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Thermoelectric properties of a topological insulator, monolayer HfC, are calculated using first-principles calculation,
which accounts for the two contributions from edge and bulk states. By applying strain up to 8% along the a axis, the
monolayer HfC shows the topological phase while it is in a non-topological state without strain. The figure of merit, Z7T,
for the topological phase becomes two-ordered magnitude larger (ZT ~ 2) because of larger electric conductivity than that
of the non-topological phase due to edge current. The total Seebeck coefficient S, and ZT have maximum values when the
chemical potential is located at the highest energy of the edge state. The peak of ZT comes from the fact that the product
of divergent S and quickly-decreasing electric conductivity above the highest energy of the edge state. We further optimize

S and ZT by changing the sample size and temperature.

Keywords: anomalous Seebeck effect, ab initio calculations, edge state, hafnium carbide, thermoelectric, Z;

topological insulator
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1. Introduction

A thermoelectric (TE) device that can directly convert
heat energy into electrical energy is evaluated by the dimen-
sionless figure of merit ZT = 65°T /(& + k), where k. and
ki are the thermal conductivity contributed by electrons and
phonons, respectively, T is the average temperature in de-
vice, o is the electrical conductivity, and S is the Seebeck
coefficient.!!] A higher ZT value leads to a larger TE efficiency
of the energy conversion, in which ZT around two at working
temperature is needed for practical applications.?! Since ZT
is proportional to the square of S, finding the material (usu-
ally semiconductor materials) with a large value of S while
still maintaining good o is important to the enhancement of
thermoelectric performance.

To obtain a large value of the Seebeck coefficient with
concomitant good electrical conductivity, several strategies
have been introduced, such as using narrow band-gap semi-

fCorresponding author. E-mail: nguyen.tuan.hung.e4@tohoku.ac.jp
fCorresponding author. E-mail: hhguo@alum.imr.ac.cn
$Corresponding author. E-mail: yanghaiteng@msn.com

CSTR: 32038.14.CPB.adbd17

conductors (0.5-1.0 eV) with multiple energy valleys (or so-
called band convergence),’>*! low-dimensional semiconduc-
tors with quantum confinement effect.>! In a semiconduc-
tor material, one finds a large Seebeck coefficient when the
chemical potential is located at the bottom of the conduction
band. But this is always accompanied by poor electrical con-
ductivity. In the case of topological material, however, the
edge states gives a large electrical conductivity compared with

U0 This situation modifies the

that of intrinsic semiconductor.
concept of thermoelectricity for topological phase. Here we
show in the case of topological material, the peak of Seebeck
coefficient appears at much higher energy from the bottom of
conduction band at which the nature of edge states start to dis-
appear.

A topological material, for example topological insula-
tor (TI), exhibits a bulk band gap and robust gapless edge
states with Dirac—Fermion-like linear dispersion.!! =14 There-
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fore, the TIs provide two different transport channels; one is
from the edge states and the other from the (conventional)
semiconducting bulk inner part, both of which could help to
obtain large S and high ¢.!">! Unlike a metal in which a gap-
less Dirac band has a very small S value due to the cancel-
lation effect from electron—hole contributions to the Seebeck
coefficient,[!%) the gapless edge states of the TIs have a large
S value with anomalous signs when the Fermi level is lo-
cated around the bulk band boundaries, the so-called anoma-
lous Seebeck effect (ASE).[!>] Among the previous theoreti-
cal studies,>!718] bulk and edge states were assumed to be
isolated in energy range, i.e., the edge states are mainly lo-
cated inside the bulk band gap. Thus, one can treat the scatter-
ing rates (or the relaxation time) separately for bulk and edge
states, which are usually taken as constant. However, this ap-
proximation may lead to a loss of information regarding the
interference between the bulk and edge states. For instance,
the band structure of TIs often exhibits overlap between the
bulk and edge bands.!'”! This interference effect on the TE
properties has not been well understood. On the other hand,
a direct comparison of TE properties between the trivial and
non-trivial topological phases in a single material is crucial for
gaining a better understanding of the topological-state-induced
TE enhancement. It has recently been predicted and reported
that the HfC monolayer has a strain-induced topological phase
transformation.>”) Moreover, its topological edge states have
an obvious overlap in energy with bulk states. Thus, HfC
monolayer is a good example not only to explore the mech-
anism of ASE but also to reveal the TE enhancement due to
topological phase transition.

In this work, the thermoelectric (TE) performance of the
two-dimensional topological insulator (2D TI) is investigated
in the HfC monolayer, which has both the trivial and non-
trivial TI phases. By using the dual-channel model, in which
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scattering rates are evaluated within the deformation poten-
tial theory, we discuss the optimized TE performance due to
the separate contributions of both the normal Seebeck effect
(NSE) and the ASE by the bulk and edge states, respectively.

2. Results and discussion
2.1. Electronic band structure

The HfC monolayer as a rectangle lattice has lattice con-
stants of @ = 3.78 A and b = 4.51 A with two carbon atoms and
two hafnium atoms in the unit cell, as illustrated in Fig. 1(a).
A vacuum layer in thickness of 20 A was used to avoid inter-
layer interaction. The study by Zhou et al.!*°! showed that
the HfC monolayer has a topological phase transition under
certain unidirectional strains. Thus, we selected two typical
atomic structures for comparison, one with zero strain and the
other with —8% strain along a direction. The —8% strain was
selected in this study due to the largest band gap (~ 0.1 eV)
for the topological phase of the HfC monolayer.>”! For veri-
fying the topological phase, we calculated the Wilson loop of
the Wannier centers of the strained structure, as represented
in Fig. A3 in Appendix A, which shows the Z, topological
characteristic. The fully relaxed structures exhibit dynamical
stability, as shown in Fig. A1, and can sustain temperatures up
to 1000 K.

Fig. 1. Lattice structure of monolayer hafnium carbide (HfC) with (a) top
view and (b) side view, in which the blue ball denotes the hafnium atom,
while the black ball denotes the carbon atom.
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Fig. 2. Electronic band structure of (a) topological trivial phase with Z, = 0 and (b) topological non-trivial phase with Z, = 1. The electronic
band structure with the density of states (DOS) in the ribbon phases in panels (c) and (d) corresponds to that in the bulk phases in panels (a)
and (b), respectively. In panel (d), the bulk and edge parts were marked in red and blue colors, respectively.
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The calculated electronic band structures of the HfC
monolayer under two strains are illustrated in Figs. 2(a) and
2(b). The result derived from the tight-binding model of the
WANNIER90 code fits well with the density functional the-
ory (DFT) calculation, as shown in Fig. A2. To manifest the
function of the edge states, we shifted our focus from a two-
dimensional (2D) monolayer to a one-dimensional (1D) HfC
nanoribbon. The calculated electronic band structures and
density of states (DOS) of both unstrained and unidirection-
ally strained ribbons are given in Figs. 2(c) and 2(d). The un-
strained 1D and 2D structures are both semiconducting with
an indirect band gap around 0.3 eV and Z, = 0 from Figs. 2(a)
and 2(c), while the strained structures in Figs. 2(b) and 2(d)
were confirmed to be Z, = 1 TI based on the calculated sur-
face DOS and the Wilson loop (shown in Fig. A2).

From the electronic band of the TI phase of the HfC
nanoribbon in Fig. 2(d), the topological edge states can also
be observed and are highlighted in blue in accordance with the
results of the surface DOS of the HfC monolayer in Fig. A2.
Compared with conventional boundary states with Dirac-type
linear dispersion relation,[!3! the edge states here possess sev-
eral energy valleys in the energy window of interest. These
edge band characteristics may induce additional semi-metal-
like Seebeck coefficient peaks. The electronic band and DOS
of the trivial phase of the HfC nanoribbon are also given in
Fig. 2(c) for comparisons.

To note that the topological edge state is denoted as e and
the bulk one denoted as b. The TI phase of the system has a
gapless band from —1.00 eV to 0.40 eV with coexisting e and
b states.

2.2. Transport and thermoelectric properties

First, we compare TE properties between the TI phase
(Z> = 1) and the trivial phase (Z; = 0), as demonstrated in
Fig. 3. For the trivial phase on the left-hand side of Fig. 3(a),
the system shows its characteristic of a narrow-band gap semi-
conductor, in which electrical conductivity has a V-shaped
For the TI phase on the right-hand side, the elec-
trical conductivity spectrum is no longer a V-shaped curve,

curve.

and a series of conductivity plateaus emerge. The relaxation
time of the systems is calculated via the deformation poten-
tial theory,”!! and more details are given in Appendix A2.
Although the relaxation time of the trivial phase at the bulk
boundary 7o, = 159.55/v/T and 7o, = 161.92/\/T (in the
unit of fs, where T denotes temperature) is higher by about an
order of magnitude than that of the bulk state in the TI phase
Tip = 7.45/ﬁ and T, = 21.19/ﬁ, the electrical conduc-
tivity o of TI phase is still much higher (by almost 3 orders of
magnitude) than that of trivial phase due to the high electron
mobility of topological edge states. High o usually comes
along with high electronic thermal conductivity k.. That is

why the TI phase has total thermal conductivity k (= k. + &)
dominated by electron contribution (k;), as seen from the sim-
ilar chemical potential yt dependence of k¥ as ¢ on the right
panel of Figs. 3(a) and 3(b). As a comparison, the total ther-
mal conductivity k of the trivial phase is dominated by phonon
contribution (kj), as seen from the chemical potential indepen-
dence of x on the left panel of Fig. 3(b). Ky plays different roles
in k of the two phases, which is directly seen from the calcu-
lated lattice thermal conductivity in Fig. A1(b). The TI phase
has a lower phonon lifetime (mainly due to stronger phonon
anharmonicity) than that of the trivial phase, resulting in a
much lower kj in the TI phase (i.e., Ky = 2.06 W-m 'K~ ! and
14.60 W-m~!.K~! for the TI and trivial phase, respectively, at
300 K). To note that, due to the large unit cell of the 1D HfC
nanoribbons, we here simply adopted the k; of the monolayer
HfC to evaluate the ZT value of the 1D HfC nanoribbons. In
this regard, we neglect the phonon boundary scattering for the
1D system, which may further reduce xj. Nevertheless, the
topological effects in the ZT optimization do not change since
ki is considered independent from other parameters S, o, and
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Fig. 3. TE properties of HfC nanoribbons. Chemical potential dependence of
(a) electrical conductivity o, (b) total thermal conductivity k, (c) Seebeck co-
efficient S, and (d) dimensionless figure of merit ZT of both topological trivial
phase (left) and non-trivial phase (right). Ribbon width and temperature were
set as 35 cells and 300 K, respectively.

Seebeck coefficients S are shown in Fig. 3(c). In compar-
ison with the trivial phase, which has an NSE, the optimized S
values of the n-type (¢ > 0) and p-type (i < 0) are opposite
in sign, the TI phase shows a characteristic of ASE that the

057301-3
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optimized S values have the same positive sign. We highlight
the two pronounced S peaks on the right panel as the inner
and outer peaks. The S peak around 0.0 eV of u is denoted as
the ‘inner peak’, which is inside the energy band of the edge
states, the other peak around 0.4 eV as the ‘outer peak’, which
lies at the band boundary of the edge states. It is worth empha-
sizing here that the S peaks of both TI and trivial phases share
the same large magnitude, albeit from different origins. This is
especially significant for the TI phase, which has concomitant
decent electrical conductivity. As a result, the ZT peak values
of the TI phase are higher by two to three orders of magnitude
than that of the trivial phase, as shown in Fig. 3(d).

Next, we focus on how the ASE of the TI phase affects the
TE properties of the HfC nanoribbons. It is essential to inves-
tigate separately the contributions of the edge and bulk states
to the TE properties. The electrical conductivity and the See-
beck coefficient of the system are given by ¢ = ¢, + 6}, and
S = (Se0e + Sv0b)/ 0, see Appendix A3 for detail of the dual-
channel model. In Fig. 4(a), we plot the contribution of bulk
and edge states to the electrical conductivity, o, as a function
of chemical potential (. For the case where (i < Epoyn, the
edge states overlap with the bulk states, including the band
gap, o is dominated by the edge states. For the case where
U > Epoun, that is, beyond the topological edge states, the bulk
states take over the dominant role in contributing to the rele-
vant property. Likewise, thermal conductivity k in Fig. 4(b),
mainly arising from carriers, shows a similar behavior.
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Fig. 4. (a)-(d) TE properties containing both edge and bulk components of
topological non-trivial phase with ribbon width N = 35 cells at 300 K (N
is the number of atoms). (a) The conductivity, (b) the thermal conductivity,
(c) the Seebeck coefficient, (d) the ZT value.

ASE can be illustrated more clearly from both the sepa-
rated and combined Seebeck coefficients as given in Fig. 4(c).
For u < Epoun, though the bulk Seebeck coefficients Sy, is rel-
atively large, the total Seebeck coefficient S (the purple solid
line) is almost equal to its edge counterpart Se (the blue dashed
line) due to the dominating electrical conductivity of the edge
states, according to Eq. (A10). In this region, the Seebeck

peaks occur at the valley of edge states (4 = —0.03 eV and
+0.08 eV), indicating the ASE characteristics. For 4 > Epoun,
Se monotonically increases with increasing u, which fits well
with the single-band model.!®) The compromise between the
diverging S, and the disappearing o, with increasing u, gives
rise to one more ASE or a pronounced § peak around 0.5 eV.
With o, k, and S at hand in Figs. 4(a)-4(c), respectively, the
total ZT is obtained and shown in Fig. 4(d). ZT exhibits the
first peak (outer) at 4 = 0.5 eV and the second peak (inner) at
U = —0.1eV. The highest ZT value (~ 2.3) of the outer peak
reveals the remarkable improvement of TE performance upon
the bulk states by the ASE due to the topological edge states.

2.3. Size and temperature effects on thermoelectric prop-
erties

To further substantiate the TE performance augmented by
topological states, the size effect, as one important factor prov-
ing the robustness of the TI properties, should be explored.
HfC nanoribbons with ribbon width L varying from 56.72 A to
132.27 A were studied, and results are given in Fig. 5. As dis-
cussed above, the TI phase has a conductivity platform within
the bulk gap derived by topological edge states, making it sig-
nificantly different from the trivial phase, which has a conduc-
tivity valley in the band gap that dominates the evolution of
Seebeck peaks. Thus, the dependence of Seebeck peaks on L
is an important aspect that will help unveil the contribution of
the edge states to S.
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Fig. 5. Size dependence of TE performance: (a) S and (c) ZT of topological
non-trivial phase as a function of u and size 1/L. The right panels of (a) and
(c) are the maximal values of S and ZT for both inner and outer peaks, as
defined by dashed lines on the left panel. (b) The weight of the edge and bulk
states contributed to electrical conductivity and Seebeck coefficient for the
outer peak (op). Here 6% = o;F + 0,7, S = (SF 6 + SyP 6,7 ) /0P
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As shown in Fig. 5(a), the peak position (chemical po-
tential i) of S of both inner (ip) and outer peaks (op) remains
unchanged when changing L. But the maximum value Sy,x
of the outer peak increases with decreasing L, while the Spax
of the inner peak is independent of L and shows its stability
(Smax ~ 85 uwV/K). This can be attributed to their different
origins, i.e., the inner peak arises dominantly from the topo-
logical edge states, while the outer peak results from the inter-
play of edge and bulk states. Equation (A10) in Appendix A
shows that the contribution weight of both edge and bulk states
to Seebeck coefficient S can be determined by their electrical
conductivity ¢. Now, for the outer Seebeck peak, the weight
of the edge states, as evaluated by the ratio of the edge conduc-
tivity 0" to total conductivity 6P as given on the left panel of
Fig. 5(b), increases with decreasing L. Therefore, the weight
of edge states contributed to the total S shall increase, as shown
on the right panel of Fig. 5(b). In Fig. 5(c), ZT and ZT},x as
a function of u and L at 300 K, respectively, show the similar
behavior of S.
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Temperature effects on the TE properties of the TI phase
are also investigated. S and ZT of HfC nanoribbons are cal-
culated as a function of the temperatures 7" and chemical po-
tential u, as shown in Figs. 6(a) and 6(b). The response to
thermal fluctuation of the TI phase is somewhat complicated
due to the existence of topological edge states. It can be ana-
lyzed from three aspects: peak position, peak value, and peak
shape. The first is the peak position. As temperature increases,
the outer peak tends to shift away from edge states while the
inner peak hardly shifts. As for peak value, despite a slight fall
below 400 K, the outer peak tends to grow with temperature,
while the inner peak rises and falls as temperature increases.
This is partly due to the decreasing trend of S, 0y, as tempera-
ture increases. Regarding peak shape, both the inner and outer
peaks show thermal broadening, which is similar to the nor-
mal Seebeck effect. As shown on the right side of Fig. 6, ZT
of the TI phase shows similar behavior to that of the Seebeck
coefficient, except that the ZT outer peak keeps going up with
increasing temperature, largely because of the persistent drop-
ping of phonon conductivity with temperature.

X
~
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%
2.4t
§ Tinner max = 380 K
1.5¢ -ll ________ Inner
0.3F T T L]

3
1. . .
300 400 600 800 1000

T (K)

Fig. 6. Peak evolution of (a) S and (b) ZT of topological non-trivial phases under the change of temperature 7 and chemical potential p. The
left-hand side shows peak positions, while the right-hand side shows peak values.

3. Conclusion

The TE properties of the HfC monolayer are investigated
by the first-principles calculations and analytical approach.
Our results reveal that the ASE in the HfC monolayer can sig-
nificantly improve the TE performance by at least one order
of magnitude when HfC is transformed from the trivial phase
to the Z, TI phase by strain. The ASE of the Z, TI phase
is found to give two main peaks of the Seebeck coefficient.
The first peak (or inner peak) has Spax up to ~ 100 pV/K and

is independent of the width L of the HfC nanoribbon. The
second peak (or outer peak) is the result of competition be-
tween bulk and edge states. Thus, the outer peak has Spax up
to ~ 290 nV/K and sensitively dependent on the width L and
temperature 7. As a consequence, L and 7T can be used to
optimize the ZT value (up to 2-3) at the outer peak. Further-
more, we also calculate the lattice thermal conductivity kj of
two phases in HfC. xj of the Z, TI phase is much lower than
that of the trivial phase, leading to further enhancement of the
thermoelectric properties of the Z, TI phase.
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Appendix A. Calculations

Al. Electronic band structure and topological property
calculations

The electronic band structure of the HfC monolayer was
calculated based on density functional theory (DFT) as imple-
mented in the Vienna ab initio simulation package (VASP).[>?]
Projector augmented wave (PAW) pseudopotentials with a
plane-wave cutoff energy of 500 eV were used to describe
electron—ion interaction.!”?) We used the Perdew—Burke—
Ernzerhof (PBE) form of the exchange—correlation functional
in the generalized gradient approximation (GGA).**! Two
types of self-consistent DFT calculations were performed in
this work, namely, standard self-consistent field (SCF) calcu-
lation with k-mesh of 102 A~ and high-accuracy SCF cal-
culation with k-mesh of 5x10~3 A~
pling (SOC)[?! was fully accounted for in the electronic cal-

. The spin—orbit cou-

culation. To investigate topological edge-state properties, the
WANNIER90 code!?®! was used to obtain the effective tight-
binding Hamiltonian. Electronic transport properties of the
material were calculated by solving the semi-classical Boltz-
mann transport equation!”’! with more details given in Ap-
pendix A2.

A2. Electrical transport and thermoelectric properties cal-
culation

By solving the linearized Boltzmann equations within the
relaxation time approximation, the electrical conductivity o,
electronic thermal conductivity k., and Seebeck coefficient S,
are given by!!!

% = 2KIP (A1)
afy2
af l af (K] )
K= (K2 ) (A2)
ap
sop — _Ki (A3)
eTKP’
0

respectively, where a, B (= x,y,z) is the direction of electri-
cal transport, K’ B (n=0, 1, 2) is a general transport integral,
which is defined as

_dfr
K% = / *B(E —u)" dE,
n GHE-W"( —5¢
where E is the energy of electron, u is the chemical potential,

fe= [e(Efu)/kBT +1]”
tion, and G is the transport distribution function, and in the

(A4)

1. C .
is the Fermi—Dirac distribution func-

band theory is given by

1
G = 5 L vl b (E — Ei). (AS5)
ik
where V is the unit-cell volume, 7; is the relaxation time,
v = h19E; 1 /dkq is the group velocity, k is the wavevec-

tor, and i is the band index of electron.

Table Al. Coefficients of 1D ribbons at the bulk band edges within the
relaxation time approximation.

Z> Tp\ﬁ TWVT ms my, Ep En
(fs- K2 (fs-KY2)  (me)  (me) (V) (V)

0 159.55 161.92 0.22 0.09 6.84 8.39

1 7.45 21.19 091 0.69 22.15 14.04

In order to take topological edge states into considera-

0281

tion, the dual scattering time (DST) mode is adopted for

TIs, and the transport integral can be written as

Ky?ﬁ = Ky?ﬁ (Tbulk) + K,?ﬁ (Tedge)y (A6)

in which Ty (edge) denotes the relaxation time of bulk (edge)
states. Taking constant relaxation time approximation, we can
calculate the relaxation time of the system via the deforma-
tion potential (DP) theory,?! in which the relaxation time of

a one-dimensional system can be calculated by!>°!

\/;\/W

where p (n) refers to the p-type (n-type) of the carrier, C =

(AT)

12 ‘; 9°E is the 1D strain modulus, where u = Al /I is strain along
the periodic direction, ml*)(n) is the effective mass of p-type (or
n-type) carrier, Z,y,) = JdEp,)/du is the deformation poten-
tial, where Ej, ;) is the energy value of band edge of either the
conduction band minimum (CBM) or the valence band maxi-
mum (VBM) with respect to the vacuum level.

Note that equation (A7) works properly only in the vicin-
ity of the band edge (for example, near VBM or CBM). More-
over, to further explore the transport properties with the topo-
logical edge states involved, it is not proper anymore to con-
sider chemical potential-independent constant relaxation time
7. Recently, a method, that was successfully applied to the

investigation of nodal-line semimetal, [30,31]

considers the de-
pendence of relaxation time on the density of states (DOS) and

has the relaxation time expressed as

Spn)
Dp(n) (E) ’

represent the DOS and an energy-

o(n) (E) = (A8)
where Dy (E) and Gy
independent constant of the p-type (or n-type) carrier, respec-
tively. {y(n) is to be determined at VBM or CBM by Eq. (A7).
In our case, {1y = 1.89 x 10713 (2.62 x 107 1?) s/eV and
Gao(1) = 7.87 x 10713(8.86 x 107'4) s/eV, with ‘0’ and ‘1’
representing the unstrained and strained structures with the
Z, topological invariant of 0 and 1, respectively. The relax-
ation time of the topological edge state is expected to be much
higher than that of the bulk state, for example, Tegge = 100 Ty,
which works at band edges for most of TIs.3234 Here, we
consequently adopt Tegge = 1007Tpui at the band edge of the
bulk states throughout this work.
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A3. Dual-channel model

The electrical conductivity of ASE in TIs can be de-
scribed via a dual-channel model with one channel for edge
states and another for bulk states, according to Eqgs. (A6) and
(A1), the total conductivity is given by

0 = 0. + Oy, (A9)

and thus, according to Eq. (A3), the total Seebeck coefficient

can be given by!!3)

_ Se0e + Sp0p
O¢ + Op

S (A10)

where S,y and o) denote the Seebeck coefficient and elec-
trical conductivity of edge (bulk) states, respectively. In the
relaxation time approximation (RTA), the two channels were
distinguished by applying different relaxation time on them,
which is called the dual scattering time (DST) model.!'>! By
using the tight-binding method, Gaffar et al.!'”) calculated S of
bismuthene, and they found the ASE in the topological phase
of bismuthene that leads to enhancement of the ZT value. The
ASE has also been observed in an experiment in 2D TI ultra-
thin Bi, Tes film.[33-30]

Ad. Phonon dispersion relation, thermal conductivity, and
topological band properties

The phonon band structure and its transport property of
the system were investigated based on DFT and Boltzmann
transport theory, as shown in Fig. A1l. Phonon dispersion re-
lation was calculated with the finite displacement method as
implemented in the PHONOPY code.*”] 5 x 5 x 1 supercell
was selected with radius cut-off of 5 A. The lattice thermal
conductivity kj, which is usually evaluated by the phonon
lifetime, was self-consistently calculated in the ShengBTE
package.!3® The second-order harmonic inter-atomic force
constants (IFCs) were calculated by the PHONOPY package,
and the third-order anharmonic IFCs were evaluated by using
a5 x5 x 1 supercell and up to the fifth-nearest neighbors con-

sidered by ShengBTE.
1000 25
800 =) ~
g NS A
600 i " =15
g I | Trivial
£ 400 RS X 1o
3 5
200 — I
< Topological
R i —
r Y s X T 906200 600 800 1000
T (K)

Fig. Al. (a) The phonon spectrum of HfC monolayer, with no negative fre-
quencies for the original structure, ensuring dynamical stability of the system,
despite there are some states with minute negative frequencies exist in the
strained case, it is acceptable for lattice dynamical analyzing. (b) The lattice
thermal conductivity of HfC monolayer, showing a decreasing tendency as
temperature increases.

The electron band structure of tight-binding Wannier
Hamiltonian fits well with DFT result, as shown in the fol-

lowing Fig. A2.

Zy=0 Zy=1
(a) 1.0 &/ \/ \
—~ Strain
% 0.5 L bET
: ----- Wannier
LS 0 Strain = —8% 1
L‘I‘J Along|a
——0.5 \
—1.0
X r Y S r Y S r

Fig. A2. DFT calculated band structure (red lines) and corresponding results
obtained from a TB model (blue dot-dash lines), showing a nice goodness
of fit around Fermi level. Panels (a) and (b) for trivial phase and TI phase,
respectively. From which one can verify the reliability of the TB model.

By using Wanniertools, we confirmed the topological
property and the edge states of the strained HfC, as shown in
Fig. A3.

SDOS
0.6 0.5
(b)
5
L
~ &
5 0o 20
| 5=}
8
i
—0.6 —0.5 —-0.5
X 0 0.5

ky (2m)

Fig. A3. (a) The edge density of states of HfC Z, topological phase under
the open boundary condition, (b) the Wilson loop of Wannier centers of HfC
monolayer under strain of —8% along a direction, the evolution lines cross
the reference line an odd number of times in the k; = O plane, indicating the
nontrivial Z, topological property of the system.

AS. Elastic stability and thermodynamic stability

To further verify the stability of the HfC monolayer, we
introduced an elastic stability analyze. For a 2D orthorhombic
lattice, the stiffness matrix can be given as follows:

Cni Ci2 Ci3
- Cn G
- Cs3
c= , All
Cu (A11)
Css
Ce6
where Cyy = VLO c?u(figw is the elastic tensor. To meet the nec-
essary and sufficient Born criteria, one will have?"!
Ci1 >0, C1iCn>Ci?,
C11C0C33 +2C12C13C3 > C11Cas? + CnCi3? + C33C102,
Ci4 >0, Cs55>0, Cg >0. (A12)

Here, in the HfC monolayer case, C;; = 44.840 GPa,
C22 =102.922 GPa, C33 = 3.145 GPa, C12 = 14.106 GPa,
C13 =7.553 GPa, Cy3 = 3.264 GPa, C44 = 4.362 GPa, Cs5 =
5.018 GPa, Cgg = 29.356 GPa, which satisfies the necessary
and sufficient Born criteria.
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Despite the thermodynamic stability has already been in-
vestigated in previous work, we supplement the energy evolu-
tion of the ab initio molecular dynamics (AIMD) simulation of
both original structure and the structure under strain, as shown
in Fig. A4, the snapshot of the structures at different phases
of AIMD simulation is demonstrated in Fig. AS. The chosen
ensemble is the NVT ensemble, the time span is set as 5 ps.

10
300 K (a)

5 gg; 4

A .
NAANAAS A

L Hief ] "o ]
lig JFifih Al A
g‘l'ﬂh‘l‘l"\f' \fﬁv"v' l'\i“‘" VA

(E—Er) (eV)

-5 Vr, Original
f Origina @%&m & ﬂt&%&%
-1 T 2 3 4 5 T2 3 4 5
t (ps) t (ps)

Fig. A4. The energy evolution during AIMD: (a) under the temperature of
300 K and (b) under the temperature of 600 K, with Ey = —595 eV.

Here we make a brief discussion on preparing HfC mono-
layer material in experiment. First, the intrinsic HfC mono-
layer exhibits a phonon spectrum with no obvious negative in
Fig. Al. Second, although some small negative frequency ap-
pears in the out-of-plane flexual mode under —8% strain, it can
be easily suppressed by lattice anharmonicity at high working
temperature. Third, the atomic structure can remain intact up
to 600 K for as long as a few picoseconds, as shown in Figs. A4
and A5, indicating that the monolayer structure is thermody-
namically and dynamically stable and can be prepared in ex-

periment.
0100
0<4-0+404+0
(a) *Oﬁi@iﬁ
L e W R
O
0404040 o0
ro19+94 RS89N
0404040
Lololod % S0000s!
Original 600 K O+0+010
+01-0+0
0+4-0+040
Lobodo04d
0—+-0-+-0-
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401910
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Fig. AS. The snapshot of the initial structures on the left-hand side, and
the final structures at 5 ps of AIMD simulation on the right: (a) for the
original case and (b) for the strained case.
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