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Room-temperature magnetism on the zigzag edges of phosphorene nanoribbons
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Searching for room-temperature ferromagnetic semiconductors has evolved into a broad field of material
science and spintronics for decades, nevertheless, these novel states remain rare. Phosphorene, a monolayer
black phosphorus with a puckered honeycomb lattice structure possessing a finite band gap and high carrier
mobility, has been synthesized recently. Here we show, by means of two different large-scale quantum Monte
Carlo methods, that relatively weak interactions can lead to remarkable edge magnetism in the phosphorene
nanoribbons. The ground state constrained path quantum Monte Carlo simulations reveal strong ferromagnetic
correlations along the zigzag edges, and the finite temperature determinant quantum Monte Carlo calculations

show a high Curie temperature up to room temperature.
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I. INTRODUCTION

Semiconducting materials exhibiting high-temperature fer-
romagnetism play a key role in realizing spintronics applica-
tions [1]. Nowadays, this class of novel materials continues
to attract widespread attention both theoretically and exper-
imentally [2]. Various properties of the targeted materials,
including two dimensionality, high Curie temperature, high
carrier mobility, and the intrinsically insulating bulk suitable
for charge carrier doping [1-4], are required for the high-
performance nonvolatile transistors. After intensive studies for
decades, the realization of ideal ferromagnetic semiconductors
satisfying all these requirements—in particular, with Curie
temperatures at the scale of room temperature—remains a
challenging problem.

Recently, two-dimensional materials, initiated by the study
of graphene and then followed by the hexagonal boron nitride
and transition-metal dichalcogenides, have attracted a great
deal of attention [5,6]. In graphene, the low energy physics
governed by the massless Dirac fermions leads to magnetic
properties along the zigzag edges [7—-15], which is remarkable
because correlation effects in p-orbital materials are typically
not so strong as those in d- and f-orbital bands to drive
ferromagnetism. Experimentally, this edge ferromagnetism
has been observed [15]. The key is the appearance of the edge
flat band, and the divergence of density of states amplifies the
interaction effects. Ferromagnetism has also been investigated
in the p,(p,)-orbital bands due to either the bulk flat band
structure in the honeycomb lattice [16,17], or the quasi-one-
dimensional (quasi-1D) bands in the square and cubic lattices
[18,19]. However, the zero band gap of graphene limits its
application performance as a semiconductor [6,20-25].

It is highly desired to discover a two-dimensional ma-
terial exhibiting a finite band gap as the basis for a low-
power transistor. For this purpose, phosphorene, a puckered
honeycomb structure of monolayer black phosphorus held
together by van der Waals forces, has been isolated recently,
which further advances the development of the post-graphene
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materials. Numerous first-principle studies have appeared on
phosphorene [26-37] and its nanoribbons [38—43]. Different
from the graphene structure, as shown in Fig. 1(a), the
hopping integrals in phosphorene are strongly anisotropic. As
a result, its electronic spectrum changes significantly from
that of graphene: Phosphorene is fully gapped as a direct
gap semiconductor [43]. Furthermore, its mobility is higher
compared with those of transition-metal dichalcogenides [26].
Therefore, phosphorene is considered as a promising candidate
for future spintronics applications [31-34]. It is natural
and important to further investigate the possible magnetic
properties in phosphorene [43].

It has been theoretically proposed that applying strain along
the zigzag edges can enhance the graphene edge ferromag-
netism [13,14]. The zero energy edge modes only occupy
part of the one-dimensional edge Brillouin zone connecting
the projections of two bulk Dirac points. The stress induced
anisotropy shifts the locations of the Dirac points, and thus
modifies the interaction effect by changing the density of states
in the flat band along the edges. Nevertheless, the available
strain strengths are limited in graphene [14], and applying
strain significantly degrades mobility [44]. In contrast, the
intrinsic anisotropy in phosphorene is about one order larger
than most severely strained graphene [14]. Consequently, the
phosphorene nanoribbon exhibits a quasiflat edge band across
the entire one-dimensional edge Brillouin zone, which is
entirely detached from the bulk band [40,41]. We anticipate
much more enhanced edge ferromagnetism in phosphorene
than in graphene. Regarding the natural strong anisotropy, the
great carrier mobility, and the direct gap, the high-temperature
ferromagnetism in phosphorene nanoribbons is not only of
great academic interest from the aspect of the interplay
between band structure and interaction in solids, but also paves
the way for novel technology revolutions.

In this paper, we employ the nonperturbative numeric
methods of large-scale quantum Monte Carlo simulations to
investigate the edge magnetism in the bulk insulating phos-
phorene nanoribbons. Strong edge ferromagnetic correlations
are observed at zero temperature with weak interactions. The
edge magnetic susceptibility at finite temperature exhibits the
Curie-Weiss behavior with the extrapolated Curie temperature
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up to room temperature. It is expected that such edge mag-
netism could be detected by scanning tunneling microscopy in
undoped or low doped phosphorene nanoribbons.

II. MODEL AND METHODS

To capture the physical properties of phosphorene, the tight-
binding model has been constructed recently by including five
hopping integrals #; among neighboring sites (i = 1,2, ...,5)
[32], as illustrated in Fig. 1(a). Different colors respectively
represent atoms on different sublattices, and solid (empty)
circles indicate upper (lower) layers. ¢, describe the two
nonequivalent nearest-neighbor bonding, #; is a next-nearest-
neighbor hopping integral, and #, 5 describe bondings between
two different next-next-nearest-neighbor hopping integrals.
These hopping integrals were fitted by the following values
as H = —1.220 eV, 1, =3.665 eV, 13 = —0.205 eV, 4 =
—0.105 eV, and s = —0.055 eV for bonds shown in Fig. 1(a).

To construct a nanoribbon with the zigzag edges, we
define the lattice shown in Fig. 1(b) to be periodic along
the x direction and finite in the y direction. We employ the
single-band Hubbard model for phosphorene nanoribbons as

H = Ztijcii,cj(, +U Znimu - MZCL%’ M
{ij)o i (i)o

where the summation runs over the lattice sites. f; is the

hopping integral between the ith and jth sites, and el (¢;,)
is the creation (annihilation) operator of electrons at site i (j).
W is the chemical potential and U is the on-site repulsion.

We solve the interacting Hamiltonian equation (1) by using
the determinant quantum Monte Carlo (DQMC) method at
finite temperature [45—47], and the constrained path quan-
tum Monte Carlo (CPQMC) for the ground-state properties
[48]. Both of them are nonperturbative methods suitable for
simulating magnetic correlations in the presence of Coulomb
interactions [49-51]. The strategy of the DQMC is to represent
the partition function as a high-dimensional path integral
of imaginary time evolution over a set of random auxiliary
fields, and the integral is then performed by the stochastic
importance sampling. In the CPQMC method, the ground-state

FIG. 1. (a) Top view of the puckered honeycomb structure of
phosphorene. Different colors indicate atoms on different sublattices,
and solid (empty) circles indicate upper (lower) layers. The hopping
parameters ¢;—t5 are labeled between the two corresponding sites. (b)
The schematic diagram for the spatial distribution of the magnetic
structure factor for U = 3.0 eV at half filling on the lattice of
phosphorene nanoribbon used in our simulation. The radius of each
circle is proportional to the value of Mg [Eq. (3)] of the row. We
implement the periodic boundary condition along the x direction and
a unit cell is enclosed by the dashed lines.
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wave function is projected from an initial trial one through a
random series of Slater determiant wave functions dependent
on the auxiliary field configurations during the imaginary time
evolution. At each step of this evolution, only the Slater
determinant wave functions with positive overlap with the
initial wave function are kept. For more technique details we
refer to Refs. [45-51].

The magnetic properties are probed in several ways. As
will be shown below, only edges exhibit prominent magnetism
and the insulating bulks remain nonmagnetic. To explore
the thermodynamic properties of the edge magnetism, we
calculate the uniform magnetic susceptibility x along each
edge by using the DQMC at finite temperatures. The uniform
spin susceptibility is the zero-frequency correlation which
is equivalent to the equal-time correlation when spins are
conserved. However, spins along the edges are not conserved
by themselves; the zero-frequency correlation is no longer
equal to the equal-time one. The edge magnetic susceptibility
x are defined as

B
X = /0 dr ) (Si(r) - S;(0)), 2)

ij

where Sij(7) = ef75;(0)e~#7, and the summation is over the
sites along a single edge first, and then make an average
over the results from both the top edge and the bottom edge.
Specifically, the sites within the two edges are marked with
larger circles shown in Fig. 1(b). In order to further extract the
spatial distribution of the magnetic correlations, we use the
CPQMC method to calculate the equal-time magnetic structure
factor for each row parallel to the zigzag boundary defined as

1
Mg = 2 Z Sij» 3

* i,jeRow

where Sij = (Si-Sj), Si = cjac,- is the on-site spin operator,
R is the index of the row, i,j are the site indices along the
Rth row, and L, is the number of sites in each row. MR’s
are calculated along each row from the bottom edge, via the
center, to the top edge as shown in Fig. 1(b), where a schematic
diagram for the spatial distribution of spin structure factor Mg
is presented, in which the radius of each circle is proportional
to My for each row. Strong ferromagnetic correlations appear
along the edges, while those in the bulk are much weaker.
It further shows that most electrons with spin up occupy the
bottom edge, and thus most electrons with spin down occupy
the top edges.

III. RESULTS AND DISCUSSIONS

Now we present the temperature dependence of the edge
magnetic susceptibility. In Fig. 2(a), 1/x(T) (symbols) are
presented at different interaction strengths U for (n) = 1.0
as well as the linear fittings (dashed lines). They exhibit the
Curie-Weiss behavior 1/x = (T — T,)/A. Specifically, as U’s
are larger than 1 eV, the interceptions of the extrapolations
of 1/x(T) on the T axis are finite yielding a finite 7.
Depending on the fitting, 7, is estimated as ~0.032 eV
for U = 2.0 eV, which is roughly ~320 K. In Fig. 2(b),
the estimated interaction dependence of 7, is shown, which
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FIG. 2. (a) The temperature-dependent 1/x at (n) = 1.0 with
different U. (b) The estimated 7, depends on Coulomb interaction
U at half filling. Inset: the temperature-dependent 1/x at (n) = 1.0
with U = 3.0 eV for different lattice size.

indicates that 7, increases as increasing U. In the inset of
Fig. 2(b), 1/x(T) (symbols) at U = 3.0 eV are presented for
(n) = 1.0 with different lattice size, as well as the linear fittings
(dashed lines). Results for 2 x 6 x 6,2 x 8 x 6,2 x 10 x 6,
and 2 x 12 x 6 are almost the same within the error bar. Hence
we may argue here that the magnetic susceptibility and the
estimated 7, are almost independent of the lattice size.

For higher interactions shown in Fig. 2(b), one may notice
significant error bars on the estimated T, related to the Monte
Carlo sampling. For the susceptibility shown in Fig. 2(a) and
spin correlation shown in further figures, most error bars are
controlled with 10%. Where not shown in figures, error bars
are within the symbol size.

We further study the spatial distribution of the magnetic
correlations by using the CPQMC method. To represent spin
correlations between different rows, we plot Sig, in Fig. 3(a)
defined as the correlation between site 1 at the first row and
the second site of each row, R,. The inter-row magnetic
correlations are antiferromagnetic and decay quickly as R,
enters the bulk. Each edge exhibits strong ferromagnetism,
while two different edges are correlated in an opposite way. In
Fig. 3(b), we show that the Mg on the edge depends on L, for
afix L, = 4. After a careful scaling analysis, one may see that
Megge tends to have a long-range order as U is larger than a
U. ~ 0.5 eV, which agrees with the results shown in Fig. 2(b).
The edge magnetism reported here is stronger than that in
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FIG. 3. (a) The spin correlation Sir, between the site 1 and the
second site of each row. (b) The magnetic structure Meqge On the edge
depends on 1/L, at (n) = 1.0 for different U.
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graphene nanoribbons, and the critical interaction strength is
lower than that of graphene-based materials [13—15].

The change of the topological structure induced by the
natural strong anisotropy in phosphorene is the key to under-
stand the enhancement of the edge ferromagnetism compared
with the isotropic case for graphene. Let us only focus on
the nearest-neighboring hopping #; and #,. For the case of
graphene f; = 1,, using the translational symmetry along the x
direction of the nanoribbon, the band Hamiltonian reduces to
a one-dimensional Su-Schrieffer-Heeger (SSH) model along
the y direction with the open boundary condition, labeled by
the momentum k,,

Hssu(ke) = To(ke) Y el e+ Y cheapn +He, (4)

L l

where the hopping amplitude on odd bonds 7,(k, ) = 2f; cos %‘
and that on even bonds 7, = t,. It is well known that the
system has two zero edge modes at |feyen| > |foda|.- As long
as |fp| > 2|t1], the condition is satisfied for all the values of
k., and the flat band extends over the entire Bouillon zone
[33], detaching from the gapped bulk spectrum. In contrast,
at || < 2|#|, there exist two Dirac points in the spectrum
where the flat band is terminated. In particular, for the isotropic
case of graphene, the length of the edge flat band in the
one-dimensional Brillouin zone is 27” Therefore, the number
of zero modes in the strong anisotropic case studied here is
tripled. Upon turning on U, ferromagnetism develops in these
edge flat bands due to the enhanced interaction effect by the
divergence of the density of states. The full band gap in the
phosphorene shortens the localization length of the edge states
and weakens the coupling between the edge and bulk states.
When taking into account the intersublattice hopping #3 and ts,
the chiral symmetry of the band structure is still maintained,
and the edge modes remain flat at zero energy. Nevertheless,
the small intrasublattice hopping #, indeed breaks the chiral
symmetry. The edge modes develop a weak dispersion with
the bandwidth determined by #4, nevertheless, they remain a
narrow band and are still detached from the bulk spectrum.

Next, we study the effect of doping on the edge magnetism.
In such nanoribbon with the zigzag edges, most of the doped
charge distributes along the edge, as that shown in Fig. 4(a),
where the doping § = 1 — (n.), on each row parallel to the
boundary is shown. Thus in the following Figs. 4 (b) and
4(c), we present the temperature dependence of 1/x(7T) for
different edge electron fillings. In Fig. 4(b), comparing results
with different doping § at U = 3.0 eV, x(T) is weakened as
the system is doped away from half filling. 1/x(7T) at half
filling (n.) = 0.99 and (n.,) = 0.83 extrapolates to a finite
interception at the T axis indicating a finite Curie temperature,
in contrast with 1/x(T) at (n.) = 0.64, in which case stronger
interaction is expected to induce the edge ferromagnetism. The
critical value U, can be estimated as the smallest interaction
with positive extracted 7, for a fixed (n.). In Fig. 4(c), we
plot the phase diagram obtained this way. The critical U, is
enhanced by higher doping, suggesting possible manipulation
of the edge magnetism by gate voltage [5,6].

For the finite temperature quantum Monte Carlo method,
the notorious sign problem prevents exact results for lower
temperature, higher interaction, or larger lattice. To examine
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FIG. 4. (a) The doped charge § for each row parallel to the
boundary. (b) The temperature-dependent 1/x with U = 3.0 eV for
different electron fillings. (c) The critical interaction U, as a function
of electron fillings (n,).

the reliability of the present data, we show the average of
sign in Fig. 5, dependent on different temperature 7 at
different interaction U (a) and different electron fillings (b)
with the Monte Carlo parameters of 30000 times runs. For
the results presented in previous figures at half filling, our
numerical results are reliable as one can see that the average of
corresponding sign is mostly larger than 0.99 for the U from
1.0 to 4.0 eV with 30000 times measurements. For electron
fillings away from the half filling, as that shown in Fig. 5(b), the
average of sign decreases as the temperature is lowering, while
it is larger than 0.5 for the lowest temperature we reached.
In order to obtain the same quality of data as (sign) ~ 1,
much longer runs are necessary to compensate the fluctuations.
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FIG. 5. (a) The temperature-dependent (sign) at (n) = 1.0 with
different U. (b) The temperature-dependent (sign) with U = 3.0 for
different electron fillings.

Indeed, we can estimate that the runs need to be stretched by
a factor on the order of (sign)’2 [47]. In our simulations,
some of the results are obtained with more than 120000
times runs, and thus the results for the current parameters are
reliable.

To conclude, we have demonstrated that phosphorene
nanoribbons, which are anisotropic direct gap semiconductors
with high mobility, exhibit strong edge magnetism with high
Curie temperatures. These properties make them exceptional
materials for electronic and spintronic devices. The strong
filling dependence of the edge magnetism indicates flexi-
ble control on the magnetic properties of the phosphorene
nanoribbons. This opens up new possibilities of engineering
room-temperature electronic and spintronic devices.

ACKNOWLEDGMENTS

This work is supported by NSFC (Grants No. 11374034
and No. 11334012) and the Fundamental Research Funds
for the Central Universities (Grant. No. 2014KJJCB26). We
also acknowledge support from the HSCC of Beijing Normal
University, and the Special Program for Applied Research on
Super Computation of the NSFC-Guangdong Joint Fund (the
second phase).

[1] A. Koji, Science 312, 1883 (2006).

[2] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton,
S. von Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M.
Treger, Science 294, 1488 (2001).

[3] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl,
Y. Ohno, and K. Ohtani, Nature (London) 408, 944 (2000).

[4] T. Dietl, Semicond. Sci. Technol. 17, 377 (2002).

[5] K. S.Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306,
666 (2004).

[6] Y.Zhang,J. W. Tan, H. L. Stormer, and P. Kim, Nature (London)
438, 201 (2005).

[7] Y.-W. Son, M. L. Cohen, and S. G. Louie, Nature (London) 444,
347 (2006).

[8] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, Rev. Mod. Phys. 81, 109 (2009).

[9] S. Das Sarma, S. Adam, E. H. Hwang, and E. Rossi, Rev. Mod.
Phys. 83, 407 (2011).

[10] T. Ma, F. M. Hu, Z. B. Huang, and H. Q. Lin, Appl. Phys.
Lett. 97, 112504 (2010); F. M. Hu, T. Ma, H. Q. Lin, and J. E.
Gubernatis, Phys. Rev. B 84, 075414 (2011).

[11] H. Feldner, Z. Y. Meng, T. C. Lang, F. F. Assaad, S. Wessel, and
A. Honecker, Phys. Rev. Lett. 106, 226401 (2011).

[12] C.Tao,L.Jiao,O. V. Yazyev, Y. C. Chen, J. Feng, X. Zhang, R. B.
Capaz, J. M. Tour, A. Zettl, S. G. Louie, H. Dai, and M. E.
Crommie, Nat. Phys. 7, 616 (2011).

[13] S. Cheng, J. Yu, T. Ma, and N. M. R. Peres, Phys. Rev. B 91,
075410 (2015).

075106-4


http://dx.doi.org/10.1126/science.1125461
http://dx.doi.org/10.1126/science.1125461
http://dx.doi.org/10.1126/science.1125461
http://dx.doi.org/10.1126/science.1125461
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1088/0268-1242/17/4/310
http://dx.doi.org/10.1088/0268-1242/17/4/310
http://dx.doi.org/10.1088/0268-1242/17/4/310
http://dx.doi.org/10.1088/0268-1242/17/4/310
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1038/nature05180
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1103/RevModPhys.83.407
http://dx.doi.org/10.1063/1.3485059
http://dx.doi.org/10.1063/1.3485059
http://dx.doi.org/10.1063/1.3485059
http://dx.doi.org/10.1063/1.3485059
http://dx.doi.org/10.1103/PhysRevB.84.075414
http://dx.doi.org/10.1103/PhysRevB.84.075414
http://dx.doi.org/10.1103/PhysRevB.84.075414
http://dx.doi.org/10.1103/PhysRevB.84.075414
http://dx.doi.org/10.1103/PhysRevLett.106.226401
http://dx.doi.org/10.1103/PhysRevLett.106.226401
http://dx.doi.org/10.1103/PhysRevLett.106.226401
http://dx.doi.org/10.1103/PhysRevLett.106.226401
http://dx.doi.org/10.1038/nphys1991
http://dx.doi.org/10.1038/nphys1991
http://dx.doi.org/10.1038/nphys1991
http://dx.doi.org/10.1038/nphys1991
http://dx.doi.org/10.1103/PhysRevB.91.075410
http://dx.doi.org/10.1103/PhysRevB.91.075410
http://dx.doi.org/10.1103/PhysRevB.91.075410
http://dx.doi.org/10.1103/PhysRevB.91.075410

ROOM-TEMPERATURE MAGNETISM ON THE ZIGZAG ...

[14] J. Viana-Gomes, V. M. Pereira, and N. M. R. Peres, Phys. Rev.
B 80, 245436 (2009).

[15] G. Z. Magda, X. Jin, I. Hagymasi, P. Vancs6, Z. Osvath, P.
Nemes-Incze, C. Hwang, L. P. Bird, and L. Tapaszt6, Nature
(London) 514, 608 (2014).

[16] C. Wu, D. Bergman, L. Balents, and S. Das Sarma, Phys. Rev.
Lett. 99, 070401 (2007).

[17] S.Z. Zhang, H. H. Hung, and C. Wu, Phys. Rev. A 82, 053618
(2010).

[18] Y. Li, E. H. Lieb, and C. Wu, Phys. Rev. Lett. 112, 217201
(2014).

[19] S. L. Xu, Y. Li, and C. Wu, Phys. Rev. X 5, 021032 (2015).

[20] T. L. Makarova, B. Sundqvist, R. Hohne, P. Esquinazi, Y.
Kopelevich, P. Scharff, V. Davydov, L. S. Kashevarova, and
A. V. Rakhmanina, Nature (London) 413, 716 (2001).

[21] J. Wu, P. Wojciech, and M. Klaus, Chem. Rev. 107, 718 (2007).

[22] J. S. Miller, Inorg. Chem. 39, 4392 (2000).

[23] J. Fernandez-Rossier and J. J. Palacios, Phys. Rev. Lett. 99,
177204 (2007).

[24] O. V. Yazyev, Phys. Rev. Lett. 101, 037203 (2008).

[25] Y. Wang, Y. Huang, Y. Song, X. Zhang, Y. Ma, J. Liang, and Y.
Chen, Nano Lett. 9, 220 (2009).

[26] L. Yijun Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H.
Chen, and Y. Zhang, Nat. Nanotechnol. 9, 372 (2014).

[27] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tomanek, and
Peide D. Ye, ACS Nano 8, 4033 (2014).

[28] F. Xia, H. Wang, and Y. Jia, Nat. Commun. 5, 4458 (2014).

[29] A. Castellanos-Gomez, L. Vicarelli, E. Prada, J. O. Island, K.
L. Narasimha-Acharya, S. I. Blanter, D. J. Groenendijk, M.
Buscema, G. A. Steele, J. V. Alvarez, H. W. Zandbergen, J. J.
Palacios, and H. S. J. van der Zant, 2D Mater. 1, 025001 (2014).

[30] S. P. Koenig, R. A. Doganov, H. Schmidt, A. H. Castro Neto,
and B. Ozyilmaz, Appl. Phys. Lett. 104, 103106 (2014).

[31] X.Peng, Q. Wei, and A. Copple, Phys. Rev. B 90, 085402 (2014).

[32] A.N.Rudenkoand M. I. Katsnelson, Phys. Rev. B 89,201408(R)
(2014).

[33] M. Ezawa, New J. Phys. 16, 115004 (2014).

PHYSICAL REVIEW B 94, 075106 (2016)

[34] E. Taghizadeh Sisakht, M. H. Zare, and F. Fazileh, Phys. Rev. B
91, 085409 (2015).

[35] V. Tran, R. Soklaski, Y. Liang, and L. Yang, Phys. Rev. B 89,
235319 (2014).

[36] J. Qiao, X. Kong, Z.-X. Hu, F. Yang, and W. Ji, Nat. Commun.
5, 4475 (2014).

[37] R. Fei and L. Yang, Nano Lett. 14, 2884 (2014).

[38] V. Tran and L. Yang, Phys. Rev. B 89, 245407 (2014).

[39] H. Guo, N. Lu, J. Dai, X. Wu, and X. C. Zeng, J. Phys. Chem.
C 118, 14051 (2014).

[40] A. Carvalho, A. S. Rodin, and A. H. Castro Neto, Europhys.
Lett. 108, 47005 (2014).

[41] X. Peng, Q. Wei, and A. Copple, J. Appl. Phys. 116, 144301
(2014).

[42] S. Chintalapati, L. Shen, Q. Xiong, and Y. Feng, Appl. Phys.
Lett. 107, 072401 (2015); Z. Zhu, C. Li, W. Yu, D. Chang, Q.
Sun, and Y. Jia, ibid. 105, 113105 (2014).

[43] Y. Du, H. Liu, B. Xu, L. Sheng, J. Yin, C.-G. Duan, and X. Wan,
Sci. Rep 5, 8921 (2015).

[44] H.-K. Tang, E. Laksono, J. N. B. Rodrigues, P. Sengupta, F. F.
Assaad, and S. Adam, Phys. Rev. Lett. 115, 186602 (2015).

[45] J. E. Hirsch, Phys. Rev. B 31, 4403 (1985).

[46] R. Blankenbecler, D. J. Scalapino, and R. L. Sugar, Phys. Rev.
D 24,2278 (1981).

[47] R. R. dos Santos, Braz. J. Phys. 33, 36 (2003).

[48] S. W. Zhang, J. Carlson, and J. E. Gubernatis, Phys. Rev. Lett.
74, 3652 (1995); Phys. Rev. B 55, 7464 (1997).

[49] T.Ma, H. Q. Lin, and J. Hu, Phys. Rev. Lett. 110, 107002 (2013);
T. Ma, E. Yang, H. Yao, and H. Q. Lin, Phys. Rev. B 90, 245114
(2014).

[50] T. Ma, F. Hu, Z. B. Huang, and H. Q. Lin, Horizons in World
Physics (Nova Science Publishers, Inc., Hauppauge, NY, 2011),
Vol. 276, Chap. 8.

[51] T. Ma, Z. Huang, F. Hu, and H. Q. Lin, Phys. Rev. B 84,
121410(R) (2011); Y. Wu, G. Liu, and T. Ma, Europhys. Lett.
104, 27013 (2013); T. Ma, H. Q. Lin, and J. E. Gubernatis, ibid.
111, 47003 (2015).

075106-5


http://dx.doi.org/10.1103/PhysRevB.80.245436
http://dx.doi.org/10.1103/PhysRevB.80.245436
http://dx.doi.org/10.1103/PhysRevB.80.245436
http://dx.doi.org/10.1103/PhysRevB.80.245436
http://dx.doi.org/10.1038/nature13831
http://dx.doi.org/10.1038/nature13831
http://dx.doi.org/10.1038/nature13831
http://dx.doi.org/10.1038/nature13831
http://dx.doi.org/10.1103/PhysRevLett.99.070401
http://dx.doi.org/10.1103/PhysRevLett.99.070401
http://dx.doi.org/10.1103/PhysRevLett.99.070401
http://dx.doi.org/10.1103/PhysRevLett.99.070401
http://dx.doi.org/10.1103/PhysRevA.82.053618
http://dx.doi.org/10.1103/PhysRevA.82.053618
http://dx.doi.org/10.1103/PhysRevA.82.053618
http://dx.doi.org/10.1103/PhysRevA.82.053618
http://dx.doi.org/10.1103/PhysRevLett.112.217201
http://dx.doi.org/10.1103/PhysRevLett.112.217201
http://dx.doi.org/10.1103/PhysRevLett.112.217201
http://dx.doi.org/10.1103/PhysRevLett.112.217201
http://dx.doi.org/10.1103/PhysRevX.5.021032
http://dx.doi.org/10.1103/PhysRevX.5.021032
http://dx.doi.org/10.1103/PhysRevX.5.021032
http://dx.doi.org/10.1103/PhysRevX.5.021032
http://dx.doi.org/10.1038/35099527
http://dx.doi.org/10.1038/35099527
http://dx.doi.org/10.1038/35099527
http://dx.doi.org/10.1038/35099527
http://dx.doi.org/10.1021/cr068010r
http://dx.doi.org/10.1021/cr068010r
http://dx.doi.org/10.1021/cr068010r
http://dx.doi.org/10.1021/cr068010r
http://dx.doi.org/10.1021/ic000540x
http://dx.doi.org/10.1021/ic000540x
http://dx.doi.org/10.1021/ic000540x
http://dx.doi.org/10.1021/ic000540x
http://dx.doi.org/10.1103/PhysRevLett.99.177204
http://dx.doi.org/10.1103/PhysRevLett.99.177204
http://dx.doi.org/10.1103/PhysRevLett.99.177204
http://dx.doi.org/10.1103/PhysRevLett.99.177204
http://dx.doi.org/10.1103/PhysRevLett.101.037203
http://dx.doi.org/10.1103/PhysRevLett.101.037203
http://dx.doi.org/10.1103/PhysRevLett.101.037203
http://dx.doi.org/10.1103/PhysRevLett.101.037203
http://dx.doi.org/10.1021/nl802810g
http://dx.doi.org/10.1021/nl802810g
http://dx.doi.org/10.1021/nl802810g
http://dx.doi.org/10.1021/nl802810g
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1038/ncomms5458
http://dx.doi.org/10.1038/ncomms5458
http://dx.doi.org/10.1038/ncomms5458
http://dx.doi.org/10.1038/ncomms5458
http://dx.doi.org/10.1088/2053-1583/1/2/025001
http://dx.doi.org/10.1088/2053-1583/1/2/025001
http://dx.doi.org/10.1088/2053-1583/1/2/025001
http://dx.doi.org/10.1088/2053-1583/1/2/025001
http://dx.doi.org/10.1063/1.4868132
http://dx.doi.org/10.1063/1.4868132
http://dx.doi.org/10.1063/1.4868132
http://dx.doi.org/10.1063/1.4868132
http://dx.doi.org/10.1103/PhysRevB.90.085402
http://dx.doi.org/10.1103/PhysRevB.90.085402
http://dx.doi.org/10.1103/PhysRevB.90.085402
http://dx.doi.org/10.1103/PhysRevB.90.085402
http://dx.doi.org/10.1103/PhysRevB.89.201408
http://dx.doi.org/10.1103/PhysRevB.89.201408
http://dx.doi.org/10.1103/PhysRevB.89.201408
http://dx.doi.org/10.1103/PhysRevB.89.201408
http://dx.doi.org/10.1088/1367-2630/16/11/115004
http://dx.doi.org/10.1088/1367-2630/16/11/115004
http://dx.doi.org/10.1088/1367-2630/16/11/115004
http://dx.doi.org/10.1088/1367-2630/16/11/115004
http://dx.doi.org/10.1103/PhysRevB.91.085409
http://dx.doi.org/10.1103/PhysRevB.91.085409
http://dx.doi.org/10.1103/PhysRevB.91.085409
http://dx.doi.org/10.1103/PhysRevB.91.085409
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1021/nl500935z
http://dx.doi.org/10.1021/nl500935z
http://dx.doi.org/10.1021/nl500935z
http://dx.doi.org/10.1021/nl500935z
http://dx.doi.org/10.1103/PhysRevB.89.245407
http://dx.doi.org/10.1103/PhysRevB.89.245407
http://dx.doi.org/10.1103/PhysRevB.89.245407
http://dx.doi.org/10.1103/PhysRevB.89.245407
http://dx.doi.org/10.1021/jp505257g
http://dx.doi.org/10.1021/jp505257g
http://dx.doi.org/10.1021/jp505257g
http://dx.doi.org/10.1021/jp505257g
http://dx.doi.org/10.1209/0295-5075/108/47005
http://dx.doi.org/10.1209/0295-5075/108/47005
http://dx.doi.org/10.1209/0295-5075/108/47005
http://dx.doi.org/10.1209/0295-5075/108/47005
http://dx.doi.org/10.1063/1.4897461
http://dx.doi.org/10.1063/1.4897461
http://dx.doi.org/10.1063/1.4897461
http://dx.doi.org/10.1063/1.4897461
http://dx.doi.org/10.1063/1.4928754
http://dx.doi.org/10.1063/1.4928754
http://dx.doi.org/10.1063/1.4928754
http://dx.doi.org/10.1063/1.4928754
http://dx.doi.org/10.1063/1.4895924
http://dx.doi.org/10.1063/1.4895924
http://dx.doi.org/10.1063/1.4895924
http://dx.doi.org/10.1063/1.4895924
http://dx.doi.org/10.1038/srep08921
http://dx.doi.org/10.1038/srep08921
http://dx.doi.org/10.1038/srep08921
http://dx.doi.org/10.1038/srep08921
http://dx.doi.org/10.1103/PhysRevLett.115.186602
http://dx.doi.org/10.1103/PhysRevLett.115.186602
http://dx.doi.org/10.1103/PhysRevLett.115.186602
http://dx.doi.org/10.1103/PhysRevLett.115.186602
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevD.24.2278
http://dx.doi.org/10.1103/PhysRevD.24.2278
http://dx.doi.org/10.1103/PhysRevD.24.2278
http://dx.doi.org/10.1103/PhysRevD.24.2278
http://dx.doi.org/10.1590/S0103-97332003000100003
http://dx.doi.org/10.1590/S0103-97332003000100003
http://dx.doi.org/10.1590/S0103-97332003000100003
http://dx.doi.org/10.1590/S0103-97332003000100003
http://dx.doi.org/10.1103/PhysRevLett.74.3652
http://dx.doi.org/10.1103/PhysRevLett.74.3652
http://dx.doi.org/10.1103/PhysRevLett.74.3652
http://dx.doi.org/10.1103/PhysRevLett.74.3652
http://dx.doi.org/10.1103/PhysRevB.55.7464
http://dx.doi.org/10.1103/PhysRevB.55.7464
http://dx.doi.org/10.1103/PhysRevB.55.7464
http://dx.doi.org/10.1103/PhysRevB.55.7464
http://dx.doi.org/10.1103/PhysRevLett.110.107002
http://dx.doi.org/10.1103/PhysRevLett.110.107002
http://dx.doi.org/10.1103/PhysRevLett.110.107002
http://dx.doi.org/10.1103/PhysRevLett.110.107002
http://dx.doi.org/10.1103/PhysRevB.90.245114
http://dx.doi.org/10.1103/PhysRevB.90.245114
http://dx.doi.org/10.1103/PhysRevB.90.245114
http://dx.doi.org/10.1103/PhysRevB.90.245114
http://dx.doi.org/10.1103/PhysRevB.84.121410
http://dx.doi.org/10.1103/PhysRevB.84.121410
http://dx.doi.org/10.1103/PhysRevB.84.121410
http://dx.doi.org/10.1103/PhysRevB.84.121410
http://dx.doi.org/10.1209/0295-5075/104/27013
http://dx.doi.org/10.1209/0295-5075/104/27013
http://dx.doi.org/10.1209/0295-5075/104/27013
http://dx.doi.org/10.1209/0295-5075/104/27013
http://dx.doi.org/10.1209/0295-5075/111/47003
http://dx.doi.org/10.1209/0295-5075/111/47003
http://dx.doi.org/10.1209/0295-5075/111/47003
http://dx.doi.org/10.1209/0295-5075/111/47003



