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Materials with kagome lattices have attracted significant research attention due to their nontrivial features in energy
bands. We theoretically investigate the evolution of electronic band structures of kagome lattices in response to uniaxial
strain using both a tight-binding model and an antidot model based on a periodic muffin-tin potential. It is found that the
Dirac points move with applied strain. Furthermore, the flat band of unstrained kagome lattices is found to develop into a
highly anisotropic shape under a stretching strain along y direction, forming a partially flat band with a region dispersionless
along k, direction while dispersive along k, direction. Our results shed light on the possibility of engineering the electronic

band structures of kagome materials by mechanical strain.

Keywords: kagome lattice, strain, band structure engineering

PACS: 71.20.-b, 68.65.Cd, 73.21.Cd

1. Introduction

A kagome lattice is a special two-dimentional (2D)
hexagonal Bravais lattice consisting of corner-sharing trian-
gles. It has been discovered as a fertile land for realizing
various exotic physics since introduced by Syo6zi in 1951.11]
Due to their frustrated lattice geometry and nontrivial band
features, kagome lattices are predicted to be a promising plat-
form for investigating novel physics such as frustration-driven
magnetism, >3] quantum-spin-liquid states,*"'% topological
phases, ''=13] and electron correlations. ']

Unfortunately, materials with kagome lattices are rare in
nature. As an alternative approach to explore the physics re-
lated to kagome lattices, various artificial kagome systems,
such as optical kagome lattices!!>~!7! and monatomic kagome
layer grown on metal surfaces,[!8] have been experimentally
developed. The advantage of artificial kagome systems is that
they allow the individual tuning of all system parameters in a
wide range, and thus enable us to search for the predicted non-
trivial features of kagome lattices in a much larger parameter
space. For example, in natural kagome materials, parameters
such as hopping energy, defect density and mechanical strain
are difficult to control experimentally, but they can all be con-
veniently tuned in artificial kagome systems by simply varying
the designs and geometries of the artificial lattices.

Mechanical strain has proven to be an important tool for
engineering electronic band structures.!'®!1 Over the past
decades, extensive research has been carried out on the strain
effect in glraphene,lzz‘25J carbon nanotube, 2028 MoS,, [29-311
WSe,, 32331 and many other materials. In contrast, studies of

d; 34381 a systematic

strained kagome systems have just starte
investigation of the band structures of strained kagome lattice

is still lacking.
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In this work, we theoretically study the electronic band
structures of a strained kagome lattice using both a tight-
binding model and an antidot model based on a periodic
muffin-tin potential. The main findings include: (i) The Dirac
points of kagome lattice are shifted away from the corners
of Brillouin zoom under applied uniaxial strain. In contrast
to the situation in strained graphene,'?*! the Dirac cones of
strained kagome lattices never merge within the framework
of the nearest-neighbor tight-binding model. However, in a
more realistic model based on a periodic muffin-tin potential,
the Dirac cones do merge with increasing compressive strain,
causing band-gap openings at the Dirac points. (ii) When a
stretching strain is applied in y direction, the flat band of the
unstrained kagome lattice becomes highly anisotropic, form-
ing a partially flat band with an area that is dispersionless along
ky direction whereas dispersive along k, direction.

The paper is organized as follows. In Section 2, we cal-
culate the energy bands of the strained kagome lattice using
the nearest-neighbor tight-binding model. In Section 3, we
first introduce an antidot model for artificial kagome lattice,
and then numerically investigate its band structures under uni-
axial strain. The results and conclusions are summarized in
Section 4.

2. Tight-binding approach to the strained
kagome lattice

In this section, we investigate the band structures of the
strained kagome lattice using the tight-binding approximation.
Since the band structures of the kagome lattice are primarily
characterized by coexistence of Dirac cones and a flat band,
here we mainly focus on the shift of the Dirac cones and the re-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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shaping of the flat band in response to applied uniaxial strain.

2.1. The tight-binding model for the kagome lattice

Figure 1(a) presents an illustration of the nearest-
neighbor tight-binding model for the strained kagome lattice.
The kagome lattice is a triangular Bravais lattice with a unit
cell composed of three inequivalent sites, which are labeled
as A, B, and C, respectively. The three sites in the unit cell
form a regular triangle, as indicated by the shaded region in
Fig. 1(a). The repeated Brillouin zone of kagome lattice is
shown in Fig. 1(b), where the first Brillouin zone is a regular
hexagon with two independent corners K and K'.

The tight-binding Hamiltonian of the kagome lattice

reads(!1:34]

H ==Y [n(albr+aybyis,) +0(abcr +claris,)

r

+t3(b:cr+cibr+63)] +h.c, (1

with the summation of = running over all unit cells. Here ai,
b} and c]. (a, by, and c,.) are respectively the creation (anni-
hilation) operators of electrons at sites A, B, and C in the unit
cell located at r, and #; (i = 1,2,3) is the hopping parameter
along the direction of lattice vectors d;,

01 =ae,+ \@aey, 0, =ae, — \/gaey, 03 =2ae,;, (2)

where e, and e, are basis vectors of the Cartesian coordinate
system, and « is the distance between neighboring sites.
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Fig. 1. (a) The tight-binding model of the kagome lattice with only
nearest-neighbor hopping terms. The three inequivalent sites in the unit
cell are labeled as A, B, and C, respectively; #; (i = 1,2,3) denotes the
hopping parameter between the nearest neighboring atoms along di-
rection §;. A uniaxial strain in y direction is modeled by a group of
anisotropic hopping parameters t; = t, =’ and t3 = . (b) The repeated
Brillouin zone of the kagome lattice. The central point I" and two in-
dependent corners K and K’ are denoted by the black crosses, hollow
green circles and solid green circles, respectively. When the lattice is
strained in y direction, the Dirac points D and D, are shifted away from
K and K’ and located somewhere between C and C'.

By applying the Wannier transformation

ap ag
b, | = Z exp(ik-7) | bk 3)
Cr keBZ CL

to Eq. (1), the Hamiltonian can be rewritten in momentum
space as H =Y, ‘I’,IHk‘I’k, where ¥, = (ag,bg,cx)" and the

Hamiltonian matrix Hj, reads

0 —1(1+et) —pp(1+e k)
Hi=| —t1(1+e71h) 0 —t3(1+ e~ k)
—tr(14+e'R) —13(1+eih) 0

“
Here k; = k- 6; (i = 1,2,3), satisfying k; + k» = k3.

In an unstrained kagome lattice, the six-fold rotational
symmetry ensures ¢; = tp = t3. However, as shown in Fig. 1(a),
an uniaxial strain applied in y direction breaks the rotational
symmetry and consequently leads to t; = tp # t3. Assuming
that { =, = ¢’ and t3 = ¢, the anisotropy ratio & can be de-
fined as o =¢'/r. The parameter o characterizes both the
type and strength of the uniaxial strain, as explained as fol-
lows: (i) A decrease in inter-site distance always causes an
increment of hopping parameter, and vise versa, and hence
a > 1 (o < 1) corresponds to the situation where a compres-
sive strain (stretching strain) is applied along y direction. (ii)
Apparently, the further the « deviates from 1, the stronger the
applied strain is.

Meanwhile, as a reasonable approximation for weak
strain, 23] we neglect the site shift in the strained lattice and
assume that the lattice will keep its shape when o ## 1. Based
on this assumption, a uniaxial strain applied in y direction can
be modeled using a single parameter o, which greatly reduces
the mathematical complexity. The eigenvalue equation of Hy
is consequently reduced to

Ep+40°t (1 + Zcoski) —2Et*(cosk; +1)
i
- 2Ekt2a2(cos ky +cosks+2) =0. (5)

2.2. Results and discussion
2.2.1. General features of energy bands

The energy bands of the strained kagome lattice can be
obtained by solving Eq. (5). Figures 2(a)-2(c) show the band
structures calculated with different values of «.

In the unstrained case of & = 1.0, the solutions of Eq. (5)
give two dispersive bands E,(cl’z) = t[-1£/2);cosk; +3],
and a 2D flat band E,S) = 2t. In resemblance to the en-
ergy bands of graphene, the two lower dispersive bands E ,(cl)
and E,(cz) intersect at the corners of the hexagonal Brillouin
zone, forming two linearly dispersive Dirac cones at K and K,
as shown in Fig. 2(a). The flat band ES), which originates
from the destructive interference of subdimensional eigen-
wavefunctions due to the lattice geometry,[!3343%] touches the

second band E,g)

at the center of the Brillouin zone (the I”
point).

The band structures for oo = 0.8 and o = 1.2 are obtained
by solving Eq. (5) numerically, as presented in Figs. 1(b) and
1(c). Similar to the situation in graphene,'”! when a uniaxial

strain is applied in y direction, the Dirac points of the kagome
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lattice are shifted horizontally away from K and K'. In addi-
tion, the applied strain deforms the flat band E ,(3)

a band crossing between E ,(62) and E ,(63).

, resulting in

2.2.2. Shift of Dirac points

The shift of Dirac points are more visible in the energy
bands plotted along the k, axis. As shown in Fig. 2(d), the in-
tersection points of the two lower bands, i.e., the Dirac points,
move with applied strain. The horizontal position of the two

Dirac points are calculated analytically as

1
kf‘ zfarccos(—

a

2
kfzz ﬂ:_k)?l'

a

20 )
V8+al+al
(6)
Obviously, Dirac points D and D, are symmetric with respect

to the S point at k, = 7t /a [see Fig. 1(b)]. Therefore, in the fol-
lowing we discuss only the position of D;.

a=12 (d) ky=0 (e) ky=0
S0k , e
2 1\ / o
E .  —a=12
_8} 1 \/
0 n/a —m/a kf) T/a 771"/(241) 0 ﬁ/(éa)

T Yy

Fig. 2. [(a)~(c)] Band structures of strained kagome lattices with various anisotropy ratio o = ¢’ /¢, calculated using a tight-binding
model with only nearest-neighbor hopping. The lattice is (a) unstrained (o« = 1.0), (b) stretched (o¢ = 0.8), and (c) compressed
(o = 1.2) along y direction. [(d), (e)] Band structures plotted along (d) the k, axis and (e) the ky axis. The hopping parameter along x

direction is set to t = 13 = 2 meV.

The movement of Dirac points in response to strain are
summarized as follows. (i) For the kagome lattice stretched in
y direction (o < 1), the Dirac point D; moves along the KC
line [red lines in Fig. 1(b)] towards the C point at /2a, and
Dy — C when o — 0. (ii) For the unstrained kagome lattice
(ax = 1), Dy lies exactly at the K point of the Brillouin zone,
with k2! = 271/(3a). (iii) For a lattice subjected to a compres-
sive strain in y direction (¢ > 1), D{ moves towards the S point
along the KK’ line [blue lines in Fig. 1(b)], and D; — S when
o — oo,

In a word, compared to graphene where the Dirac cones
merge under applied strain,[?*! the Dirac cones of kagome lat-
tice remain intact at any strength of uniaxial strain within the
framework of the nearest-neighbor tight-binding model, indi-
cating a more robust phase of semimetal.

2.2.3. Reshaping of flat band

Another notable effect of strain is the reshaping of the
flat band E,S). In the strained kagome lattice, the hopping
anisotropy disrupts the destructive interference, leading to a
deformation of the flat band, as depicted in Figs. 2(b)-2(e).
As aresult, the intersection points of the two upper bands split
from the I" point and move in opposite directions along k, di-
rection for stretching strain (o < 1) and along k,, direction for
compressive strain (o0 > 1). The positions of the intersection
points are a-dependent, as analytically given by

) (<),

1 2a
k! = -+ —arccos (7
a 8+o’—«o

K = iiarccos (2_7az> (x>1).

y \/§a az (7)

When a = 0, Eq. (7) gives kL = k{, = 0, indicating that the flat
band E,(:) touches the quadratic band E,(cz) at the I' point. The
value of |k.| or |kl| increases with applied strain: For stretch-
ing strain, when o — 0, |k!| — /24, i.e., the two intersection
points approach C and C’, respectively. For compressive strain,
when o — eo, |kl| — 7/ (v/3a), i.e., the intersection points ap-
proach the S point.

An intriguing feature of the deformed flat band E ,(3) is the
formation of a partially flat region that is dispersionless along
ky direction whereas dispersive along k, direction, as shown
in Figs. 2(b)-2(e). In particular, as illustrated in Fig. 2(b), in
the case of stretching strain (& < 1), this partially flat region is
well separated from other energy bands and therefore becomes
experimentally accessible. Due to the unconventional disper-
sion relation, electron states in this region possess a highly
anisotropic effective-mass tensor, in which m,, takes a finite
value whereas my, = . It provides a promising platform for
investigating anisotropic electron transport and correlations.

3. Artificial kagome lattice under uniaxial strain

In this section, we numerically investigate the strain ef-
fects in artificial kagome lattices using an antidot model.
Compared with the tight-binding model with only nearest-
neighboring hopping terms, the antidot model based on a pe-
riodic potential is more realistic in the sense that it provides
the design of antidot patterns required for experimentally fab-
ricating artificial kagome materials from conventional two-
dimensional electron gases (2DEGs). [40-42]
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3.1. Antidot model for kagome lattice

Two different antidot models have been proposed in the

42431 and here we

literature for realizing kagome lattices,
adapt the design in Ref. [42]. This model is based on a peri-
odic muffin-tin potential V (7) comprising two types of circu-
lar barrier regions where V (r) takes a constant value Vj > 0, as
indicated by the blue circles in Fig. 3(a). The radii of the large
and small barrier circles are denoted by p; and p,, respec-
tively, and the vertical spacing between nearest-neighboring
circles is denoted by L. Most calculations in this section are
performed with p; /p> = 3, because such a choice ensures that
the large and small barrier circles in Fig. 3(a) will touch the
dashed lines simultaneously as p; increases. Due to the repul-
sion from the barriers, the wave functions of electrons mainly
distribute in the space between the barrier regions, forming an
artificial kagome lattice with a horizontal inter-site distance of
a, as illustrated by the hollow circles in Fig. 3(a).

(a) o 5 ® O S ® s le] (b) "b_._‘i‘

A -—— — ® —>—o
[ ® Tal f ot Y ® o S ® ° k, ‘\\ ,,/
L 2 k, D\ S /Dy
o cf - - S x
r C /K K C
(] ! O () ‘ \
(o] O O O O O < ,’ \‘
O () oo ® [ o—
- 2P1 Y \ ’
s ¢ === \ /
\ /
Yy /@ ° 0 5 ;
o o Yol & To o) —O——o——a—o
@ 20:@® J \
T o] o
Fig. 3. (a) Periodic muffin-tin potential for realizing the artificial

kagome lattice. The potential function satisfies V() = Vp > 0 inside
the blue circles and V(r) = 0 elsewhere. The large solid circles form
a triangular lattice spanned by the lattice vectors by and b,, the angle
between which changes with applied strain. Each large circle is sur-
rounded by six small circles. The hollow circles located in the gaps be-
tween blue circles illustrate the sites of the kagome lattice. The lattice
shown here is stretched along y direction with &’ = 0.8. (b) The re-
peated Brillouin zone corresponds to the lattice shown in (a). The first
Brillouin zone of the strained kagome lattice is a squashed hexagon.
The Dirac points are located in the CC’ line when a uniaxial strain is
applied in y direction.

In the antidot model, a uniaxial strain in y direction is
achieved by varying the vertical spacing L between adjacent
barrier circles. For the unstrained case, the lattice geometry
gives L =2a/ V/3, and the anisotropic ratio o’ can thus be de-
fined as o' = 2a/(+/3L). Similar to the tight-binding model,
here o = 1 represents an unstrained kagome lattice, while
o > 1 (o < 1) corresponds to the situation where the lattice
is compressed (stretched) in y direction.

The analytical expression of V (r) reads

V(r)=V ) [0(p1—|r—R|)+O(p2— |r — R£L[)], (8
R

where © is the Heaviside step function, L = %ey is the

vertical displacement between adjacent barrier circles, and

R = mb; + nb; represents the lattice sites spanned by lattice
vectors

V3a V3a

b] =ae,+ 763;, b2 = daey — 76)“ (9)

Apparently, for an unstrained lattice with o = 1, the lattice
vectors in Eq. (9) reduce to those in Eq. (2).

The reciprocal lattice of the lattice described by Eq. (9) is
given by G' = mbj + nb; with

! !/

b4 T
= —ex—|—
a

T o
ey, by=—e

V3a a' \3a

In resemblance to the graphene lattice, when o' # 1,

e, (10)

the Brillouin zone of such a lattice is an irregular hexagon
squeezed along k, or k, direction, and the positions of K and
K’ are

e (20 D)ol =[50 D)

3.2. Numerical method for band calculation

For an electron system subjected to the periodic potential
V(r) given by Eq. (8), the Bloch wave function W (r) satisfies
the Schrodinger equation

Hy(r) = Ex (1), (12)
where Ej, is the eigenenergy of Bloch state y(r) and the
Hamiltonian is H = — 2?,2[ -V2 +V(r), where m* is the effec-

tive mass of electrons.
To calculate the energy bands Ej,, we expand Wy () with
the plane-wave basis set by

vie(r) =Y ck-ge! O, (13)
G

where cy is the coefficient of the plane wave with wave vector
k. Substituting Eq. (13) into Eq. (12) gives the central equa-
tion

V%k—ay

- _Ek:} ck-ct+Y Vo-ctr-a =0, (14)
m el

where the Fourier coefficients of V (r) are given by

1 .
VG = 7/ V(T)eflG-rdr
§ Jeell
27V
= g P1(G1P) +2p211((Glp2) cos(G - L. (15)

Here s = 2/3a%/a’ is the area of the unit cell and J; is the
Bessel of the first kind. The energy bands E,(;) are subse-
quently obtained by numerically solving Eq. (14).

3.3. Results and discussion

In the following we present the numerical results obtained
using the antidot model described in Subsection 3.1. The cal-
culation was performed with ¢ = 25 nm and m* = 0.04m,,
where m. is the free electron mass. These parameters are ex-
perimentally achievable by fabricating an antidot array onto a
typical 2DEG using e-beam lithography.
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3.3.1. Width of the flat band

The first three energy bands of the antidot model are sim-
ilar to those obtained with the tight-binding model, as shown
in Figs. 4(a)-4(c). However, for the unstrained lattice with
o/ =1, a qualitative difference exists in the band E,(:) ob-

tained using different models: the band E,(:)

, which is ide-
ally flat within the framework of the tight-binding model, be-

comes weakly dispersive in the antidot model, as illustrated

(8) a’'=1.0 M) a’ =08 (c)

T/a
w/a @ 0—7r/a 0

« K

T/a

- 0
@Bw/a 0 ﬂ'/aé&*ﬂ'/a

a’'=1.2 (d)

in Fig. 4(a). Such a dispersive band E ,(63) in the antidot model

is caused by the higher-order interactions besides the nearest-
neighbor hopping.

The band width AE of E,(:) can be tuned by adjusting the
parameters of the antidot model. To test how AE depends on
the model parameters, we calculated AE as a function of bar-
rier height Vj with various values of 8 = p; /a, as presented in
Fig. 5.

—~

>

()

g @=0.8
0 a=1.0

& —a=12

A

7/(2a)

0 m/a —7/a 0 T/a —7r‘/(2a) 6
ke ke y

Fig. 4. [(a)—(c)] The lowest three energy bands of strained kagome lattices with various values of o/, calculated using the periodic
muffin-tin potential described in the main text. The lattice is (a) unstrained (&' = 1.0), (b) stretched (&' = 0.8), and (c) compressed
(o' =1.2) along y direction. [(e), (f)] Band structures plotted along (¢) the k, axis and (f) the ky axis. The bands are shifted vertically
to move the Dirac points to zero energy. All calculations were performed with Vo = 200 meV, p;/p, =3, and § = p; /a = 0.6.

p=04 (3)]
5T 6=0.5 T
% —— 3=06 1
£ 4r — =07 -
&)
4 5 i
0
b
4} p1/p2=1.5 ()_
%‘ p1/p2=2
g ——p1/p2=3
E;J’ 2 —pi/p2=4 i
<
O 1 1
100 200 300
Vo (meV)

Fig. 5. Band width AE of the flat band E,(j) versus barrier height Vj) of
the maffin-tin potential V (7) calculated (a) with p; /p> = 3 and various
values of B = p;/a, and (b) with various values of p; /p, and f = 0.6.

When either V or 3 is small, the wave functions of elec-
trons are not well localized to the regions of lattice sites il-
lustrated by the hollow circles in Fig. 3(a). In this situation,
the antidot model cannot be well approximated by the tight-
binding lattice model and therefore the obtained AE of E,(:)
is large. As shown in Fig. 5, AE generally decreases with in-
creasing Vp and B except for the high V region of the curve
with B = 0.7. A small band width of AE = 0.45 meV is ob-
tained with parameters 8 = 0.6 and V) = 200 meV; the calcu-
lations presented in Fig. 4 were all carried out with this group

of parameters.

The band width AE of E ,(63) is also slightly influenced by
the ratio p;/p2. As shown in Fig. 5(b), AE increases with in-
creasing p;/p> for small values of Vj, whereas AE decreases
with increasing p; /p, for large values of V.

3.3.2. Merging of Dirac points

As discussed in Section 2, when a kagome lattice is
strained in y direction, the tight-binding model predicts that
the Dirac cones will move horizontally but will never merge.
However, as illustrated in Figs. 4(c)—4(e), the numerical results
of the antidot model clearly demonstrate the merging of Dirac
cones under strong compressive strain, resulting in a band gap
opening between bands E ,(c” and E,(cz).

To quantitatively present the movement of the Dirac
points in response to applied strain, we introduce a parameter
7Y to describe the relative position of the Dirac points D; and
D, with respect to the S point [see Fig. 3(b)]. The parameter y
is defined as

I R B et
= |kC—ES| — |kC —ES|’

where |k€ — kS| = |kC' — k5| = 1t/a. Obviously, y = 1 corre-
sponds to the situation in which the Dirac points D and D,

(16)

are respectively shifted to C and C’, and ¥ = 0 is reached when
D; and D, meet and merge at the S point. In addition, in the
antidot model, it is noteworthy that both K and K’ move with
applied strain due to the deformation of the lattice. Therefore,
a parameter Y is similarly introduced to describe the relative
position of K, defined as

|kK1 _ kS| axz

= = . 17
6C— | 3 a7

Yk
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When o = /3, Eq. (17) yields yx = 0, indicating the merging
of K, K', and S.

The relative position y of the Dirac points is plotted
against o with various values of V and 8, as presented in
Figs. 6(a) and 6(b). When the artificial lattice is subjected to
a stretching strain along y direction (&’ < 1), the Dirac points
Dy and D, move towards C and C’ (y — 1), respectively. On
the other hand, with increasing compressive strain (o' > 1),
both D; and D, move towards S (y — 0) and finally merge
at § (y=0). As shown in Figs. 6(c) and 6(d), right after the
merging of the Dirac cones, a band gap opens between E,(cl)
and E ,iz>, indicating the occurrence of a phase transition from
a semimetal to a semiconductor.

1.0 1 1.0 b
0.8 1 0.8 b
p1=0.2a
0.6 41 06 g
< 04 ——30meV
: 1 04 150 meV 1
0.2 1 ool —300meV |
- ==K
[ T T T ]
(d)
L p1=0.2a
=30 meV
L 150 meV /
=300 meV /

0.5 1.0 1.5 2.0

o’ o’

Fig. 6. [(a), (b)] Relative position ¥ of Dirac points as a function of
anisotropy ratio o’ for (a) B = p1/a = 0.6 and (b) = 0.2, calculated
with p; /p> = 3 and various values of Vy. The dashed lines depict the
position of the K point given by Eq. (17). [(c), (d)] Band gap AE at
Dirac points as a function of @', calculated with (c) 8 = 0.6 and (d)
B=0.2.

3.3.3. Partially flat regions in deformed flat bands

The antidot model also predicts a deformation of the flat
band E ,(j) when the lattice is strained in y direction, as shown
in Figs. 4(b)—4(e). In the unstrained case (a’ = 1), band E,(f)

(3)

touches E,’’ at the I' point. With an increasing stretching

strain applied in y direction (o’ < 1), bands E ,22) and £ S)

Cross
at two points on the k, axis, and the intersection points move
in opposite directions toward C and C’, respectively. On the
contrary, a compression in y direction makes the two crossing
points on the ky axis shift respectively along £k, directions
toward the edges of the first Brillouin zone. Such a strain-
induced deformation of the flat band is in consistency with the
results of the tight-binding model.

Similar to the results of the tight-binding model, a par-
tially flat region well separated from other bands is also found
in the deformed flat band E. with o/ = 0.8. This highly
anisotropic region is almost dispersionless along k, direction
whereas clearly dispersive along k, direction, as shown in

Figs. 4(b) and 4(e). To gain further insight into the origin
of the band anisotropy of this region, we calculated the real-
space probability density distribution of the Bloch state yr(r)
of band E ,23), as presented in Fig. 7. It is found that the wave
function yr () mainly distribute around sites B and C in the
unit cell while leave the site A empty. Such an anisotropic site
occupation is consistent with the anisotropic effective mass
tensor obtained from band calculation.

[Pr(r)[?

Fig. 7. Probability density distribution of the Bloch state yr-(r) of band

E ,(3), calculated with o = 0.8. Dashed lines illustrate the kagome lat-

tice. The parameters of muffin-tin potential are the same as those in
Fig. 5.

4. Further discussion
4.1. Band structures along high-symmetry paths

To better illustrate the evolution of the band features in
response to applied strain, we plot the band-structure data
calculated using both the tight-binding model and the anti-
dot model along the high-symmetry path I'-M—-K-I'-M'—
K'. As shown in Fig. 8, the band structures calculated us-
ing the tight-binding model always show characteristic van
Hove singularities at both the M and M’ points, irrespective
of applied strain. However, for the band structures calcu-
lated using the antidot model, the van Hove singularity at the

r M K

Fig. 8. Plots of the band-structure data in Fig. 2 along the high-
symmetry path. The corresponding Brillouin zone is illustrated in the
left panel of Fig. 9(a).
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(a) ' =1.0
M K’
%
U
r KR
r MK T MK T
8
(b) o’ =0.8
M K’
(c) a’=1.2
M K’

Fig. 9. Plots of the band-structure data in Fig. 4 along the high-
symmetry path when the lattice is (a) unstrained (&' = 1.0), (b)
stretched (@’ = 0.8), and (c) compressed (&' = 1.2) along y direction.
The corresponding Brillouin zones are shown on the left-hand side of
the data.

M point disappears when o = 0.8 whereas that at the M’ point

disappears when o' = 1.2, as illustrated in Figs. 9(b) and 9(c).

4.2. Comparison between the two models

As presented in the above sections, discernible differ-
ences were found between the calculation results based on
the nearest-neighboring tight-binding model and the antidot
model. The main differences include: (i) The band E ,23) of the
unstrained kagome lattice is ideally flat in the tight-binding
model whereas it is slightly dispersive in the antidot model.
(i1) The merging of Dirac cones and the opening of band gaps
between E ,(y and E ](cz)
in the antidot model. (iii) When the lattice is subjected to ap-

due to compressive strains occur only

plied strain, the two van Hove singularities at M and M’ in the
tight-binding model remain unchanged whereas one of them
in the antidot model disappears.

In the following, we compare the two theoretical mod-
els and briefly discuss their advantages and limitations. The
nearest-neighboring tight-binding model is used for approx-
imating a periodic potential V() in which electrons are
strongly bound to the lattice sites. It is assumed that the en-
ergy eigenstate ¢; of the i" isolated site distributes only in a
small region near the site and therefore the hopping parameters
t;; = (¢;|H|¢;) take non-zero values only between neighboring
sites i and j. The advantage of the nearest-neighboring tight-

binding model lies in its mathematical simplicity: in many sit-
uations, the energy band E ,(cl ) can be obtained analytically as
a function of #;;. In this work, the analytical results obtained
using the tight-binding method helps us to intuitively under-
stand the evolution of band structures under strain. On the
other hand, the obvious limitation of this model is that it can-
not nicely describe periodic potentials in which electrons are
not firmly bound to the lattice sites and thus the hopping be-
tween non-adjacent lattice sites cannot be neglected.

The antidot model based on a periodic muffin-tin poten-
tial is specifically designed for modeling the artificial superlat-
tice realized by patterning an array of holes (called an antidot
array) on a 2DEG. In the antidot model, the potential func-
tion V () is explicitly given. In this regard, it is more realistic
than the tight-binding model. However, the application of anti-
dot model is limited to artificial kagome superlattices and it is
not directly applicable to kagome materials and other artificial
kagome systems.

As discussed above, these two theoretical models are not
mathematically equivalent. The antidot model given by Eq. (8)
cannot be perfectly mapped to the nearest-neighboring tight-
binding model because electrons in the antidot model are not
bound firmly enough to the lattice sites shown in Fig. 3(a).
Such a mathematical inequivalence is the origin of the differ-
ences in the calculation results obtained using the two models.

5. Conclusion

In summary, we have performed a comprehensive study
on the band structures of a strained kagome lattice using both
a tight-binding model and an antidot model. Both the mod-
els predict a strain-induced horizontal shift of the Dirac cones
in the band structures. In addition, according to the antidot
model, when the lattice is subjected to a strong compressive
strain in y direction, the Dirac cones will merge and a band gap
will open between the two lowest energy bands. Furthermore,
in the kagome lattice stretched along y direction, the flat band
E ,9 is found to develop into a highly anisotropic shape, with
a partially flat region dispersionless along k, direction while
dispersive along k, direction. Our results pave the way for en-
gineering the electronic band structures of kagome materials
by mechanical strain.
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