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Strain-Modulated Perfect Valley Precession and Valley Transistor in Graphene
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We propose the realization of perfect valley precession by use of strain, which gives rise to an effective
vector potential and moves two valleys in opposite directions in momentum space. It is shown that the
spatial precession period is independent of both the Fermi energy and the transverse wave vector. This is
crucial to perfect precession in a practical device with multiple transverse wave vectors or modes. To the-
oretically demonstrate the perfect valley precession, we investigate the conductivity of a Kekulé graphene
superlattice/graphene/Kekulé graphene superlattice junction that acts as a valley transistor. Due to the
valley precession, the conductivity exhibits perfect oscillations with the strain and the conductivity min-
ima are very close to zero. Our finding provides a strategy to design ideal valleytronics and straintronics
devices.
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I. INTRODUCTION

Since graphene (GR) [1–4] was successfully isolated,
it has become a candidate material to design valleytron-
ics devices [5–8]. The K and K ′ valleys of graphene are
well separated in reciprocal space. In the absence of short-
range defects or disorders, the valleys can be treated as
independent as the intervalley scattering is suppressed. The
valley-related properties and applications of graphene have
been widely studied, such as the valley Hall [9–13] or
anomalous Hall effect [14,15] , valley caloritronics [16–
19], valley filter effect [20–23], valley transistors [24–27],
etc.

A main challenge in developing valleytronics devices is
how to manipulate the valley degree of freedom effectively.
Recently, Kekulé-patterned graphene superlattices (KGSs)
[28–33] were proposed and provided a valley engineering
mechanism. In these superlattices, two valleys of pris-
tine graphene are folded into the � point of the Brillouin
zone, coupled by Bragg scattering [31,34,35]. Especially,
Kekulé-Y-patterned graphene (KYG) has been found in the
laboratory by growing graphene on a Cu(111) substrate,
with the copper atoms adsorbed on the graphene lattices
[30].

Valley precession is one of the key aims of valley manip-
ulation [24,36–40]. Similar to spin precession in a Datta-
Das spin field effect transistor due to Rashba spin-orbit
interaction [41], the valley-coupled interaction in a KGS
can precess the valley in real space [38]. Thus, KGS/GR
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hybrid junctions were proposed to design valley preces-
sion devices [38–40]. Wang et al. examined the valley
precession in GR/KGS/GR junctions based on a continuum
model. The valley of the incident electron is rotated by the
valley-coupled interaction in the KGS region [38]. Valley
precession is also found in GR/KYG/GR junctions based
on a tight-binding (TB) model [39]. In the TB model, the
C—C bonds, formed by the adsorbed atom and its nearest-
neighbor atoms, were shortened [30]. Wu et al. studied the
valley precession and valley polarization in GR/KYG/GR
junctions. They point out that high valley polarization with
large valley-polarized currents can be obtained by the use
of strain [40].

However, there are two main shortcomings in these
valley precession junctions. First, the valley precession
rates of modes with different transverse momenta are not
the same and the conductivity cannot be completely sup-
pressed in a practical device with multiple transverse
modes. Second, the valley precession rate is hard to tune
and the precession length cannot be changed once the junc-
tion is built. These problems are not easy to overcome in
the above GR/KGS/GR junctions.

In graphene, strain can also be used to manipulate
the valley degree of freedom. Pereira and Castro Neto
[42] and Zhai et al. [43] pointed out that strain would
introduce a pseudovector potential to valley K , with its
sign reversed for valley K ′ for conserving time-reversal
symmetry. Valleys K and K ′ are shifted in opposite
directions in reciprocal space. It is worth noting that,
under a first-order approximation, the uniaxial strain
and shear strain (no matter along zigzag or armchair
directions) can separate the valleys along armchair and
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zigzag directions in reciprocal space, respectively [44–
46].

In this work, we propose a perfect valley precession in
KYG/GR/KYG junctions where the precession is modu-
lated by a strain applied in the central GR region. The
incident electrons from the KYG lead to valley K-K ′
precessing in the strained graphene region due to the sepa-
ration of two folded valleys K and K ′ in momentum space
induced by the strain [see Figs. 1(d)–1(f)]. The preces-
sion rate, determined only by the strain, is independent
of both the incident energy and the transverse momen-
tum of the incident electrons. Therefore, the conductivity
exhibits perfect oscillations with the strain, and the con-
ductivity minima are very close to zero. We theoretically
demonstrate a perfect valley precession and a valley tran-
sistor behavior in KYG/GR/KGR junctions based on both
analytic discussion and numerical calculation. The numer-
ical calculation is carried out using Kwant [47] based on
the tight-binding model and the lattice Green’s function
technique.

II. MODEL

Figure 1(c) sketches the junction that we study. The
central graphene is connected to two Kekulé-Y-patterned
graphene leads along the x direction. We assume the trans-
port is along the zigzag direction. The uniaxial strain can
be applied to the central graphene region to separate the
two folded valleys in the kx direction. The primitive vectors
of KYG are a1 = 3(

√
3, 1)a/2 and a2 = 3(

√
3, −1)a/2,

where a = 1.42 Å denotes the length of C—C bonds of
the graphene lattice [1,3]. Two valleys K and K ′ are folded
into the � point, shown in Fig. 1(b) [34,35]. We set the
adsorption sites belonging to sites A by default, and sites
B and C denote the nearest and next-nearest sites of sites
A, respectively, as illustrated in Fig. 1(a). Due to the
adsorption, the on-site energies will be altered for all sites.
Normally, the adsorption will also shorten the A—B bond
[30], altering the hopping energy of A—B bonds. The TB
Hamiltonian of KYG reads [33]

HKYG = −
∑

〈ij 〉

(
tM a†

i bj + H.c.
)

−
∑

〈ij 〉

(
t0b†

i cj + H.c.
)

+
∑

i

(
UAa†

i ai + UBb†
i bi + UCc†

i ci

)
, (1)

where a†
i (b†

i , c†
i ) is the creation operator of electrons at

site Ai (Bi, Ci), t0 = 2.7 eV is the nearest-neighbor hop-
ping energy of pristine graphene, tM = t0 + δt denotes the
modified hopping energy between sites A and sites B, and
UA (UB, UC) is the on-site energy of sites A (B, C) intro-
duced by the absorption. Note that UC is small and set to
zero in this study, i.e., UC = 0.

As an example, we consider a simplified model of KYG
by setting UB = 0 and δt = 0. The low-energy continuum

(a)

(c)

(d) (e) (f)

(b)

FIG. 1. (a) Schematic of the KYG lattice. (b) The first (blue)
and the second (green) Brillouin zone of the KYG. The K and
K ′ valleys are folded into the � point. (c) Schematic of the
KYG/GR/KYG junction. The band structures of (d) the left KYG
lead, (e) the central strained graphene, and (f) the right KYG lead.
The transverse momentum is set to zero, i.e., ky = 0. The valley-
polarized electron with valley K-K ′ is injected into the scattering
region with energy EF , and the two folded valleys K and K ′ of
graphene are separated along the transport direction by the strain,
with distance 2δk.

form of the Hamiltonian in Eq. (1) can be written as [33,38]

HKYG = vF0
(
kxτ0σx + kyτzσy

) + �0

2
τ0 (σ0 + σz)

+ �0

2
τx (σ0 + σz) , (2)

where �0 = UA/3, vF0 = 3at0/2 is the Fermi velocity
of electrons in graphene, and σα and τα (α = 0, x, y, z)
denote the Pauli matrices acting in the sublattice space and
the valley space, respectively. The valley-coupled interac-
tion comes from the last term of Eq. (2), which is only
determined by UA. The band structure EKYG(kx, ky = 0) is
shown in Figs. 1(d) and 1(f). Note that only the lowest
conduction band (LCB) is occupied in the energy range
[0, 2�0], where the electron is valley polarized. In the
following study, the Fermi energy is set to be in this
range, which implies that both the incident and transmit-
ted electrons are valley polarized in our KYG/GR/KYG
junctions.
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The low-energy continuum Hamiltonian of graphene
can be recovered from Eq. (2) by setting UA = 0. When a
strain is applied, a valley-opposite pseudovector potential
Ax is introduced effectively, which moves two valleys in
opposite directions [42,43]. The corresponding low-energy
Hamiltonian can be written as

HGR = vF0
[
kxτ0σx + Axτzσx + kyτzσy

]
. (3)

The band structure EGR(kx, ky = 0) is shown in Fig. 1(e).
The distance between two valleys equals double the pseu-
dovector potential, i.e., 2δk = 2Ax.

When the Fermi energy EF is fixed in the range [0, 2�0],
the wave function of incident electrons in the left KYG
lead is given by

�KYG(x, y) = 1
2

(
1, eiφ , −1, −e−iφ

)T ei(kxx+ky y), (4)

where φ = arcsin(vF0ky/EF) is the incident angle of elec-
trons. The corresponding dispersion of the LCB is E(k) =
vF0

√
k2

x + k2
y , which is exactly the same as the linear dis-

persion in graphene. From Eq. (4), it is seen that an incident
electron is valley polarized to K-K ′. Note that this K-
K ′ valley-polarized state does not break the time-reversal
symmetry, which is represented by the operator T = τxσzC
[48] with C the complex conjugation operator, through the
time-reversal exchange K and K ′.

In the central graphene, the two valleys are decoupled,
but split by the strain. The wave functions for valleys K
and K ′ can be given by, respectively,


K(x, y) = 1√
2

(
1, eiφ , 0, 0

)T ei[(kx−δk)x+ky y], (5)


K ′(x, y) = 1√
2

(
0, 0, 1, e−iφ

)T ei[(kx+δk)x+ky y]. (6)

Note that the angle φ in the pseudospinor is the same
as that in Eq. (4) due to the conservation of transverse
momentum ky and energy EF . At the left KYG/GR inter-
face x = 0, the incident wave function in KYG can be
decomposed as �i = [
K(0, y) − 
K ′(0, y)]/

√
2. When

this valley-polarized state propagates along the x direction
in the central graphene, its valley is precessed due to δk.
At the right GR/KYG interface x = L with L the length
of the central graphene region, the state becomes �f =
[
K(L, y) − 
K ′(L, y)]/

√
2. Because the transmitted wave

is the same as the incident wave, the transmission of this
KYG/GR/KYG junction is approximately determined by
the remaining component of initial state �i:

T(EF , φ) = |〈�i|�f 〉|2 = cos2(δkL). (7)

It is noticeable that the transmission is independent of both
the Fermi energy and the incident angle, or the transverse
momentum of electrons.

According to the Landauer formula, at a given Fermi
energy EF , the conductivity of the junction reads

G = G0

∫ π/2

−π/2
T(EF ; φ) cos φ dφ

= 2G0 cos2(δkL), (8)

where G0 = (e2/h)EF/(πvF0) and the spin degree of free-
dom has been taken into account. For a given length
L, the conductivity perfectly oscillates with δk, which is
proportional to the applied strain [42,43].

Although the above discussion is based on the condition
of UB = δt = 0, the situation is similar in the case of UB �=
0 or δt �= 0 if only the incident and transmitted electrons
are valley polarized.

III. NUMERICAL RESULTS

In this section, we present the numerical results of con-
ductivity of KYG/GR/KYG junctions along zigzag and
armchair directions. The numerical calculation is carried
out using Kwant [47] based on the tight-binding model and
the lattice Green’s function technique. First, we consider
the simple case of UB = δt = 0. Then we investigate the
influence of nonzero UB and δt.

A. UB = 0 and δt = 0

First, we consider the simple case of UB = δt = 0. For
convenience, we refer to the junctions along the zigzag
and the armchair directions as the zigzag junction (ZJ)
and the armchair junction (AJ), respectively, as shown in
Figs. 2(a) and 2(b). The x (y) direction is defined as the
transport direction of ZJs (AJs), i.e., the zigzag (armchair)
direction. The supercells of two leads and the scattering
region are shown in Figs. 2(c) and 2(d). The size of both
supercells is aZ × aA, where aZ = 3

√
3a and aA = 3a. The

lengths of the scattering regions are LZ = NZaZ for ZJ and
LA = NAaA for AJ, where NZ and NA are the number of
supercells along the transport directions. In both junctions,
the translation symmetry is assumed to be preserved in the
transverse direction and the transverse momentum, i.e., ky
for ZJs and kx for AJs, is conserved in the transport. Thus,
the two-dimensional junctions transform into quasi-one-
dimensional junctions. The band structures of zigzag and
armchair KYGs are the same, as shown in Figs. 1(d) and
1(f), with the transverse momenta set to zero.

When a strain is applied in the central graphene region,
the hopping energy t0 of pristine graphene will change to
t0 exp[−β(dα/a − 1)] [49] with the strain applied, where
β = 3.37 and dα=1,2,3 (a) is the bond length after (before)
deformation as shown in Fig. 2(d). If a uniaxial strain
is applied in the graphene region of ZJs along zigzag
or armchair direction, the deformed bond lengths are,
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(a)

(b)

(c) (d)

FIG. 2. Schematics of (a) the zigzag and (b) the armchair
KYG/GR/KYG junction. The transport directions are the x and
y directions, respectively. The supercell is sketched for (c) KYG
and (d) strained graphene.

respectively, given as [50]

Zigzag : d1 = d3 = a[1 + (3 − υ)εZ/4],

d2 = a[1 − υεZ],

Armchair : d1 = d3 = a[1 + (1 − 3υ)εA/4],

d2 = a[1 + εA],

(9)

where εZ (εA) denotes the strength of the uniaxial strain.
For graphene, υ = 0.165 is Poisson’s ratio [15]. If a shear
strain is applied in the graphene region of AJs along zigzag
or armchair direction, the deformed bond lengths are given
as [51]

Zigzag : d1 = a
√

1 + χ1, d2 = a
√

1 + χ2,

d3 = a
√

1 + χ3,

Armchair : d1 = a
√

1 + χ1/3, d2 = a,

d3 = a
√

1 + χ3/3,

(10)

where χ1 = ε(ε − 2
√

3)/4, χ2 = ε2, and χ3 = ε(ε +
2
√

3)/4. We use γZ = ε and γA = ε/3 to denote the
strength of the shear strain along the zigzag and armchair
directions, respectively.

The deformations will shift the positions of two val-
leys in momentum space, as shown in Fig. 3, the energy
spectrum of the LCB of graphene. With the enlarged super-
cell shown in Fig. 2(d), two valleys are folded into the
� point without strain, as shown in Fig. 3(a). When the
uniaxial (shear) strain is applied in the graphene region of
ZJs (AJs), two valleys are split along the kx (ky) direction,
exactly the transport direction of ZJs (AJs), as shown in
Figs. 3(b) and 3(c). Note that Fig. 3 only shows the energy

(a)

(b)

(c)

FIG. 3. The energy spectrum of the LCB of graphene (a) with-
out strain, (b) under a uniaxial strain along the armchair direction
with strain strength εA = 2%, and (c) under a shear strain along
the armchair direction with γA = 2%. The supercells are sketched
on the right-hand side.

spectrum of the LCB with the strains applied along the
armchair direction; similar results can be obtained when
the strains are applied along the zigzag direction.

The conductivities of ZJs and AJs under uniaxial or
shear strain are shown in Fig. 4. Without losing general-
ity, the lengths of the scattering regions LZ ≈ LA = 450a
by setting NZ = 87 and NA = 150. Note that, under a
first-order approximation, δk is proportional to the strain
strength when the strain is applied to the graphene lattice
along the armchair or zigzag direction, with the rela-
tion δk = (1 + υ)βεA(Z)/2 for uniaxial strain and δk =
βγA(Z)/2 for shear strain [45]. In Fig. 4, all conductivity
curves oscillate perfectly with the strain, and the periods
satisfy perfectly the condition δkL = π , with L the length
of the strained graphene region. This implies that the
valley precession period is independent of the transverse
wave vector. Moreover, the periods of the conductivity
oscillations are also independent of the Fermi energy EF
of incident electrons. In all situations, the conductivity
maxima can reach 2e2/h and the conductivity minima are
very close to zero. For the ZJ, the period of G in Fig. 4(a) is
slightly smaller than that in Fig. 4(b). This is attributed to
the small change of the length of graphene region under the
strain. In the ZJ, the tensile strain along the zigzag direction
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(a) (c)

(b) (d)

FIG. 4. The conductivities as functions of the strain strength
for (a),(b) zigzag junctions and (c),(d) armchair junctions. The
length of the scattering region LZ ≈ LA = 450a (NZ = 87, NA =
150) and the Fermi energies are chosen as EF = 0.01t0 and EF =
0.03t0. The uniaxial strain is applied in the graphene region of
zigzag junctions along the (a) armchair and (b) zigzag direction.
The shear strain is applied in the graphene region of armchair
junctions along the (c) armchair and (d) zigzag direction. UA =
0.05t0 and the energy splitting between the LCB and the second
conduction band is 2�0 = 2UA/3.

enhances the length, while the tensile strain along the arm-
chair direction reduces the length. Figures 4(c) and 4(d)
show the conductivities of the AJs under shear strain along
the armchair and zigzag directions, respectively. Approx-
imately, the period of G in Fig. 4(d) is the same as that
in Fig. 4(c), which means that the conductivity of the AJ
is independent of the direction of the applied shear strain.
When γZ is around 1.75/

√
3% ≈ 1%, the minimum of G

deviates from zero. This is attributed to the fact that a large
shear deformation will also cause the movements of two
valleys along the transverse momentum direction, i.e., the
kx direction [45].

B. UB �= 0 and δt �= 0

When UB and δt are considered in the KYG leads,
according to Ref. [33], the low-energy effective Hamilto-
nian of KYG is given as

H eff
KYG(k) = U0τ0σ0 + vF

(
kxτ0σx + kyτZσy

)

+ �′τ0σz + �

2
τx (σ0 + σz)

+ vδ

(
kyτx + kxτy

)
σy , (11)

where U0 = (� + UB)/2, �′ = (� − UB)/2, � = 3UAt20/
(tM + 2t0)2, the modified Fermi velocity is vF = vF0(2tM +

(a) (b)

FIG. 5. The band structures of zigzag and armchair KYG. The
parameters are set as UA = 0.05t0 and δt = 0.05t0, with (a) UB =
UA/6 and (b) UB = −UA/6. The blue dot-dashed lines show the
bottoms of the LCBs. The transverse momenta are set as zero.

t0)/(tM + 2t0), and vδ = vF(tM − t0)/(tM + 2t0) is the
strength of valley-orbit interaction. When δt � t0, the
model can be approximately simplified as

H eff
KYG(k) = vF0

(
kxτ0σx + kyτZσy

)

+ UB

2
τ0 (σ0 − σz)

+ �0

2
(τ0 + τx) (σ0 + σz) . (12)

Comparing with Eq. (2), the UB term is added in Eq.
(12). It is clearly seen that this term is valley degen-
erate and will not change the K-K ′ valley state of the
LCB. Figures 5(a) and 5(b) show the band structures
of KYG for UB > 0 and UB < 0, respectively. In both
cases, δt = 0.05t0. The energy spectrum is isotropic and
the four eigenenergies at the � point are EKYG(kx = ky =
0) = 0, 2�0, UB (twofold degenerate). The bottom of the
LCB moves from E = 0 to E = UB when UB > 0, and
remains at E = 0 when UB < 0. The bottom of the sec-
ond conduction band is pinned at E = 2�0. Thus, there is
still an energy window [UB, 2�0] for UB > 0 and [0, 2�0]
for UB < 0, in which only the LCB is occupied. When
the Fermi energy lies in this energy window, the incident
electrons will be valley polarized with the valley K-K ′.

The conductivities of zigzag and armchair KYG/GR/KYG
junctions with various UB and δt are shown in Fig. 6. The
Fermi energy is set as EF = 0.03t0 with which the incident
electrons are valley polarized to K-K ′. The conductivities
remain nearly the same for various UB and δt and the peri-
ods of the conductivity oscillations are also the same as
those in the case of UB = δt = 0 shown in Figs. 4(a) and
4(c). The conductivity maxima also nearly reach 2e2/h and
the minima are close to zero. All these features verify that
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(a)

(b)

FIG. 6. The conductivity of (a) ZJs and (b) AJs. Uniaxial strain
is applied to the ZJs and shear strain is applied to the AJs. Both
strains are applied along the armchair direction, with the parame-
ters set as: LZ ≈ LA = 450a (NZ = 87, NA = 150), EF = 0.03t0,
UA = 0.05t0, UB = ±UA/6, and δt = 0.05t0 or 0.10t0.

UB and δt have little effect on the valley precession and
conductance oscillation of the junctions.

IV. CONCLUSION

In summary, we propose the realization of perfect valley
precession and an ideal valley transistor in KYG/GR/KYG
junctions. The valley precession and valley transistor are
modulated by the strain in the GR region, which gives rise
to an effective vector potential and separates two valleys
in momentum space. It is notable that the spatial preces-
sion period is independent of both the Fermi energy and
the transverse wave vector. This unique feature ensures an
ideal valley transistor in which the conductivity perfectly
oscillates with the applied strain. The conductivity maxima
can reach 2e2/h and the minima are close to zero, exhibit-
ing a high on-to-off ratio. This finding provides a strategy
to design ideal valleytronics and straintronics devices.
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