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SPECIAL TOPIC — Valleytronics
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Valley Nernst effect is a newly proposed and experimentally confirmed effect, which could be used to design novel
thermoelectric devices. We study the valley Nernst effect in (M + N)-layer twisted multilayer graphene systems by a simple
low-energy effective model. It is found that the total valley Nernst coefficient (VNC) is three orders of magnitude larger
than that in monolayer group-VI dichalcogenides. The total VNC increases with the increase of layer numbers. It is shown
that the total VNC exhibits a structure with three peaks as a function of the Fermi energy. We identify that the central peak
is always negative stemming from the flat band. Two shoulder peaks are positively induced by the conduction and valence
bands, respectively. These predicted features can be tested experimentally. The present work would shed more light on
valley caloritronics.

Keywords: valley Nernst effect, twisted multilayer graphene

PACS: 71.28.+d, 72.80.Vp

1. Introduction

Thermoelectric power generation (TPG) is a powerful and
ecological technique to generate electricity from waste or envi-
ronmental heat by directly converting thermal energy to elec-
tric energy without any mechanical and chemical mediations.
The conventional way of TPG is to utilize the Seebeck effect,
which is a longitudinal effect describing an establishing elec-
tric field parallel to the applied temperature gradient. How-
ever, it is still a challenge to improve the dimensionless figure
of merit ZT for getting a high energy conversion efficiency.
On the other hand, a different pathway to realize high effi-
ciency of the TPG via the anomalous Nernst effect has been
emerging.!?! Compared to the Seebeck-effect-based TPG,
the Nernst-effect-based TPG has a few advantages. Firstly,
it can be applied to large size heat sources by making lat-
eral thermopiles rather than the perpendicular thermopiles for
the Seebeck-effect-based TPG. Secondly, the thermoelectric
conversion for the Nernst-effect-based TPG can be related to
the thermal conductivity (k) and electric conductivity (o,y)
which are along or perpendicular to the temperature gradient
(assume to be in x direction), respectively. It is well known that
the Seebeck-effect-based TPG involves thermal conductivity
(K and electric conductivity (0y,) which are both along the
direction of temperature gradient. However, the Wiedemann—
Franz law tells us that k;,/0y, = LT, where L is the Lorentz
number. Thus, the thermal conductivity and electric conduc-
tivity may not be tuned independently in the Seebeck-effect-
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based TPG. But they are not suffered the regulation from the
Wiedemann—Franz law in the Nernst-effect-based TPG, be-
cause they are not in the same direction. This may provide us
an extra freedom to tune the performance of the corresponding
devices.!¥) Therefore, this Nernst-effect-based TPG has great
potential applications. The present challenge is that the Nernst
coefficient is small in usual materials. For example, it is about
1 wV/K for FePt with a high uniaxial magnetic anisotropy.[*!
This value is quite small so that it may not be used in real-
istic applications easily. Since the anomalous Nernst effect
is closely determined by Berry curvature of Bloch bands in
momentum space for its intrinsic mechanism, a higher Nernst
coefficient may be achieved in materials with nontrivial topo-
logical properties. Recently, valley Nernst effect (VNE) has
been proposed in monolayer group-VI dichalcogenides!>! and
tested in experiment.[®! The VNE describes that charges from
each valley make contribution to the anomalous Nernst coeffi-
cient due to nonvanishing Berry curvature in the valley. In the
presence of time-reversal symmetry, different valleys possess
opposite Berry curvatures leading to Nernst currents in the op-
posite directions. Therefore, the total Nernst coefficient from
the two valleys is zero. If the valley degeneracy can be lifted,
for example by straining the entire system, only one valley
participates in the Nernst current, a nonzero total Nernst coef-
ficient can be measured due to the single-valley-contribution
which is a few orders of magnitude larger than that in NiFe
in experiment.[®! Therefore, the VNE exhibits great potential
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in TPG. This inspires us to seek for materials with even larger
valley Nernst coefficient. We will show that the VNE is en-
hanced dramatically in twisted multilayer graphene (TMG).
Twisted bilayer graphene (TBG) has attracted much
attention after the observation of the correlated insulat-
ing phases!”~'! and unconventional superconductivity.>-1%13]
The low-energy physics of twisted graphene systems are
characterized by flat bands!!*!l around the “magic an-
gles”. The magic angle systems extend fast from TBG
to twisted trilayer graphene,'®2!l twisted double bilayer

22-27]

graphene! and twisted multilayer graphene[?®?°! in

theoretical and experimental aspects. Experimentally,
many strong correlated physics including Mott insulator,
unconventional superconductivity, nematicity,?34! strange
metal,3>3%] and ferromagnetism®37~*!1 were found in twisted

e. [42-46

bilayer graphen | Theoretically, many low-energy ef-

fective models, such as tight-binding model, 84711 effec-
tive Wannier tight-binding model,’>°! density functional

1,160-621 and effective continuum modell!415:63.641 were

mode
proposed to describe generic TBG systems. Based on these
models, many theories have been proposed to calculate the
property of twisted graphene systems and mainly to figure
out the electronic structures,1655-58.65-701 (he strong corre-

41.4246.70-82] and the mechanism of unconven-

63,75,77,78,80,83-88]

lated phases!
tional superconductivity.!

In addition, topology, which is currently one of the key
topics in condensed physics, also finds its importance in
twisted electronics. Experimentally, the observation of hys-
teresis loops and chiral edge current of the TBG,* and
more importantly, the observation of well-quantized resis-
tance of the hBN-aligned TBG*! demonstrates the ex-
istence of quantized anomalous Hall (QAH) state,[*!%] the
topological phase, in twisted electronics. Theoretically, it
was shown that the four low energy flat bands of twisted bi-

layer graphene have nontrivial topology,6%-°]

24,58,69

more accurately
the fragile topology,! 1 because of their odd windings
of Wilson loops.[>7891] The nontrivial topology of twisted
bilayer graphene!®?! is believed to originate from the equiv-
alence between the four flat bands and the zeroth pseudo-
Landau level with opposite Chern numbers and sublattice
polarizations.!”3%3 Also in TMG with N-layer graphene be-
ing placed with a twisted angle on M-layer graphene as shown
in Fig. 1, two low energy flat bands for each valley exist.
Moreover, Chern-number hierarchy in the (M + N)-layer TMG

(291 The quantum valley Hall effect, or-

34,43

system was found.
bital magnetism, and anomalous Hall effect! I are believed
to exist in the TMG. Furthermore, the valleytronics in two-
dimensional materials based on manipulating the valley in-

e.9+%1 Motivated by these works,

dex is of great importanc
we study the anomalous valley Nernst effect of (M + N)-layer

TMG systems. We find that the anomalous valley Nernst coef-

ficient shows interesting and rich features with layer numbers,

chirality, and temperature, especially for the flat bands.

2. Model and method

We study the (M + N)-layer TMG with the M-layer chi-
rally stacked (the ABC stacking) graphene being placed on
top of the other N-layer chirally stacked graphene. And the
M-layer part is twisted by a nonvanishing angle 6 with the
other N-layer part, as schematically shown in Fig. 1(a) (for the
case of M =2, N = 2). The twisted angle obeys a relation
cos 8(m) = (3m>+3m+1/2)/(3m® +3m+1),[>”) where m is
a positive integer. In the TMG system, the unit cell for un-
twisted systems becomes now a moiré supercell for moiré su-
perlattice so that the Brillouin zone (BZ) of the moiré supercell
has been significantly reduced compared with those of the un-
twisted multilayers, as shown in Fig. 1(d). We study a model
that describes the behavior of the system at the first magic an-
gle of TBG 6 = 1.05°.1>1 Specifically, from the perspective of
the pseudo-Landau levels, in a multilayer system with chiral-
ity, almost flat pseudo-Landau levels of opposite Chern num-
bers will be generated. The two flat bands are pinned to zero
energy and remain almost flat even after being coupled with
other layers in the TMG systems as long as the chiral sym-
metry is preserved.?>%81 On this basis, we can construct the
Hamiltonian by dividing the (M + N)-layer TMG system into
three subsystems with the TBG as the interface of TMG, the
(M — 1) layers below the TBG, and the (N — 1) layers above
the TBG, as schematically shown in Fig. 1(c). Here we con-
sider the K valley (Fig. 1(d)) only, and the effective Hamilto-
nian at K’ valley can be obtained by applying a time reversal
operation to that at the K valley.

We take a part of the system (three-layer graphene) shown
in Fig. 1(e) as an example to explain the charality. The +
stacking chirality means that the B; sublattice of the upper
layer is strongly coupled with the A, sublattice of the middle
layer, forming pairs of bounding and antibounding states. And
the B, sublattice of the middle layer is strongly coupled with
the A3 sublattice of the lower layer. For the schematic three-
layer case in Fig. 1(e), the A| sublattice of the upper layer and
the B3 sublattice of the lower layer are left as two low-energy
degrees of freedom. Similarly, the — stacking chirality has the
reversed A and B sublattice of the upper and lower layers as
the two low-energy degrees of freedom. Thus, the low-energy
effective Hamiltonian of the (M — 1)-layer graphene around
the K valley can be obtained by (M — 1)-th order perturbation

[100

theory, 191 which gives

H%(M—1)
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[AVR (ky + i 0ty )M !

0

= (-2 i ,
ok, — k)1
M-2 0
r

M

where ¢, is the interlayer hopping within the (M — 1)-layer
part and o = = is the stacking chirality associated with the M
layers.

Moiré BZ

The low-energy effective degrees of freedom of the TBG
at the interface around the K valley are two flat bands which
are pinned to zero energy. So the corresponding low-energy
effective Hamiltonian reads

@

Hrpg = <el(k) 0 ):

0 & (k)
where € (k) = &(k) =0.

(c)

t1
T Interface

e TMG
d

to

(M—1) layers

Fig. 1. (a) Structure of the twisted multilayer graphene with M =2 and N = 2. (b) Moiré pattern of the twisted multilayer graphene, seen
from the top. The two black arrows denote the lattice vectors of the moiré supercell. (c) A schematic illustration of the TMG system. (d) The
Brillouin zones of the top N multilayers, bottom M multilayers, and the moiré supercell are plotted in red, blue, and black lines, respectively.
Ky and K}, are top N multiplayers graphene valleys. Ky and K}, are bottom M multilayers graphene valleys.[?) (e) The ABC stacking with
“+4” chirality in graphene multilayers. The vertical lines are coupling between different layers. In “+” stacking chirality sublattices BjA, and
BAj3 are strongly coupled leaving A and B3 as two low-energy degrees of freedom. The “~” stacking chirality is obtained when reversing the

@

sublattices A and B in the above sequence. This means for
Aj as two low-energy degrees of freedom.

Now we consider the coupling between the flat bands of
the TBG and the (M — 1)-layer part. If the stacking chirality
is + as that in Fig. 1(e), the degree of freedom from the A sub-
lattice (for example the A1) of the upper-most atomic layer of
the (M — 1)-layer part is coupled to one of the two flat bands.
After including this coupling between (M — 1)-layer part and
the flat bands from the interface TBG, the low-energy effec-
tive Hamiltonian around the moiré K point (contributed by
the M-layer part) is now

HY%(M—1) hg

HiG (k) = hiy Hrtpg

3)

where h¢, is the effective coupling with

00
he = (teff 0> @

and h_ = hi Here f.f is the low-energy effective coupling
parameter between the states of the (M — 1)-layer graphene
and the flat bands from the interface TBG. Inserting Eqgs. (1),

stacking chirality sublattices A|B,, AyB3 are strongly coupled leaving By and

(2), and (4) into Eq. (3), we obtain the low-energy effective
Hamiltonian around the moiré K point

(ky +i0thy )M~1

0 0
my—1

Hg (k)= | (ke+icthky,)"! O

—_ 0 feff

mpyr—1
0 teff 0
where
thl

1 (6)

my—1 = 2 (o) T
Similarly, the low-energy effective Hamiltonian around the
moiré K] point is

(ky +i0ky)V 1

0 =Yt
, my—|
Hg (k)= | (ke +ia'k,)V! 0 N (7
my—1
teff 0 0

where o = = is the stacking chirality of the N layers and
my_1 is given by Eq. (6). Here we should point out that the
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twisted angle 6 doesn’t enter into the Hamiltonian directly. It
gives rise to redefinition of the momentum in the first BZ from
the moiré supercell. The moiré effects in these equations are
embodied in the two flat bands. The interlayer coupling pa-
rameter f.g basically contains the effect of the twisted angle.
However we treat it as a fitting parameter and the entire study
is valid at the first magic angle, i.e., 8 = 1.05°. We can solve
Egs. (5) and (7) analytically. The eigenenergies of Eq. (5) are
expressed as

K2M =2

eleM—1)=— [——+ | tesr |2,
Myr—1

&K :07

eM—2
&M —1) = | ——+ | ferr |*. (®)
Myr—1

The eigenenergies of Eq. (7) have the same expression but with
(M — 1) replaced by (N —1). The eigenstates of Hg (k) are
expressed as

moty _ ((ketiak)"™ 1 Tef '
ik ) = <v6ng|k|>’ vi’véng|kD) ’

0 = arctan(ky/k,). The eigenstates of H IO(‘// (k) are expressed

Mol feffeiaek(M_l) |k3 ‘M—l T
|l112k > = 707 ’
eu—1(lkl) " em-1(l k1)
ey ((kariozky)M‘l 1 Fege )T o)
* V2gu-1(lk|) V2 V2gu (k)

as

vty (1 (ke—ialk)V! et !
i >_( V2 V2gn-i([ k) ’\ﬁgzv—1(k|)> 7

o T
N1 feffe—ux 6,(N—1) |k |N—1
|'y2k, >: 077 ’ 5
env-1(l k) "ev-1(lk])
. _ . T
I%ﬁvz(lf“ﬂmei et ).am
V2 V2gni(lk|) " V2gn-i( k)

The Berry curvature!'%!! is determined by Q,;(M) = 2-V}, x
<‘I;f‘,’£‘1|ivk|‘fjf,’i_l> for 2D materials,where V;, means direc-

tional derivatives with respect to the momentum k, and ¥¥ !

is the periodic part of the Bloch function. For the low-energy
effective Hamiltonian around the moiré K; point described by
Eq. (5), the Berry curvatures of conduction band (subscript
index 1), flat band (subscript index 2) and valence band (sub-
script index 3) are respectively given by

—a(M _ 1)2k2M74

(tegrmag—1)? + k22
o(M — 1)2k*M =6

[(tetimpr—1)? + k2M=2]2"

Quu(k) = Qu(k) =

2(X(l‘efme,1)2(M — 1)2k2M_4
[(tetrmpr—1)? + kM —2]2

Similarly, for the low-energy effective Hamiltonian around the

Qou(k) = an

moiré K point described by Eq. (7), the Berry curvatures of
conduction band (subscript index 1), flat band (subscript in-
dex 2) and valence band (subscript index 3) are derived as

(X/(N— 1)2k2N74
(termy—1)? +k?N=2
—a/ (N —1)%,N-6
[(terrmn—1)? + k2N=2]27
—20 (tegmy—1)>(N — 1)2k2N—4
[(tefrmy—1)* +K2N=2)2

When a temperature gradient is applied, an electric field de-

Qin(k) = Qn(k) =

Qon(k) =

12)

velops in the opposite direction because of the Seebeck effect.
Besides the parallel effect, in the presence of the tempera-
ture gradient, the electrons experience a Lorentz-like force and
thus move in the direction perpendicular to the diffusion cur-
rent, which is the anomalous Nernst coefficient effect (ANE)
induced by the intrinsic nonvanishing Berry curvature. This
is also the intrinsic mechanism contributing to the anomalous
Hall resistivity.[91:192] Thus, the velocity multiplied by the en-
tropy density gives rise to the anomalous Nernst coefficient
(ANC)P! around moiré K and moiré K, points

- d%k
BMM _ 4zp, | / WQ,,M(m(k)SnM(N)(k), (13)

where n = 1,2, 3 represent the conduction band, flat band, and
valence band, respectively. Py = (ekp/2h), e is the electron
charge, h is the Planck constant, S,y (k) = — fume In fupe —
(1 = fumr) In(1 — fupg) (Boltzmann constant kg has been ab-
sorbed in fBy) is the entropy density for moiré K point and
n-band, and fypx is the Fermi distribution function. The en-
tropy density develops a peak when the eigenenergies match
the chemical potentials i, and is essentially zero when the en-
ergy is beyond the range of [ — SkgT, 1 + 5kgT]. The inte-
gration is performed over the neighborhood of moiré K; (K})
point in the momentum space. (k) and S,y (k) can be
expressed as functions of the modulus of the wave vector k.
For the flat bands, we make the integration in the entire moiré
Brillioun zone:

d%k
ﬁémN) = 4”30/W-QzM(N)(k)SzM(N)(k)a (14)

where k takes values in the entire moiré Brillioun zone. For
the conduction and valence bands, we can use the Debye
model, 1931041 namely, the integration is taken in a circular
region centered at moiré K (K}) point and the area is equal
to the half of the first moiré Brillouin zone for moiré K; (K})
point. Thus, Eq. (13) can be written as

ke
BN — 2B, /o Qumvy (k) Suna(vy (k)kdk, 15)
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N B N
Fhal2sin(6)2)] and n = 1,3. Here we call f3;

(ﬁ,{v ) the one band VNC. The valley Nernst coefficient (VNC)
around moiré point K, and point K are, respectively,

where k. =

YN — ) 1 g g, (16)

For brevity, we call ¥ (BV) the one moiré point VNC.
The total VNC is composed of the contributions of all
crystals, i.e., By = BM + BV, we have
d’k
Br = 4mpo | 3 19w (4)Sow () + ow (k) Sax ()]
ke
+2/30/0 kdk[ Q11 (K)S1aa (k) + Qo (K) S (k)

+€Q30 (k) Sam (k) + Q23w (k) S3w (k)] (17)

The total flat band VNC is given by fr = B3 + B, so we have
d’k
e — 4o | (a7 (oIS (k) + Qo (RS2 (K] (18)

The VNC from the conduction and valence bands is then
Bcv = Br — Br- (19)

For brevity, we call Bcy as the conduction-valence band VNC.

1.6 1

Bev VNC (10%8)

Bt VNC (104Bo)

3. Results and analysis

The magnitude of the VNE is determined by the VNC.
In the following, we investigate the properties of the VNC for
the valley K for a freestanding layer. Corresponding to the val-
ley K, there is a full first moiré Brillouin zone with moiré K;
and moiré K] points around where the energy bands are cor-
responding to up N layers and down M layers in our chosen
model. For each moiré K; (K!) point there are three bands, the
conduction band, flat band and valence band. All six bands
VNC should be considered since the valence band, the con-
duction band, and the flat bands are close to the Fermi level,
and may all contribute to the VNC. Specifically, we calcu-
late the total VNC fr, Bg and the conduction-valence band
VNC Bevy to clearly reveal their contributions respectively. In
our calculation, parameters are taken as follows: the inter-
layer hopping in the (M — 1) layers 1, = 0.001 eV, the low-
energy effective coupling between the states of the (M — 1)
layers and the flat bands . = 0.01 eV, the Fermi velocity
v = 1010 Ass, graphene lattice constant a = 2.46 A, the Boltz-
mann constant kg = 0.8629 x 10~* eV/K, and the Plank con-
stant i = 0.6582 x 10~15 eV s.

0

Br VNC (1043)

& Sov (d)
> 1 BF
& Br
o
—
~ 04
O
Z
> _1] T=300K
& a=—1
a'=1
-2 T T T T T T

4 5 6 7 8 9
Layer number (M+N)

Fig. 2. The valley anomalous Nernst coefficient as a function of the Fermi energy for different layers at 150 K with M-layer chirality o = 1
and the N-layer chirality &’ = —1. Here (M,N) means the layer number of (2,2), (2,3), (3,3), (3,4), (4,4), (4,5) corresponding to M = 2,
N=2,M=2,N=3,M=3,N=3;M=3N=4,M=4,N=4; M =4, N =5, respectively. (a) The total flat band VNC fg. (b) The
conduction-valence band VNC fcy. (¢) The total VNC Br. (d) The maximum values of the total VNC B, the total flat band VNC S and the
conduction-valence band VNC ey as a function of layer number (M + N).

In Fig. 2, we show how fr, Br and Bcv vary with TMG
layers at the temperature of 300 K. The layer number (M + N)
changes from 4 to 9, correspondingto M =2, N =2; M =2,
N=3M=3N=3M=3N=4;M=4,N=4;and M =4,
N =5. We take the M-layer chirality & = 1 and the N-layer

chirality o' = —1 in all these conditions. In the following dis-
cussion, the chirality condition will keep the same. If the sign
of chirality is changed, the sign of VNC will be changed but
the value keeps the same. In Fig. 2(c), we find that the value
of the total VNC (Br) for TMG at least can reach —66.19f3
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(the peak value of 2 +2 TMG) that is three orders of magni-
tude larger than that of MoS, which is 0.148>'%! at room
temperature. The large value of Bt for TMG is expected be-
cause two low-energy bands in the TMG system possess valley
Chern numbers that are dependent on both the number of lay-
ers and the stacking chiralities.[*”! From Fig. 2, it is observed
that the absolute value of the total VNC r, the total flat VNC
Pr and the conduction-valence VNC By all increase with the
increase of the layer number. Bcy is positive; while B takes
negative values. The total flat VNC Bg and the conduction-
valence VNC ey increase much faster than that of the to-
tal VNC Br. The increase of VNC by stacking more layers
can be understood simply as the Berry curvature is also in-
creased. Although the stacked more layers are not adjacent
to the interface TBG, they are effectively coupled to the inter-
face TBG via the layers in-between these stacked more layers
and the interface TBG. However, this intuitively simple sce-
nario may not be extended to an infinite-layer system since the
VNC cannot be increased to infinity. This indicates that there
is a limitation on the studied model that may not be applicable
to the cases of very large M and N. For the very large M + N
case, the situation becomes very complicated and is beyond
our study. This can be left for further explorations. The ob-
servations of VNC shown in Fig. 2 are consistent with the val-
ley Chern numbers of TMG derived in Ref. [29] in which the
valley Chern numbers increase with the increase of the layer
number. This means one can enhance the valley Nernst effect
by simply increasing the thickness of the TMG.

The (M + N)-layer TMG systems are divided into the M-
layer part and the N-layer part, so we have different layer-
number combinations corresponding to different systems for a
fixed total layer number. For example, total 5-layer TMG sys-
tems have two different situations: M =3, N=2and M =2,
N = 3. In Fig. 3, we show the variation of the total VNC Br
with respect to u. Two features can be summarized in the fol-
lowing. Firstly, if we only exchange the layer number M and
the layer number N, the total VNC keeps the same. For exam-
ple, the total VNC of the system with M =3, N =2 (M =4,
N = 3) is exactly the same as that of the system with M = 2,
N =3 (M =3, N =4). Secondly, for the same total number of
layers, when the difference between M and N is larger, the to-
tal VNC absolute value becomes slightly larger. For example,
as seen in Fig. 3(d), the total VNC of the system with M = 3,
N =5 (or M =5, N = 3) is a little larger than that of the sys-
tem with M = 4, N = 4; while the total VNC of the system
with M =2, N =6 (or M = 6, N = 2) is larger than that of
the system with M =3, N =5 (or M =5, N = 3). But gener-
ally, Fig. 3 shows that different lines nearly overlap with each
other, which means with the fixed total layer number, the to-
tal VNC of the system with different M-layer part and N-layer
part are nearly the same. The results are roughly consistent

with Ref. [29] in which the valley Chern numbers are fixed by
the total layer number.

1 —

(b)

g

o 01

Z

% 1 (M,N)

> - \ TP (2,4)

£727 ,TilaOK we'd " (3,3)
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o =1 o= (4,2)
0.1 0 0.1

Fig. 3. The anomalous Nernst coefficient as a function of the Fermi
energy with the same total layer number (M + N) but different M-layer
number and N-layer number. The total ANC P is calculated at temper-
ature of 150 K with M-layer chirality & = 1 and the N-layer chirality
o/ = —1. The total layer numbers (M + N) for (a), (b), (c) and (d) are
5, 6,7 and 8, respectively.

Now let us investigate the properties of VNC relating to
the temperature. To be more specific, we calculate the one-
flat band VNC ﬁé‘/’ (see Eq. (13)) and the one-conduction band
VNC /3{"1 around moiré K, of the TMG system with M = 2.
Figure 4(a) displays the broadening of the peak of ﬁé"’ around
zero Fermi energy at higher temperature. It is interesting to
note that the maximum value of Bé"’ does not change with tem-
perature. In Fig. 4(b), the one-conduction band VNC B has
a similar broadening of the peak, but its maximum value in-
creases with increasing temperature. This different property
of maximum values between flat band and the one-conduction
band results from the fact that the Fermi distribution function
Jfamr = 0.5 is independent of temperature for flat band because
when U = &3 =0 we have (U — &y,)/T =0.

We have discussed the behavior of the VNC at relatively
high temperature. We should emphasize that the relatively
high temperature induces a mixing contribution of different
bands to the VNC. It is possible to distinguish their single
role in the VNC at relatively low temperature. Figure 5 shows
the low temperature VNC B in Eq. (16) around one moiré
point K;. The B is composed of three contributions: con-
duction band, flat band and valence band. The main feature is
the three-peak structure where a main peak is around at the
center (around p = 0) with negative value, and two shoul-
der peaks with positive values locate at a higher and a lower
Fermi energy. We should point out that the central peak is in-
duced by the flat band, and the right (left) peak stems from the
conduction (valence) band. Because the flat band VNC and
the conduction (valence) band VNC have opposite signs, the
magnitude of the central peak (the total VNC) is slightly de-
creased with increasing temperature. Thus at sufficiently low
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temperature, the central peak and shoulder peaks are separated
completely because of the gap between the flat band and con-
duction (valence) band.

BM VNC (1028))

B VNC (10%6)

0 — . .
—-0.1 0 0.1
w(eV)

Fig. 4. The anomalous Nernst coefficient as a function of the Fermi en-
ergy with different temperatures. Here the total layer number is 4 with
2M layers and the M-layer chirality oo = 1. (a) The one flat band ANC
B2 in Eq. (13). (b) The one conduction band ANC B in Eq. (13).

BM VNC (1028o)

T
—0.01 0 0.01  0.02
w(eV)

Fig. 5. The VNC B in Eq. (16) around moiré point K as a function of
the Fermi energy with different low temperatures.

—0.02

In the following, we want to estimate the critical temper-
ature below which the three-peak structure can almost fully be
distinct. In Fig. 5, the temperature is 30 K, and the three-peak
structure can only be distinguished approximately. It is known
that the entropy density is essentially zero when the energy
is beyond the range of [u — 5kgT, i + SkgT].1%! So when the
range of 10kgT is smaller than the energy gap (in our model
the energy gap equals to f), the contribution from different
bands to the one moiré point VNC can be clearly separated.
Therefore, by 10kgT =t = 0.01 eV, we estimate this critical

temperature to be 11.63 K below which the three peaks can be
fully separated and the predicted feature in this work can be
more easily tested.

4. Summary and discussion

In this paper, we have studied the valley Nernst coeffi-
cient (VNC) of (M + N)-layer TMG systems and found that
the total VNC is three orders of magnitude larger than that
in monolayer group-VI dichalcogenides. We should empha-
size that there are many ways of multilayer graphene stacking
leading to different systems, for example, trilayers in which
one of the three layers is twisted by a small angle relative to
perfect AAA, ABA, or ABC stacking,[!%! the three-layer con-
figurations corresponding to a twisted monolayer on a bilayer
of graphene, the four-layer configurations including a twisted
monolayer on a trilayer, and a twisted bilayer on a bilayer and
so on.!1%] Different stacking leads to different systems with
different properties. Our study is only applicable to gaped
systems, specifically for the system we described. To know
clearly the behavior of the VNC, we take into account the con-
tributions from moiré points K; and K}, and three energy bands
(i.e., the conduction, flat and valence bands). We find that the
total VNC is quite huge, which is at least three orders of mag-
nitude larger than that for two-dimensional MoS,-like materi-
als. The reason might be that the energy gap of TMG is much
smaller than that of MoS,-like materials which gives rise to
much larger Berry curvature for TMG. It is found that the to-
tal, flat-band, and conduction-valence band VNC all increase
with increasing layer number. Here we have to point out that
when layer number (M + N) is large enough then we can not
regard the present TMG as a two-dimensional system. When
stacking more layers, the coupling between these extra layers
and the twisted layers is reasonably assumed to be smaller and
smaller. In this case, the twisted effect on the VNC may be
decreasing. Thus, our conclusions may only be applicable to
the systems with finite layers.

At sufficiently low temperature, the contributions from
the conduction, flat and valence bands can be clearly sepa-
rated, manifesting a larger total VNC because of lacking off-
set. These results are expected to be tested in near future ex-
periments. This work presents a huge valley Nernst effect in
TMG systems, which would have potential applications in de-
signing novel thermoelectric devices.
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