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Introduction

Graphene consists of a layer of carbon atoms forming 
a honeycomb pattern, where a unit cell contains a pair 
of sublattices, denoted as A and B [1]. To describe 
the orbital wavefunctions sitting in the two different 
sublattices, an extra degree of freedom that termed as 
pseudospin is introduced. Near the charge neutrality 
point, so-called Dirac point, the electronic features 
of carriers are described by the low energy relativistic 
physics but with spin replaced by pseudospin [2–5]. 
The direction of motion coupled to this pseudospin 
orientation endows the carriers in graphene a property, 
i.e. chirality, which has important consequences for 
transport, as manifested by the half-integer quantum 
Hall effect [2] and Klein tunneling [6]. Manipulating 
the pseudospin in graphene with a non-chemical 
method has aroused a great research interest both 
experimentally and theoretically in order to harness 
those Dirac fermions.

An intriguing proposal to control the pseudospin 
in graphene is to distort carbon–carbon (C–C) bonds 

by either the strain or the curvature [4, 7–13]. This 
bond deformation will introduce an effective gauge 
field [14] that have shown its potential to control the 
pseudospin polarization, and inspired the study of 
quantum valley Hall effect [15–17], valleytronics [18, 
19] or even the magnetic confinement states [20]. 
Even though graphene possesses a strong in-plane 
Young’s modulus owing to the carbon–carbon cova-
lence bonds, it subjects to the out of plane deformation 
easily when it is put on a substrate with corrugation, 
a result of the competition between adhesion energy 
and bending energy. This allows graphene to coat the 
substrate surface and copy its features even though 
not exactly, and provides a strategy for engineering 
the topography through curvature. Here we perform 
a systematical study on manipulating the pseudospin 
in graphene lattice through a curvature effect by stack-
ing it on different host substrates with various cor-
rugation, which enable us to portray a possibility of 
manipulating pseudospin with the choice of environ-
ment or even mechanically like buckling in the thin 
membranes.
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Abstract
Structure and symmetry of crystal dictate their physical properties. Reasonable manipulation of 
those parameters allows designing the materials’ properties in a nonchemical way, like the strain or 
pressure. Here we report the possibility of manipulating the pseudospin and lifting its degeneracy 
through the substrate corrugation in graphene, which directly relates to the chirality of Dirac 
fermions in the low energy regime. By a detailed scanning tunneling microscopy (STM) study that 
combined with van der Waals heterostructure fabrications, we find the pseudospin degeneracy can be 
continually lifted that materialized as the gradual wavefunction polarization on the two sublattices by 
changing graphene’s curvature through a bump. Strikingly, the sublattice polarization shows a linear 
dependence on the geometry of bumps, which enables to extract a pseudo-g-factor to characterize 
the pseudospin splitting and geometry. Our results may shine light on engineering the pseudospin, 
the new degree of freedom, by a mechanical path.
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Results and discussion

Figure 1(a) shows a typical atomic force microscopy 
(AFM) image of the heterostructure fabricated in 
glove box by placing graphene on multilayer gallium 
selenide (G/GaSe) which is finally placed on the 
SiO2 substrate (figure 2(a)). During the transferring 
graphene process, we use Ar gas in glove box to protect 
the GaSe surface from any pollution and confirm 
the clean interference between graphene and GaSe 
underneath. Zoom-in AFM topography of silicon 
dioxide (SiO2) in figure 1(b) and GaSe in figure 1(c) 
directly reveals GaSe has a much larger fluctuation in 
range (~3 nm) than SiO2 surface (~1 nm) (figure 1(e)) 
which provide a prerequisite for engineering graphene 
through the curvature. After stacking graphene on 
top (figure 1(d)), the topography of G/GaSe (red line 
in figure 1(e)) shows a height profile that is similar to 
bare GaSe surface (blue line in figure 1(e)). In addition, 
the height histograms of these three surfaces, which 
all fit the Gaussian distributions well, has the same 
features that G/GaSe has a similar distribution curve 
(red line in figure 1(f)) to bare GaSe surface (blue line 
in figure 1(f)) and is much broader distributed than 
SiO2 surface (green line in figure 1(f)). The cleanness 
of the SiO2 surface and typical corrugation [21] 
directly excludes the residues caused roughness on 
top of graphene in figure 1(d), but a simple copy for 
the substrate morphology. Here, GaSe surface shows a 
larger surface corrugation as compared to the normal 
exfoliated van der Waals materials, which may due to 
the chemical reaction with the air during the sample 

fabrication [22–25] or in the forming gas with H2. 
However, since the mechanism has no bearing on the 
physics discussed below, we will leave this question 
open and employ the large corrugated substrate only 
to regulate the pseudospin.

In order to relate the curvature or bond deforma-
tion in graphene to the pseudospin manipulation, we 
directly examine atomic structure by scanning tun-
neling microscopy (STM), where the pseudospin 
degeneracy manipulation materialize as the A and 
B atoms contrast difference. Figure 2(d) shows our 
STM topography of G/GaSe with a typical height 
fluctuation around 3 nm in range (figure 2(f)) that is 
consistent with the AFM results in figure 1, suggest-
ing the morphology dominates the STM topography 
instead of the electronic features like electron-hole 
puddles. Strikingly, the atomic resolution for this area 
shows a triangular lattice (figure 2(g)) instead of the 
as expected honeycomb pattern in intrinsic graphene. 
To exclude the misidentification between single and 
multilayer graphene, the Raman spectrum is utilized 
to further confirm graphene’s single layer character 
(figure S1 (stacks.iop.org/TDM/6/045050/mmedia)). 
As far as we know, three mechanisms can lead to the 
sublattice symmetry breaking: (1) graphene hybrid-
ized with the substrates [26]; (2) electronic structure 
reconstruction like in the nanoribbons [27] or near the 
defects; (3) the curvature or strain effect as caused by 
the corrugation. However, due to the large misaligned 
twisted angle between the two layers during stacking, 
lattice constant mismatch and large corrugation of 
the GaSe, an exact atomic registry between graphene 

Figure 1. AFM morphology comparison of three types of surfaces. (a) AFM morphologic image shows three different areas, SiO2, 
GaSe and G/GaSe, divided by the dashed lines. (b)–(d) Detailed AFM images show the roughness of three different kind of surfaces 
in (a), representing surfaces of SiO2 (b), GaSe (c) and G/GaSe (d). (e) Height profiles of three surfaces along solid lines in (b), (c) 
and (d), respectively. (f) Height histograms reveal height distribution of SiO2, GaSe and G/GaSe surfaces (discrete circular points) 
acquired from entire range in (b)–(d), respectively. These histograms are well fitted by Gaussian distributions (solid lines).
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and GaSe to induce the sublattice symmetry can be 
excluded. The scanned area is far away from any edge 
or defect, especially its universal behavior of the trian-
gular lattice across the whole sample areas, also exclude 
the possibility of electronic states reconstruction due 
to edge. Therefore, taking all those into account, and 
in addition to the large corrugation as indicated by the 
AFM and STM images, our data suggest the triangular 
lattices are caused by the corrugation.

As graphene subjects to curvature or external 
strain, the lattices deforms which modifies the hop-
ping parameter as the relative atoms’ distance varia-
tion [14]. This will introduce a vector potential in the 
Hamiltonian that describe the low energy excitation 
of graphene. Interestingly, this strain-induced vector 
potential resembles the corresponding vector poten-
tial by external magnetic field. It enables to reshape the 
energy dispersion of graphene or topological crystal-
line insulator, given the so-called pseudomagnetic 
field or even pseudo-Landau levels [7, 28] where the 
amplitude of the pseudomagnetic field value is uni-

form within the magnetic length. The strain induced 
gauge field is capable of allowing the wave functions to 
polarize on different sublattice depending on its polar-
ity. Even though the relative scale of magnetic length as 
comparing to the homogeneity of strain or curvature 
decides whether the pseudo-Landau levels to show up, 
the wave function polarization between the two sub-
lattices is ubiquitous signature under strain or curva-
ture. This explains why we could see the triangular lat-
tices here instead of honeycomb in graphene.

As a control experiment, we also compared gra-
phene on boron nitride (G/BN) that fabricated by fol-
lowing the same procedure but resulting in a smoother 
surface (figure 2(e)). Similar to our previous exper-
imental STM results, the atomic resolution here shows 
a honeycomb structure in figure 2(h), where A and 
B sublattice have identical height compared with G/
GaSe (figure 2(i)). The healing of sublattice symmetry 
in the flat sample surface, here G/BN, further proves 
the importance of the corrugation on deciding the 
sublattice symmetry, providing a way to engineer the 

Figure 2. Fabrication process and STM topography of sampls. (a) Optical image G/GaSe heterostructure after transferring G (red 
dashed line) on GaSe flake (blue dashed line) in glove box. (b) Optical image of G/GaSe device (red square box) with evaporated Au 
electrode during STM experiment. (c) Schematic drawing of STM experiment. (d) and (e) Large scale STM topography of G/GaSe 
(d) and G/BN (e) respectively (V  =  0.5 V, I  =  100 pA). (f) Height profile comparison between G/GaSe and G/BN obtained along 
red line (d) and blue line (e). (g) and (h) Atomic resolution of G/GaSe shows triangular lattice (g), but that of G/BN shows intrinsic 
honeycomb structure (h). Tunneling parameters: V  =  0.5 V, I  =  500 pA (g); V  =  0.3 V, I  =  100 pA (h). (i) Height profiles show the 
contrast between two sublattices (marked as A and B) of G/GaSe and G/BN along one of the armchair direction along red line (g) 
and blue line (h). The curves are offset for clarity.

2D Mater. 6 (2019) 045050
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pseudospin freedom by the buckling that could be 
realized mechanically.

Now we use the following theoretical model [4, 12] 
to explain sublattice symmetry breaking of graphene. 
A Gaussian shaped deformation in graphene honey-
comb lattice could induce pseudomagnetic field and 
cause the sublattice symmetry breaking which means 
that the LDOS redistribute between the two sublattices 
exhibiting a triangular lattice, compared with unde-
formed case exhibiting a honeycomb lattice observed 
in STM experiment. Since we care about the occupa-
tion of LDOS between different sublattices, the univer-

sal definition of LDOS contrast is C = 2 |vA−vB|
vA+vB

 [12], 

where vA/B is the sublattice resolved LDOS of sublat-
tice A/B, which is a quantity of experimental relevance. 
Specially, the spatial distribution of LDOS contrast in 
Gaussian shape deformed graphene was theoretically 
obtained by the formula:

Ctheo (r, θ) = −2βH2

ba
sin (3θ) g(r/b) (1)

(g (x) = 1
4x3 [1 − e−2x2

(1 + 2x2 + 2x4)], where θ 

is the azimuthal angle, r is the distance from center, 
β = 3, a is the lattice constant of graphene, H is 
the height of the Gaussian bump, and b is the width 
of the Gaussian deformation). To keep the analysis 
simple but without loss of generality, we assume the 
corrugations in graphene induced by the substrate 
possess a Gaussian shape as suggested in figure 3(a). 
The low-pass FFT filtering operation is implemented 

on the area marked by the blue square in figure 3(a) 
to acquire the topography of the bump (Inset in 
figure 3(b)). And the height profile along the blue 
line of the bump (Inset in figure 3(b)) is shown in 
figure 3(b) with discrete blue circles which is fitted 
by the equation z (r) = H exp(−x2/b2) shown in 
figure 3(b) with pink curve to extract H (0.29 nm) and 
b (0.4 nm). Then, with extracted parameter H and b, 
the theoretical LDOS contrast (pink curve with legend 
Ctheo in figure 3(c)) as a function of r/b was calculated 
using the Ctheo (r, θ) formula above at a fixed angle θ 
(90º) which has the maxim value. To compare with our 
results, we determine the experimental LDOS contrast 
Cexp by [4]

Cexp = 2
eK∆z − 1

eK∆z + 1
 (2)

with K =
»

8me
�2 (

ΦG+ΦW
2 − e|V|

2 ) , me is the 

free electron mass, V is the sample voltage and 
∆z = |ZA − ZB| directly measure from the high-pass 
FFT filtered STM topography of figure 3(a) along the 
green line which includes four pairs of A/B sublattice 
points and the experimental results plotted with four 
discrete green points in figure 3(c) qualitatively and 
quantitatively fits the theoretical curve which confirms 
the sublattice symmetry in graphene as caused by the 
corrugation.

With those understanding in mind, we next study 
the relation of sublattice symmetry (also termed as 
pseudospin degeneracy) to the corrugation, which 

Figure 3. Relating sublattice symmetry breaking to substrate morphology corrugation. (a) Atomic resolution image of G/GaSe also 
obtained in figure 2(d). Tunneling parameters: V  =  0.5 V, I  =  500 pA. (b) Height profile of the bump in the inset. Pink curve is the 
Gaussian fitting. Inset: substrate corrugation deduced by low-pass FFT from the area marked by a blue solid square in (a). (c) The 
plot of LDOS contrast as a function of r/b. r is the distance from the bump’s center in (a) and b is the width of Gaussian deformation. 
Experimental data are obtained from (a) and (b) and the pink curve is the theoretical calculation. (d) The plot of the LDOS contrast 
as a function of the height of the substrate. The discrete black points with error bars are experimental results and the red dashed line 
is guide for the eye to reveal the linear relationship with larger height.

2D Mater. 6 (2019) 045050
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would serve as a calibration table on further tuning 
the pseudospin. Figure 3(d) shows the evolution of 
LDOS contrast with the height of Gaussian bumps H 
at fixed bump width b and distance from the center 
(figure S2 for details). The monotonically decreasing 
of LDOS contrast with H indicates that the corruga-
tion provides a useful knob on tuning the degeneracy 
of the pseudospin. Interestingly, for the height value 
becomes larger than 1.5 Å, the LDOS contrast value 
shows an almost linear dependence on the height, 

i.e. Cexp = gPH, where the gP = 0.4 Å
−1

 is a prefac-

tor that characterize the pseudospin splitting and 
the height that controls the curvature. This is remi-
niscent of Zeeman splitting as the spin degenerated 
states under an external magnetic field. However, the 
pseudospin degeneracy here is lifted by the curvature 
or height of the bump in our experiment. While it is 
worth to notice that this simple projection comes from 
a statistical result, i.e. the linear dependence of the 
LDOS contrast on the height of the bump, whether it 
could represent a universal case in the curved sample 
may still need further experimental work especially 
considering their nontrivial relationship as stated by 
equation (1).

Conclusion

In conclusion, we observed the sublattice symmetry 
breaking in graphene on GaSe substrate by STM. 
Topographic images of graphene reveal a triangular 
lattice with three-fold symmetry rather than intrinsic 
honeycomb lattice with six-fold symmetry when it 
is placed on a GaSe substrate. It is further confirmed 
by AFM that the corrugation of graphene on GaSe 
is caused by the large fluctuation and corrugation of 
topography in GaSe substrate (~3 nm), which is much 
larger than SiO2 substrate (~1 nm). Experimental 
LDOS contrast between two sublattices of graphene 
according to height measured by STM is consistent 
with theoretical simulations. Our results provide a 
way to engineer the pseudospin or related electronic 
structure through a mechanical knob.

Methods

The G/GaSe heterostructure was fabricated in the 
glove box transferring multilayer exfoliated GaSe flake 
on the SiO2 substrate followed by placing single layer 
graphene upon it (figure 2(a)). Then Au electrode 
connected with graphene sheet to supply bias voltage 
during STM imaging was defined by standard 
electron-beam lithography patterning followed 
by electron-beam evaporation Ti/Au (5/50 nm) 
and lift off. To remove PMMA residues, the device 
was annealed both in flowing H2/Ar gas at 250 °C 
and in ultra-high vacuum at 250 °C for overnight. 
With a home-upgraded UHV four-probe scanning 
tunneling microscope [29], one of the tip made of gold 
contact with the electrode pad to supply bias voltage 

and another tip made of tungsten characterize the 
topography of the graphene sheet on GaSe (figures 
2(b) and (c)). For the G/BN heterostructure, it follows 
the same process.
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