted green line in Fig. 16(b). As the result of
the fitting [the solid green line in Fig. 16(b)], we found

A =2.00, B=1.58, and C = 0.00, (E23)

which also agrees with ideal case. In particular, from B ~
7 /2, we can correctly infer Z3(X)Z,(X) ~ 1.

This can be repeated for all the TRIM points of the 3-
band, which allows us to determine Z3(X)Z,(k,) with k, €
TRIM. Then, we can determine the band-wise Z, invariant
vo(3-band) of the 3-band via

(—retd =TT Tk = [] [Tk)LX)L
k,.cTRIM k.€TRIM

(E24)

since Z,(X)® = 1. There are two remarks. The same can be
repeated for the other filled band, i.e., 4-band, to completely
determine the 7Z, invariant. Next, in the above, we have se-
lected the X point of the 2-band as the reference, but (if there
is any preference) one can choose other high-symmetry point
with other band as the reference.

APPENDIX F: 3D CHIRAL HINGE INSULATOR
1. Review of 3D chiral hinge insulator

Here, we will review the basics of 3D chiral hinge insulator
(CHI) by following Ref. [31]. Its momentum-space Hamilto-
nian is

Hem =) ¥ (0)hcm )y (),
k

heni (k) = <M +t Zcos k,-)rlao + Ay Z sin k; 130;
i i=x,y,z

+ As(cosk, — cosk,)1200, (F1)

where Y7 (k) = (Camo,1 (k), Camo,y (k), Cami 1 (k), Cam,| (K)).
Here, A, term is a Cj-symmetry-breaking term by external
effect such as [110] strain. « = 0,1 is a sublattice index
and s =1, | is the spin index. Alsor, =r+ (—1)*d =r —
(=1)%(0,0,d/2) withr € Z> and 0 < d < % without loss of
generality. Each eigenstates are twofold degenerate protected

(b)
E

f(w = A€, q = qp)

(271,0,0)

X

(277,77,0) (371/2, 371/2, 0) (77,77, 70) (0,0,0)
r

FIG. 16. The two RIXS transitions with appropriate energy-momentum transfers that we consider. (a) With energy-momentum transfer
(Ae; = 6(X) —e3(IN),q, =2n(n+ 1,n,n)) (n € Z), this RIXS intensity is determined by the inversion eigenvalues Z,(X ) and Z5(I"). See
Eq. (E18). (b) With energy-momentum transfer (Ae; = €,(X) — €3(X), g, =27 (n, n, n)) (n € Z), the RIXS intensity of this transition is

determined by the Z,(X) and Z5(X). See Eq. (E18).
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(a) f (b
I/Ic(Aer)?

2

0
(277,0,0)

(477,277,277)

(671,471,477) (0,0,0)

) )
1/je(ae)]

2

0

(2757,277,277) (477,471,477)

® (g, Aer)/|C(Aer)?

(g, Aex)/[C(Aer) ?

FIG. 17. The two RIXS intensities of /gy (k) with appropriate energy and momentum transfers. Red (a) and green (b) dotted lines
represent ideal results without noises and red (a) and green (b) solid lines are the result of the fitting from simulated data. For detailed

procedure, see from Eqs. (E20) to (E23).

by the symmetries of the system, which we will explain in the
next section.

2. Symmetry and topology

The remaining symmetries of the CHI Hamiltonian are /7
and C3/. Each are represented as

N

T = 190,K,

G5 =5, [ =100, (F2)

when acting on the fermion fields. Here, [ is an inversion
operator and 7 is time-reversal operator with the complex
conjugation operator K. They satisfy

(@) =1, (i)' =-1, [¢il.iF] =0,
{Gif. i} =0, (F3)

where [T = 130y is a chiral-symmetry operator. As in the other
models, we will in general assume that the chiral symmetry is
explicitly broken by perturbations to the CHI Hamiltonian.

The topology of the CHI Hamiltoinan can be expressed as
the inversion eigenvalues of some high-symmetry points in
momentum space, namely, the rotoinversion symmetric points
(RISP) such that (C;k = k:

RISP = {(0, 0, 0), (0,0, 7), (7,7, 0), (w, 7, w)}. (F4)
Note that because of Eq. (F3), éjf eigenvalues of the twofold
degenerate eigenstates at RISP has to be complex conjugate
pairs, {Z, (k)e™*, T,(k)e~"/*} with Z, (k) = £1 is an inver-
sion eigenvalue of the band at k.

The topological band index is given by the modified Fu-
Kane formula [31]

(—1)" = HierispZy (k) = Mrerisp-ryZy k)L, ().

Here Z, (k) is an inversion eigenvalue of one of the two filled
band at k. In the second equality, we used If} (') = 1. When
A, is finite, Hcyp becomes topological and hosts a chiral hinge
state for 1 < |M/t| < 3. Otherwise, it is trivial.

(F5)
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