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Using first-principles calculations, we investigate the possibility of realizing valley Hall effects (VHE) in blistered graphene sheets. We
show that the Van Hove singularities (VHS) induced by structural deformations can give rise to interesting spin-valley Hall
phenomena. The broken degeneracy of spin degree of freedom results in spin-filtered VH states and the valley conductivity have
a Hall plateau of +e®/2h, while the blistered structures with time-reversal symmetry show the VHE with the opposite sign of

K/K'

Oyxy (e%/2h) in the two valleys. Remarkably, these results show that the distinguishable chiral valley pseudospin state can occur
even in the presence of VHS induced spin splitting. The robust chiral spin-momentum textures in both massless and massive Dirac
cones of the blistered systems indicate significant suppression of carrier back-scattering. Our study provides a different approach to
realize spin-filtered and spin-valley contrasting Hall effects in graphene-based devices without any external field.
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INTRODUCTION

The quantum anomalous Hall effect (QAHE) in 2D materials arises
from the complex interplay between time-reversal symmetry
breaking and spin-orbit coupling (SOC). In contrast with the
quantum Hall effect (QHE), which can be achieved via a strong
external magnetic field, QAHE is solely associated with eternal
magnetization and SOC of materials'2. The most common way to
achieve QAHE is through the induction of exchange splitting in
topological insulators®™®. Thus, the quantization of Hall conduc-
tance is correlated with the topological number, which is robust
against minor disorder and perturbations’. Furthermore, the
interplay of the SOC and broken spatial inversion gives rise to
valley degrees of freedom for Bloch electrons®®. The valley is
represented by a binary pseudospin in reciprocal space, and it
usually occurs at the edges of the hexagonal Brillion zone (BZ)'%'".
The prospect of being able to manipulate the valley pseudospin in
a topologically nontrivial material shows great promise for next-
generation electronic devices'?. The valley binary degree of
freedom is conceptually equivalent to the spin degree of freedom
for a single electron. However, the lack of associated physical
quantities for the valley pseudospin makes it challenging for
external manipulation.

Graphene has been the focus of intense research in recent
years, mainly because of its unusual properties, such as the
remarkable feature of Dirac fermions'>'%. The long electron spin
relaxation time in graphene makes it a strong candidate for
spintronics and valleytronics applications. However, the bipartite
honeycomb structure with equivalent A and B sublattice enforces
the Berry curvature of K into —K and renders them indistinguish-
able. In this regard, strain engineering has been pursued
intensively to break this degeneracy and modify the electronic
properties'>'>'. Previous reports have shown that strain in
graphene induces a shift in the low-energy Dirac spectrum
because of the spatial change in the electron density and results in
an effective vector potential between the two sublattices'’. This

strain-induced gauge field can give rise to large pseudo-magnetic
fields (PMF), which have opposite signs in the K and K’ valleys'®™",
Therefore, this gauge field can be used as a building block for the
valleytronics device.

Several methods have been used to produce controllable strain
fields, such as the direct application of pressure through STM
tips?'??, dislocations or grain boundaries**?*, gas inflation®*, and
electron radiation®®%’. These experimental methods create nano-
bubbles and blisters in graphene sheets?®. The simplest form of
these structures are clusters of Stone-Wales defects, where the
rotated carbon-carbon bonds create adjacent pentagonal and
heptagonal rings?>**?°, Such blisters exhibit out-of-plane defor-
mation of different sizes and shapes. The PMF associated with
these nano blisters varies spatially and is usually of a large
magnitude. In addition, they also create flat bands and Van Hove
singularities (VHS), which open up the possibility of magnetic
states in graphene®.

In this study, we focus on graphene blisters, which have been
created via electron beam irradiation in a previous report®'. Using
first-principles calculations, we investigate the possibility of
realizing valley Hall effects (VHE) in graphene. We show that the
strain field due to local deformation of the blisters results in a low-
energy VHS around the Fermi level and induces a magnetic state
in graphene. Recently, it has been demonstrated that the
coexistence of PMF and magnetic fields allows for effective
control of the valley in graphene®2. Here, we show that the
interplay between PMF and VHS gives rise to spin-filtered VH
states. Interestingly, the chirality of the valley pseudospin state is
preserved even with a magnetic state. Besides that, the spinor
wave functions obtained from non-collinear calculations show
strong chiral spin-momentum textures in all blisters, which
suggests significant suppression of carrier back-scattering. This
finding provides an opportunity to realize spin and valley
contrasting Hall effects in graphene for valleytronics and
spintronics device applications.
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Fig. 1

The detailed structure of atomic-scale graphene blisters after structure relaxation. The simulated STM images are on the left panel,

the top and side view on the right panel a C,, b C,4, and ¢ C¢, the red and green areas represent heptagonal and pentagonal rings, the color

bars with the side view are represent out of plan distortions in A.

RESULTS AND DISCUSSION

Blister systems

Individual carbon ad-atoms on graphene are predicted to be
mobile at room temperature, and thus, not expected to be found
after deposition; upon encountering another carbon ad-atom,
highly stable self-interstitial dimers can be formed®**”?°. Contrary
to the vacancy defects with deficient carbon atoms, these blister
structures are usually seen as defects containing up to three pairs
of additional carbon atoms. Specific blisters incorporated into the
graphene lattice considered in our study have been realized
experimentally via 80kV electron beam irradiation and imaged
using atomic-resolution aberration-corrected high-resolution
transmission electron microscopy®'. Similar blisters have also
been observed in numerous other experimental studies®*3373°,
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Figure 1a-c shows the different blisters and simulated STM images
to match the experimental data. The notation C, is used to denote
a blister defect containing x additional carbon atoms, which are
C, C4, and G in this study. These blisters have a quasi-spherical
shape with out-of-plane distortions that coexist with small
wrinkling. The blister-oriented distortion increases with size and
reaches its maximum value for the C4 case. The strain induced by
the out-of-plane displacement gives rise to a potential imbalance
in the graphene sublattice and creates a PMF around the
blister'®?', It should be noted that the central hexagon in
the G, blister region is rotated by 30° with respect to the graphene
sheet and the local symmetry is modified, as shown in Fig. 1a. The
modification of local symmetries can also be seen in the other two
cases. The local symmetry change and the atomic buckling
induced strain create localized states around the Fermi level with a
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Fig. 2 Projected band structures and corresponding DOS showing Van Hove singularities. a C; nonmagnetic case, the red color
representing the contribution from the p, orbitals of the blister atoms; b spin-polarized case of C,, the green and red color representing the up
and down spin; ¢, d are for the ground state of C, and Cg, respectively; The size of the circles represents the relative weights of the p, orbitals

of the blister atoms.

character that differs from pristine graphene. Here it should be
noted that we have calculated all of the three blister systems in
(7x7) and (11 x 11) supercells. The blister density in the larger
supercell is 1.34 x 10° um ™2, which is comparable to the experi-
mental value of (1 +0.2) x 10° for a similar system>°. We also have
performed molecular dynamics (MD) simulations (at 300K) to
check the thermal stability. The MD simulation results have been
shown in Supplementary Fig. 1. It can be seen that the blister
structures display increased out-of-plane rippling, nonetheless, the
graphene sheet and blister structure are well intact at room
temperature.

N

Magnetic state

In pristine graphene, the sp? hybridized states consist of low
energy o-bands while the Dirac-cone is dominated by the out-of-
plane m-orbital (p,) around the Fermi level. However, localized
states involving m-orbitals (p,) caused by the change in local
symmetry and geometric distortions lead to VHS in these blister
structures. In addition, the related rippling in graphene also
induces a certain energy gap. Figure 2a shows the band structures
and density of states with projections of the m-orbitals (p,) of the
blister atoms. In the C; system, the Fermi energy nearly aligns with
the 2D VHS at I, where the band dispersion has a saddle point
causing the density of states to diverge logarithmically. Thus,
double occupation of the mi-state electrons with different spins is

forbidden because of electrostatic Coulomb repulsion, and the
VHS splits into two spin-polarized states and results in the
emergence of a magnetic state, as shown in Fig. 2b. The relatively
smaller out of plane distortion maintains the flat bands and
related VHS close to the Fermi level in C, (see Fig. 1a). The
magnetic state due to the VHS is sensitive to the Fermi level
position and can be affected by charge transfer, which usually
occurs in the presence of substrates. Therefore, the influence of
charge doping on the magnetic state was analyzed (see
Supplementary Fig. 2). It is found that the magnetic state is
stable within a doping range of 1.0 e(h) per unit. The survival of
the magnetic state over a large range of external charge carrier
shows the robustness of the magnetic state in C,. The presence of
the blister-induced VHS is not limited to the C, but also observed
in other blisters. In the C, system, the localized m states are
lowered in energy due to the increased out-of-plane distortion.
Thus, the flat bands and related VHS shift away from the Fermi
level (Fig. 2c), and no net magnetism is observed in this structure.
However, the close proximity of the VHS to the Fermi level
suggests the possibility of a magnetic state in the presence of
charge doping. The alignment of the VHS with the Fermi level
leads to a magnetic state in C4, and a maximum magnetic
moment value of 0.9 up is obtained with a charge doping of 1.0e
(h) per unit (Supplementary Fig. 2). With a further increase of the
carbon dimer in Cg, the VHS are pushed further away from the
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Fig.3 Long-range ordering and magnetization density for C,. The a FM and b AFM spin configurations, with iso-surface values of +0.005 e Bohr 3,
the gold, and cyan colors represent the up and down spin, ¢ MC calculations of mean magnetization as a function of temperature.

Table 1. The magnetic properties of C,.

Distance NM FM AFM Us
~1 138 0 26.6 3.70
~2 143 0 14.5 3.62

Blister-to-blister distance (nm), total energy difference (meV) for different
magnetic configurations, and magnetic moment (ug) for long-range
magnetic interaction in the C, Blister system.

Fermi level because of the increased out-of-plane distortion
(Fig. 2d). The markedly lower energies of the VHS in Cg diminish
any possibility of it being in a magnetic state, even by means of
charge doping. It is worthwhile to note that magnetism in
graphene can also be induced by breaking the sp? hybridization
as in the hydrogen adsorption case®” or through creating zigzag
edges in the ribbon case®. However, in the blistered graphene
sheet, the addition of an even a number of carbon atoms (2, 4, 6)
still keeps three bonds for each carbon atom, and the typical sp”
hybridization is preserved even for the blister carbon atoms.

In the G, structure, the VHS and related magnetic state are
spread over the whole heptagonal and pentagonal ring pattern,
which opens up the possibility of different short-range magnetic
orderings. To check these orderings, the nonmagnetic (NM),
ferromagnetic (FM), and several anti-FM (AFM) spin configurations
are considered (see Supplementary Fig. 3 for details). It is found
that the AFM states with all possible spin alignments always turn
into FM or NM states. The absence of AFM removes the possibility
of any short-range antiparallel magnetic domains in this structure.
In contrast with the magnetic exchange interactions associated
with strongly localized d-orbitals, the interactions related to the p
state are predicted to extend over several nanometers because of
their longer wave function tails. To check the long-range magnetic
ordering, the blister-to-blister magnetic coupling is investigated
with distances of ~1 and 2 nm. The local spin densities of C, for
inter-blister FM and AFM ordering are shown in Fig. 3a, b,
respectively, and the energetics for different magnetic states are
shown in Table 1. Our results show strong FM coupling even with
a blister-to-blister distance of 2 nm. As can be seen in Fig. 3, the
spin densities in the FM state have longer decaying tails compared
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with the AFM state. This suggests comparative delocalization of
electrons, and thus, effective lowering of the kinetic energies in
the FM configuration. This lowering of the kinetic energy shifts the
balance in favor of the FM states. Compared with the magnetic
state in graphene caused by hydrogen adsorption, where the FM
state depends on distance and the sublattice adsorption site*’, the
blistered graphene can have a robust FM state which is not
dependent on the relative orientations of blisters. Under practical
conditions, thermal fluctuations can hinder long-range magnetic
ordering, hence, Monte Carlo (MC) simulations are performed to
calculate the Curie temperatures (T¢). In the short distance regime
of ~1 nm between the two blisters, the value of Tc was ~50 K but it
sharply decreased to 25 K when the distance between two blisters
was ~2 nm. The calculated mean magnetization as a function of
temperature for a 2 nm distance is shown in Fig. 3c. Considering
the Mermin-Wagner theorem, the low Tc is not unexpected as
thermal fluctuations can destroy the magnetic ordering in the 2D
system. However, these thermal fluctuations can be counteracted
via an external magnetic field. From Fig. 3¢, it can be seen that the
Tc can be enhanced to 80K in the presence of a small external
magnetic field of 40 T in our MC simulations.

Valley Hall effect

To describe the symmetry-related character of the Bloch electron,
we calculate the Berry curvature Q(k), which can be obtained from
the overlap matrix of the Kohn-Sham orbitals, asQ, (k) = V x A,
where Anc = —i(Unk| 2 |upk) and |uy) is a normalized wave
function. The k-resolved Berry curvature Q(k) integrated over the
whole valence band of C, is shown in Fig. 4a. Externally
introduced exchange splitting without lattice deformation results
in Q(k) =Q(—k) because of the preservation of inversion
symmetry®>394°, In contrast, the Berry curvature observed here
has two opposite peaks at the BZ corners (K and K’) in C,. This can
be attributed to the remarkable relationship of Dirac fermions to
sublattice polarization and inversion symmetry breaking caused
by mechanical deformation. Blister induced deformation and local
symmetry modification cause a pronounced PMF, even in the
vicinity far beyond the blister region because of long-range
rippling. Similar phenomena have been predicted in previous
theoretical works*'*2. Here the C, system loses its spatial
inversion, but the local structure and bands related to the VHS
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Fig. 4 The nature of Hall conductivity in C,. a The momentum resolved Berry curvature for the occupied bands. The first BZ is denoted by
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energy (eV) with respect to the Fermi level, and the relative strength
of the spin filtered VH effects.

have preserved threefold symmetry. The reduction of sixfold to
threefold symmetry creates equal and opposite distinguishable
chiral valleys at K and K. It should be noted that the absence of
spatial and time inversion symmetry should provoke a valley
polarization state. However, due to the insignificant SOC strength
of carbon atoms, no tangible valley polarization is observed in Q
(k). The out-of-plane magnetization shows no substantial change
in the S, spin component throughout the BZ (not shown here).
Nonetheless, the in-plane spin textures (S,,) for both the valence
band maxima (VBM) and conduction band minima (CBM) show
chirality, as shown in Fig. 4b, c. The VBM has a clockwise and
counter-clockwise spin texture around K (K’), which matches well
with the threefold symmetry of the Berry curvature at K (K').
Furthermore, the valley polarization is quite visible in the S,,
vector field of the VBM and CBM because the in-plane spin field is
different at K compared with K. The anomalous Hall conductivity
(AHQ) can be defined as oAyHC 2 [ Q(k)dkydky, where k, and
k, are BZ vectors. Therefore, in the absence of vaIIey polarization Q
(k) = —Q(~k), and the total AHC 0" = o} + o, is zero. The so-
called valley Hall conductnwty can  be defined as

oic = < ki Q(k)dkydk, at the two valley points K(K'). Because
ofvexchange splitting, we obtain a value of 1/2(—1/2) in the unit of
€ which confirms VHE in C,. Consequently, the electrons from
both valleys are deflected to opposite edges, and the contribu-
tions to the AHC from the individual valleys 0" 0. A similar case
was also discussed previously with the Fermi-level locating in the
band gap®. The spin polarization in C, gives rise to large
exchange splitting and spin-filtered VH states can be observed,
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of the in-plane spin field S, is represented by black arrows. d Schematic

where all the current-carrying edge states have the same spin
orientation. Thus, this C;, blister system also presents the spin-
filtered Hall Effect, as shown in Fig. 4d. Moreover, the spin-filtered
VH states are protected against the slight movement of the Fermi
level caused by exchange splitting. To extract the graphene
character in C, we also calculate the Berry curvatures by
integrating over the graphene valence bands (impurity bands
near the Fermi level are excluded). In contrast with pristine
graphene, the Berry curvatures of the valence bands without
impurity bands also show a chiral character Q(K) = —Q(K") (see
Supplementary Fig. 4), which makes it a robust candidate for
practical valleytronics devices.

The band structures in Fig. 2 have been presented along the
high symmetry lines. However, under strain, the Dirac point shifts
away from the chosen high symmetry path. To clarify this shift in
C,, we present the 3D band plot E (k,, k) in Fig. 5a. The C, system
has the opposite Berry curvature spikes shifted from the BZ points
K/K' to points L/L’, as shown in Fig. 5b. The Berry curvature peaks
around T correspond to the avoided band crossing points
between the VBM and CBM, as can be seen in the 3D band.
This shift from the actual K to L points is due to local symmetry
change, and this phenomenon has also been observed in strained
graphene®’. Furthermore, the inversion symmetry breaking
induced by lattice deformation generates Rashba splitting, which
can be seen in the spin texture of the VBM and CBM, as shown in
Fig. 5¢, d, respectively. The in-plane spin texture S, presents a
helical feature in the vicinity of the BZ center. Similar to C,, the
opposite Berry curvature peaks in the Cg shift from the K (K') point

npj Computational Materials (2020) 197
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with the shift of the Dirac points (Fig. 5e, f). This is because the
four pairs of heptagonal and pentagonal rings induce strain, which
further reduces the local symmetry from three to twofold.
Figure 5g, h demonstrates the existence of in-plane chiral spin
texture around the displaced Dirac points. The CBM spin texture
differs from that of the VBM, nonetheless, it preserves the helical
spin texture with different chirality. The absence of exchange
splitting in C4 and Cg means the preservation of time-reversal
symmetry and the opposite Berry curvature of the two valleys
induced by the PMF does not give rise to any AHC (oj'“ = 0).
However, even though the overall time-reversal symmetry is
preserved, the PMF generates VHE with the opposite sign of oXy
in the two valleys. The o"”c = %1 in the presence of very weak
SOC because the two spln states are degenerate in both valleys.
Such VHE causes the splitting of the current into two different
valleys that originally move in the same direction. In comparison
with ordinary semiconductors, the robust chiral spin texture at the
Dirac cones should markedly suppress the back-scattering of
charge carriers. It should be noted that the results can be affected
by the strong interaction with a substrate. However, it is
anticipated that these properties will be preserved in the case of
an insulating or wide gap semiconductor substrate.

In conclusion, we investigate the AHE and VHE in the blistered
graphene sheets. The blister structures are composed of
pentagonal and heptagonal rings of carbon atoms, which show
a strong tendency toward out-of-plane deformation with increas-
ing blister size. The geometric distortion leads to VHS which could
induce exchange splitting in otherwise paramagnetic graphene.
Unlike the ribbon edges, these atomic-scale blisters are fully
immersed within the graphene sheet, hence, its magnetic state is
protected from contamination and reconstruction effects that
could hamper experimental detection. We have shown that in the
presence of exchange splitting, the graphene blister hosts
the spin-filtered VHE in units of half + <. We propose that the
distinguishable chiral valley pseudospin state (Q(K) ~ —Q(—K)) can
occur even with magnetism. In the presence of time inversion, the
graphene blister shows VHE W|th the opposite sign of oXyK in the
two valleys with the unit of + e . Our study provides a pathway to
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realize the spin-filtered and valley contrasting VH effects in the
absence of external fields in graphene.

METHODS

Numerical methods

The first-principles calculations are mainly performed by using OpenMX
code, which is based on a linear combination of pseudoatomic orbital
formalism*>*®, Pseudo-atomic basis functions of s’p?d' along with the
norm-conserving pseudopotentials are used from the OpenMX library. The
electronic exchange-correlation interactions are treated in the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof*’. To avoid the
interactions between images created by the periodic boundary condition,
a vacuum space of 15 A is used in the nonperiodic direction. To model the
blisters the primitive vectors and atomic positions are fully relaxed with the
convergence criterion of 0.01eVA~" for interatomic forces. The energy
cut-off of 200 Ry is used and the energy convergence criterion is kept 2 x
10~® eV for each electronic structure calculation. We have performed the
calculations by using two supercell sizes of 7x7 and 11x 11 to confirm
that the graphene sheets with different blister densities indeed show
similar electronic properties. Brillouin zone is sampled by (7x7x 1) and
(5%5x1) l-centered k-mesh for supercell size of 7x7 and 11x11,
respectively. The scanning tunneling microscopy (STM) images are
simulated by using the Tersoff~Hamann theory for STM images*, as
supplied in the OpenMX code and WSxM software is used for
presentation®®. We also double-checked the electronic and magnetic state
of blisters with the Vienna ab initio simulation package®>*" at the level of
the spin-polarized GGA*. The interaction between valence electrons and
ionic cores was described within the framework of the projector
augmented wave method®2 The energy cutoff for the plane-wave basis
expansion was set to 500 eV.

Spin texture and berry curvature

The spinor wave function ,(r, k, p) obtained from the non-collinear first-
principles calculations are used to obtain the spin density matrix Py, (k, 1)
by using

PasKob) = [ 58k 1 1. K ), M

where p and k are the band index and reciprocal space points respectively,
o and o’ are two opposite spin indices (1 or |). The wave function Y(r, k, p)
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in OpenMX is just a linear combination of pseudo atomic orbitals. The spin
polarization (P, P,, P,) is deduced in the k-space from the 2 x 2 spin density
matrix>>. Berry curvature is calculated by using the Fukui-Hatsugai-Suzuki
method>*. In this method, the overlap matrix U is defined by>*

Un(k) = det (un(k)|up, (k + Ak)), )
and Berry curvature is defined by
F(k) = Im logUa, (K)Ua, (k + Aki)Uy! (K + Aky) Uy, (K). 3)

Spin dynamics

Curie temperature (Tc) is a critical point at which the FM system
becomes paramagnetic, and it is an important parameter to evaluate
magnetic properties. We simulate the temperature-dependent magne-
tization curve and extracted the T¢ by carrying out MC simulations.
During the MC simulations, 45 x 45 supercells is used to mimic the 2D
lattice; this is found to be large enough to minimize the periodic
constraints. The MC simulations perform a stepwise loop over-
temperature, performing equilibration and averaging steps and
calculating the mean magnetization before incrementing the tempera-
ture. The number of equilibration and averaging steps increased
stepwise and the optimized value is found to be 30,000. The
temperature-dependent magnetization curve is fitted by using the
Curie-Bloch equation in the classical limit as given below

m(T) =[1-T/TJF, (4)

where T is the temperature and T¢ is the Curie temperature.
The interactions between the blister and external applied field (Hex)>® is
defined by

Hext = — ZH; Si-Hext, (5)
1

where g is the atomic magnetic moment and S; is a unit vector denoting
the local spin moment direction, respectively.
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