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The Euler number is a new topological number recently debuted in the topological physics. It is defined for
a set of bands unlike the Chern number defined for a single band. We propose a simple model realizing the
topological Euler insulator. We utilize the fact that the Euler number in a three-band model in two dimensions
is reduced to the Pontryagin number. A skyrmion structure appears in momentum phase, yielding a nontrivial
Euler number. Topological edge states emerge when the Euler number is nonzero. We discuss how to realize
this model in electric circuits. We show that topological edge states are well signaled by impedance resonances.

The topological insulator is one of the most active fields in
condensed-matter physics'-. It is characterized by a nontriv-
ial topological number defined for bulk. A typical example
is the Chern insulator, where topological phases are indexed
by the Chern number. The Chern number is the integral of the
Berry curvature of the wave function describing a single band.
It is characterized by the emergence of chiral edge states in
nanoribbon geometry, which is known as the bulk-edge corre-
spondence. Elcctric circuits are an ideal play ground of topo-
logical physics®22.

Recently, the Euler class and the Euler number draw
attention®* in the context of twisted bilayer graphene’, Weyl
semimetals® and quench dynamics’. The Euler class is a ho-
motopy class of orthogonal matrices. It is related to "real"
eigenfunctions of the Hamiltonian. Furthermore, the Euler
number is defined for a set of bands. Real eigenfunctions can
be protected by PT or CoT symmetries>~. It is contrasted to
the Chern number, which is calculated from "complex" eigen-
functions. Note that the Berry connection, the Berry curvature
and the Chern number are zero for real eigenfunctions.

In this paper, we propose a simple model realizing the topo-
logical insulator indexed by the Euler number, which is the
topological Euler insulator. We make the use of the fact that
the Euler number is reformulated as the Pontryagin number
for the three-band model with its three eigenfunctions form-
ing an orthonormal basis®’. It is interesting that they form
a skyrmion structure in momentum space for a topological
insulating phase. We show a bulk-edge correspondence for
topological Euler insulators. Finally, we propose an electric-
circuit implementation of this topological Euler insulator. The
band structure is well observed by impedance resonance.

Berry phase and Chern number: We start with a concise
review of the Berry connection, the Berry curvature and the
Chern number. The Berry connection is defined by

ay, (k) = =i (¢n (k)| 9un (k)), (M

“w
where 1, (k) is eigen function of n-th band. The Berry cur-
vature is defined by

F, (k) = ava (k) — 9yay (k), (2
while the Chern number is defined by
1
Cp=— /d% F,(k), 3)
27

and characterizes Chern insulators. The Berry connection,
the Berry curvature and the Chern number are zero when the
eigenfunctions are real.

Euler form and Euler number: We consider a three-band
model in two dimensions with the Hamiltonian H. Let u; (k)
be a real eigenfunction of the Hamiltonian H describing the
ith band. We may choose them to form an orthonormal basis,

(uiluj) = ;. )

There holds a relation for them,
Jus) X Jug) =D e lue) (5)
0

as a characteristic feature of the three-band model.
The Euler form &;; (k) is defined for a set of two bands,

€ij (k) = (Vu; (k)| X [Vu; (), (6)
whose integration over the Brillouin zone yields the Euler
number*67,
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On the other hand, since the eigenfunction w; (k) has three
components, we may identify it with the three-dimensional
vector n; as n; = |u;), where ¢ = 1,2, 3. Then, the Pontrya-
gin number is defined by

1
o

BZ '
for each 4. It is known®’ that the Euler number (7) is
equal to the Pontryagin number (8) by identifying @), =
3 iy €015 Qi
Hamiltonian: Without loss of generality, we may express
the eigenstate ng as

|U3> _ {m17m27 m3}
\/m% + m% + m:%’

where my, is a real function of k, and k. The other two eigen-
states obeying Eq.(4) are given by

€))

_ {Oa ms, _mQ}

u , (10)
) m3 4+ m3
‘u2> B {— (m% + mg) ,mlmg,mlmg} (11

Vm3 +m3/mi +m3 +m3



topological insulator metal  topological insulator  metal trivial insulator

1 - 9.(c1) TEI2 16_(d1) 36 (e1)
A ;!!=4L!§£!.j!!_
(d2)

9.(c2) 16 (d2

FIG. 1: Band structures of a nanoribbon with 40-site width. There
are three bulk bands, one of which is perfectly flat at zero energy. The
horizontal axis is the momentum k, and the vertical axis is the energy
in unit of ¢. (a) topological insulator phase (TEI-1) with u = —t, (b)
metal phase with © = 0, (c) topological insulator phase (TEI-2) with
w = t, (d) metal phase with ;¢ = 2¢, and (e) trivial insulator phase
with © = 4t. We have set A = t. (*1) Bird’s eye view of the bulk
band. (*2) Projection of the bulk bands. (*3) Band structure of a
nanoribbon. The edge states are marked in magenta. (*4) Enlarged
band structure of (*3) near the zero energy. The gap closing points
of topological edge states are marked in green circles. We have set
c3 = 1 and ¢1 = 0.25. The topological numbers for the insulator
phases are illustrated in Fig.2.

We investigate the three-band Hamiltonian given by

H = c3\/mi +m3 +m3 |us) (us|+c1y/m3 +m3 [ur) (ua|,
(12)
where c3 and c; are real numbers. The eigenvalues read
Hlui) =c1 (m3+m3)|ui), Hlug)=0,
H |uz) = ¢z (mi +m3 +m3) |us) . (13)

There is a perfect-flat bulk band described by |us) at zero en-
ergy.

A comment is in order. First, Eq.(12) is a local Hamiltonian
since we may rewrite it as

c;;mf C3M 1Mo C31M11Mms3
2 2
H=| cgmima csms+cymsi (c3 —c1)mams

camims (c3 —c1)mams  cam3 + cym3
(14
Second, the perfect-flat bulk band becomes dispersive, if we

introduce an additional term,

Vmi - m3tm3ymd 4 mus) (wal . (15)

to the Hamiltonian (12).
In this work, for definiteness, we propose an explicit model
defined on the square lattice as

mq =t (cosk, + cosky) — p,

mg = Asink,, ms3 = Asink,, (16)
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FIG. 2: Euler numbers as a function of 1/t for (a) @31 and (b) Q12.
We note that Q23 = 0 for all x. There are two topological insulator
phases denoted by TEI-1 and TEI-2. The horizontal axis is y/¢.
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FIG. 3: Spin textures in the k,-k, plane for (*1) 1, (¥2) n2 and (*3)
ng3, yielding the Pontryagin numbers Q1, Q2 and Q3. (a*), (c*) and
(e*) are for the topological insulator phase (TEI-1) with 4 = —t, for
the topological insulator phase (TEI-2) with i = ¢ and for the trivial
insulator phase with o = 4¢. They correspond to the band structures
(a*), (c*) and (e*) in Fig.1. The corresponding Euler numbers are
shown in Fig.2.

where ¢, © and A are interpreted as a hopping parameter, a
chemical potential and a spin-orbit interaction, respectively,
in condensed matter physics. The band gap is calculated from
(13) together with (16) as

A = min [|£2¢ — 4], | (17)
at (ky, ky) = (0,0), (0,7), (m,0) or (m, 7). The band closes
at u = £2t¢ as in Fig.1.

Symmetry: The Hamiltonian has inversion symmetry
PH (k) P~! = H (—k) with P =diag.{1, —1, —1} and time-
reversal symmetry TH (k)T—! = H (—k) with T = PK,
where K takes complex conjugate. They lead to PT' sym-
metry (PT) H (k) (PT)~" = H (k), which assures that the
Hamiltonian and eigenfunctions are real.

Topological number: We study the Euler number (7) or
equivalently the Pontryagin number (8). They are related as
Q23 = @1, Q31 = Q2 and Q12 = Q3. We have numerically
integrated the Pontryagin density, whose results are shown in
Fig.2. The Pontryagin number is graphically understood by
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FIG. 4: Local Pontraygin density in the k;-k, plane for (a) metal
phase with ¢ = 0, (b) topological insulator phase with p@ = ¢, and
(c) metal phase with p = 2t.

plotting the direction of the vectors n;, as shown in Fig.3. It
is nonzero only when the texture forms a skyrmion. It may
change its value when the bulk band gap closes. It indicates
that our system is a kind of topological insulators, which is a
topological Euler insulator.

The Pontryagin number reads as follows. First we find
@1 = 0. Itis understood by the fact that the configuration (10)
is restricted within the yz plane. Next, we find Q2 = 0 except
for the gap closing points p = 0, 2¢, as shown in Fig.2(a).

Finally, we find Q3 = 2 for 0 < p < 2t, Q3 = —2
for =2t < p < 0, and Q3 = 0 otherwise, as shown in
Fig.2(b). The local Pontryagin density Q3 (ks ky) = ng -
(3;% nsz x 8;%113) is given in Fig.4. It is interesting to note
that the same topological phase diagram is produced by the
following two-band model,

Hopwa = »_, mj;o;, (18)

j=1,2,3

where m; are given by (16) and o are the Pauli matrices. This
describes a Chern insulator for 0 < |p| < 2t.

We note that the Euler numbers are ill defined at the gap
closing points = 0,£2¢. As a result, the Euler numbers
can change their values at these gap closing points. This is the
same as in conventional topological insulators.

In conclusion, the system is topological for 0 < |u| < 2t.
The corresponding topological edge states emerge as we now
see.

Bulk-edge correspondence: We show the band structures
of a nanoribbon in Fig.1. They coincide with those of the
bulk Hamiltonian except for the edge states marked in ma-
genta. The eigenfunction is well localized at the edges as
shown in Fig.5. The edges cross at k = 0 for 0 < p < 2¢
as in Fig.1(c4), while they cross at k = 7 for —2¢t < u < 0
as in Fig.1(a4). Namely, the gap between the right- and left-
going edge states closes at k = 0 or k = 7.

It is possible to study the edge states analytically. First, we
study them at k, = 7, where the eigenequation is obtained
from Eq.(14) as

0 0 0 |us) |usz)

in the first order of k,. We find |uz) = 0, as agrees with
the numerical result in Fig.5(c). By assuming exponentially

FIG. 5: Absolute value of the eigenfunction for localized edge states
in a nanoribbon with 40-site width. (a), (b) and (c) are for the bands
|u1), |uz) and |us). They are well localized at the edges.

damping eigenfunctions for |u1) and |usg),

|’LL1> = Caemra

|ug) = Lic,e™, (20)
we obtain from Eq.(19) that +u)\x = E and —pudk + p? =
+F. We solve the energy E and the penetration depth x as

“
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where k = 4u/2\ describe the edge states localized at the
right edge and the left edge, respectively. They agree well
with the numerical results in Fig.1(c4) at k = 7.

Next, we study the edge states at k, = 0, where we have

0  —iXdy 0 |us) |u1)
(2t —p) | —iNOy 2t —p O lug) | = E | |uz)
0 0 0 |us) uz)

in the first order of k,. We have |uz) = 0, as agrees with the
numerical result in Fig.5(c). We have solutions

@t 2
E==2B stk (23)

These solutions show localized edge states at nonzero ener-
gies. They agree well with the numerical results in Fig.1(c4)
atk = 0.

Electric-circuit simulations: Electric circuits are charac-
terized by the Kirchhoff current law. By making the Fourier
transformation with respect to time, the Kirchhoff current law
is expressed as

Iy (@) =Y Jap (@) Vi (), (24)
b

where [, is the current between node a and the ground, while
V} is the voltage at node b. The matrix J,;, (w) is called the
circuit Laplacian. Once the circuit Laplacian is given, we can
uniquely setup the corresponding electric circuit. By equating
it with the Hamiltonian H as®?

Jap (W) = iwHgp (W), (25)

it is possible to simulate various topological phases of the
Hamiltonian by electric circuits®?2. The relations between
the parameters in the Hamiltonian and in the electric circuit
are determined by this formula.



In order to derive the circuit Laplacian, we explicitly write
down the components of the Hamiltonian (14),

2

t

Hiq 263[5 (cos 2k, + cos 2k, + 4 cos ky cos ky, + 2)
— 2put (cos ky + cosky) + p°], (26)
/\2

Hoo :?[03 (1 —cos2ky) + c1 (1 —cos2ky)], 27
)\2

Has :?[cl (1 —cos2ky) + c3 (1 — cos2k,)], (28)

and

Hiy = c3[tAsink, (cos kg + cosky) — pAsink,],  (29)
Hi3 = c3[tAsinky (cos kg + cos ky) — pAsink,], (30)
Hys = (c3 — Cl)/\2 sin k, sin k. (31)

Here, we make a convention that ¢, © and A are dimensionless,
and hence that ¢ and ¢y have the dimension of energy.

The circuit Laplacian is constructed as follows. To sim-
ulate the positive and negative hoppings in the Hamiltonian,
we replace them with the capacitance wC' and the inductance
1/iwL, respectively. We note that sink = (e'* — e=%*)/2i
represents an imaginary hopping in the tight-bind model. The
imaginary hopping is realized by an operational amplifier'®.

We thus make the following replacements with respect to
hoppings in the Hamiltonian to derive the circuit Laplacian:
() +X — wCx for X = 2, 42, A2, where C'x represents
the capacitance whose value is X [pF]. (ii)) —X — 1/iwLx
for X = ut, \?, where L represents the inductance whose
value is X [pH]. (iii) £¢X — +£1/Rx for X = ¢\, A, where
Rx represents the resistance whose value is X [k(2].

Consequently, we obtain

(cos 2k, + cos 2k, + 4 cos kg cosky + 2)

+2-

(cos kg + cosky) + iwC)z, (32)

1
cos 2km)
OJL)\Q

1
L a iwCyz + - cos 2k, | , (33)
w2

2
1
ol cos 21%)

w ut

J22 ZCj <7;OJC)\2 + -
7

J33 —5 <ZOJC>\2 =+ -

cs (. 1
+ ?3 <sz)\z + il cos 2k‘y> , 34)
and
C3 . 3 .
Jig = ——sink, (cosky, + cosky) — ——sink,, (35)
(275N A
Jiz = ,CS sin k, (cos kg + cosky) — % in ks, (36)
1Ry A
Joz = iw (c3 — ¢1) Oxz sin ky sin k. (37)

Furthermore, in order to realize impedance resonances, we
add a circuit corresponding to3%-13-20:21

1
=iwCy+ ——, (38)
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FIG. 6: Impedance in the k-w plane. (a*) Topological phase with
u = —t and (b*) trivial phase with © = —4¢. (*1) Top view and
(*2) bird’s eye’s view. We have set c3 = 1 and ¢; = 0.25. The ver-
tical axis is the impedance in unit of k2. We have used a nanoribbon
with width 6. We see clearly 6 curves in the bulk band both in the
topological and trivial phases, and the edge band only in the topolog-
ical phase. The impedance peak at wo is due to the perfect-flat bulk
band in Fig.1.

which vanish at the critical frequency wo = 1//LoCp.
After the diagonalization, the circuit Laplacian yields

Jn (W) = iwCo +

Lo —iwe, (W), 39)

where ¢, is the eigenvalue of the circuit Laplacian. Solving
Jn (w) = 0, we obtain

UJR(€n) =

which corresponds to the impedance resonance frequency.

Topological edge states are observed by impedance reso-
nances, where the impedance between nodes a and b is given
by'® Z,, = Vi /I, = Gy, where G is the Green function de-
fined by the inverse of the circuit Laplacian J, G = J~!. The
momentum-dependent impedance is an experimentally de-
tectable quantity'®?? by using a Fourier transformation along
the nanoribbon direction ,

Lo/(Co = €n), (40)

Zap (z,ky,w) ZZa/g Tp,Yp,w)exp [—iypky], (41)

where (z,,y,) is the Bravais vector. We take o = 3 at edge
sites.

We show an impedance as a function of the momentum k&
and the frequency w in Fig.6. Topological edge states are
clearly observed in the topological phase. Note that the top
and the bottom are reversed between the band structure and
the impedance resonance, as indicated in Eq.(40), where ¢,



represents the band structure while wg the impedance reso-
nance. The strong impedance resonance at wy is due to the
bulk perfect flat bands at the zero energy.

In this work we have proposed a simple model of topo-
logical Euler insulator. Their band structure including the
topological edge states is well observed by measuring the
impedance of the corresponding electric circuit. Our model
presents an explicit example of the bulk-edge correspondence
in topological Euler insulators. However, a general theory is

yet to be explored. This work will be a trigger of a general
understanding of the bulk-edge correspondence in topological
Euler insulators.
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