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Molybdenum disulphide (MoS,) has attracted much interest in recent years due to its potential
applications in a new generation of electronic devices. Recently, it was shown that thin films of MoS, can
become superconducting with a highest 7. of 10 K when the material is heavily gated to the conducting
regime. In this work, using the group theoretical approach, we determine the possible pairing symmetries of
heavily gated MoS,. Depending on the electron-electron interactions and Rashba spin-orbit coupling, the
material can support an exotic spin-singlet p + ip-wavelike, an exotic spin-triplet s-wavelike, and a
conventional spin-triplet p-wave pairing phase. Importantly, the exotic spin-singlet p + i p-wave phase is a
topological superconducting phase that breaks time-reversal symmetry spontaneously and possesses
nonzero Chern numbers where the Chern number determines the number of branches of chiral Majorana
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edge states.

DOI: 10.1103/PhysRevLett.113.097001

Introduction.—A monolayer of molybdenum disulfide
(MoS,) is a chemically stable 2D material similar to
graphene. It consists of triangularly arranged Mo atoms
sandwiched between two layers of triangularly arranged S
atoms [1,2]. Pristine monolayer MoS, is a direct band gap
semiconductor with a gap of about 1.8 eV located at the two
K points of the Brillouin zone [3-8]. Because of its layered
structure, chemical stability, relatively high mobility, strong
spin-orbit coupling (SOC), and the intrinsic massive Dirac
gap, MoS, is considered a candidate material for next
generation ultrathin field effect transistors [9-13] and
valleytronic devices [14-16].

Interestingly, it was shown recently that thin films of
MoS, can become superconducting when the material is
heavily gated to the conducting regime where part of the
conduction band near the K points are occupied [17,18]. At
optimal gating, the superconducting transition temperature
reaches 10 K. Two possible pairing phases have been
studied previously. They are the electron-phonon interac-
tion induced s-wave pairing phase [19,20] and the uncon-
ventional superconducting phase with opposite pairing
signs for the electron near opposite K points [21]. As
we show below, in the absence of Rashba SOC, these two
superconducting phases are the only possible supercon-
ducting phases. However, due to the presence of the strong
gating electric field in the experiment, which is of the order
of 10 MeV/cm [17] and breaks the inversion symmetry,
Rashba SOC can arise [22-24]. The Rashba SOC induces
two superconducting phases which can be topologically
nontrivial.

Particularly, using the group theoretical approach and
solving the self-consistent gap equations, the possible
superconducting pairing symmetries and the phase
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diagrams of heavily gated MoS, thin films can be deter-
mined. We show that, in the presence of the Rashba SOC,
an exotic spin-singlet p + ip-wavelike pairing phase can
be realized. This phase breaks time-reversal symmetry
spontaneously and supports chiral Majorana edge states.
Moreover, a more conventional spin triplet-singlet mixing
p £ ip + s-wave pairing phase can also be stablized by
Rashba SOC. The properties of the topological super-
conducting phases are studied.

Normal state Hamiltonian.—In recent experiments, thin
films of MoS, become superconducting when the thin films
are heavily gated such that part of the conduction band
minimum near the +K points are occupied [17,18].
According to previous calculations [14,25], the conduction
band minimum near the +K points are dominated by the
Mo 4d_ orbitals. Therefore, we define the creation oper-
ators of 4d > electrons as ¢!, where s = 1/ denotes spin.
The monolayer MoS, respects the point group Cs, sym-
metry. The general Hamiltonian near the =K points in the
basis of (cgq.cg;) can be written as

2

Holl+ oK) =y gl o+ e (1)
Here, ¢ = =+ is the valley index, m is the effective mass of
the electrons, and u is the chemical potential measured from
the conduction band bottom when SOC is omitted. The
Rashba SOC strength due to the gating electric field, which
breaks the mirror symmetry in the z direction, is denoted by
ag and the Rashba vector is g(k) = (k,,—k,,0). The
intrinsic SOC strength due to the coupling between the
lowest conduction band and the other bands is f,, [14,26].
The f,, term plays the role of an effective Zeeman field and
splits the spin-up and spin-down bands at the +K points.
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FIG. 1 (color online). (a) The energy spectrum of a monolayer
MoS, near the K point. (b) The Brillouin zone of MoS,. We
consider the regime in which the Fermi surfaces enclose the £K
points only. States near the time-reversal invariant I" and M points
are not occupied.
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However, it is important to note that this intrinsic SOC
strength has opposite signs at the K and —K points such
that the total Hamiltonian respects time-reversal sym-
metry. A schematic picture of the band structure near the
K point is depicted in Fig. 1(a). The Fermi surfaces near
the K points are depicted in Fig. 1(b). We show below
that both of the SOC terms ay and f,, are important for
determining the topological properties of the supercon-
ducting phases.

Possible superconducting pairing phases.—To study the
possible superconducting phases of the system, we denote
the interacting Hamiltonian of the system as

TABLE I. Possible pairing phases of monolayer MoS,. They
are labeled by the irreducible representations of Cs,. Here, a set
of basis functions are introduced: C(k) =Y3_, cos(k-R;),
Co(k)=>73_ 0 " cos(k-R;), S(k)=3>"3_,sin(k-R;),S (k)=
Zizla)f“sin(k-Rj), and C_(k) = C% (k),S_(k) = S’ (k). The
phase factor is @ = exp(2xi/3). The bonding vectors of Mo
atoms are R, =ax.R,=a(-x/24+3y/2), Ry =a(-x/2—
V/3y/2) with lattice constant a = 1. Orthonormal complex
vectors x, = (x+iy)/v/2 and x_ = (x — iy)//2 are introduced.

r Singlet Triplet
A w4, (0) = Clk =0) dy, . = S(k)z

v, (k) = C(k) dy o = S (k)x, — S, (k)x_
E wey = Cy(k) dig, =S,(k)z

v = C_(k) dp = S_(k)2

i +
Hiy = 5 Z Vs] 525354 (k’ k/)CZs] C_ksz Crl's;C—k'sy > (2)

where V parametrizes the interaction strength of the
electrons. Because of the C;, point group symmetry of
the monolayer MoS,, the mean field superconducting
pairing matrix resulting from H;,, can be classified accord-
ing to the irreducible representations of C3,. Denoting A; as
the trivial representation and E as the two-dimensional
representation of Cj,, respectively, we found that the
corresponding superconducting pairing matrix Ar in the
A, and the E irreducible representations can be written as

[5a,1Wa, (0) + 54,00, (k) + 14, s, -6+ ta, dy, .y - 6lic, T =A,

Ar(k) =

m==

Here, sr and #- are constants that denote the spin-singlet
and spin-triplet pairing strengths, respectively. The basis
functions wt and dr- of the irreducible representations of the
point group Cj, are shown in Table L

In the A representation, y,, (0) represents the conven-
tional k-independent s-wave pairing. Near the K points,
wa, (K+k)~—3+3[k[> denotes the extended s-wave
pairing. On the other hand, the d vector d, . (k + ¢K) =
—eV/3 %z parametrizes a spin-triplet pairing phase as the
condition dy, . (k) = —d,, .(—k) is satisfied. Interestingly,
the pairing amplitudes are approximately k independent
near =K points but with opposite sign.

This exotic spin-triplet s-wavelike pairing phase is
possible due to the triangular lattice structure of the Mo
atoms. It appears when the nearest-neighbor electrons, at
sites i and j, respectively, satisfy the pairing relation
(circjy +ciycjr) = Agei, where Ay is a constant and
the phase factors a;; are shown in Fig. 2(a). The possibility
of this pairing phase is pointed out in Ref. [21].

On the other hand, near the £K points, dy ,,(k+
¢K) -6 x 6.k, — o,k,, and it parametrizes a spin-triplet

Z [SE.ml//E,m + tE,de,m : 6] iay

r—E. (3)

[

p £ ip-pairing phase, similar to the noncentrosymmetric
superconductor cases [27,28], d,, ., is parallel to the
Rashba vector g(k) in Eq. (1), and this superconducting
phase can be stabilized by Rashba SOC.

2r/3  47m/3

41 /3
@ (b)

21 /3

FIG. 2 (color online). (a) The nearest-neighbor pairing phases
@;; in the spin-triplet, s-wavelike, d, . phase are shown. The
black dots represent the lattice sites while the center dot
represents site i. (b) The nearest-neighbor pairing phases f;;
of the spin-singlet, p-wavelike, y (k) phase.
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For the two-dimensional E representation, the spin-singlet
basis functions y . (k + eK) = e4\/3(k, + ik,) near £K
points. It is important to note that y , (k) = wp 4 (k) are
even in k such that Fermi statistics is satisfied. However, near
+K points, the pairing has p + i p-wave characteristics. The
wg. pairing is realized when the nearest-neighbor singlet
pairing amplitudes satisfy the relation (c; jc; s — ¢;1¢; ) =
Ageii, where the phase f; ;18 depicted in Fig. 1(b). The g _
pairing is realized when f;; - —f;;. We show in later
sections that this spin-singlet p + ip-wave phase is a
topological superconducting phase.

The remaining pairing phase characterized by d . (k +
eK)~ —3(k, + ik,)z is a spin-triplet p-wave pairing
phase. This is a topological phase similar to the He A
phase. Unfortunately, as we discuss below, this pairing is
not energetically favorable in MoS,.

Phase diagrams.—To determine the stability of different
superconducting phases and the singlet and triplet pairing
amplitudes, we solve the linearized gap equations

Ass’(k) = kgT. Z Vs’ssls2 (k, kl)

nsysok’

X (G (K, i, AWK )G (K iy )] 5, (4)

where T, is the superconducting transition temperature.
The normal state Matsubara Green functions for electrons
and holes are denoted as G, (k, iw,) = [iw, — Hy(k)]™" and
Gk, iw,) = [iw, + Hj(—k)]™", respectively. By expand-
ing the interaction terms using the basis functions [29],

Vs’sslsz (k,k/) = _UO/A(in)ss’ (ia)')s]sz
- ”I/AZ{WFM (k)llll".m (k/) (i(fy)ssr<i0y)3132
m

+ [dF,m (k) 'Gigy]ss’ [dF,m (k/) ’O-iay]slxz }v
(5)

with the sample area A, we can determine the super-
conducting phase with the highest superconducting tran-
sition temperature 7. as a function of v, and v, where v,
and v denote the on-site and nearest-neighbor interaction
strengths of the electrons, respectively. Positive (negative)
values of v; represent attractive (repulsive) interactions and
they are determined by electron-phonon or other electron-
electron interactions. We choose m = 0.5m,, f;, = 2 meV
[26], in the normal state Hamiltonian such that the energy
spectrum near the K points matches the density functional
theory results [24], where m, is the electron mass. The
resulting phase diagrams with and without Rashba SOC are
presented in Figs. 3(a) and 3(b), respectively.

Itis evident from Fig. 3(a) that, in the presence of Rashba
SOC, both the E and the A; phases are possible depending
on the interaction strengths v, and v,. By solving Eq. (4),
we note that the E phase, which is labeled by yy in
Fig. 3(a), is favorable when the on-site attraction is weak or
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FIG. 3 (color online). The superconducting phase diagrams of
MoS,. The phases are labeled by the basis functions in Table I
characterizing the phases. (a) With finite Rashba SOC ma% /2 =
8 meV. The mix phase is a mixture of w4 (0), w4, (k), dy, ., and
d,, . phases. (b) ag = 0. The red (green) dots denote the regime
with critical temperature of 10 K (4 x 1073 K).

repulsive and nearest-neighbor interaction is relatively
strong. We also note that 7z, which gives the triplet pairing
strength, is negligible in the E phase. Therefore, the singlet
pairing component dominates and the pairing matrix can be
written as Agp =), Sg W io,. Moreover, through the
fourth-order Gingzburg-Landau analysis [30], we found
that the free energy is minimal only when sz, or sp _ is
zero. As a result, time-reversal symmetry is spontaneously
broken in the E phase. We show in the next section that this
phase is characterized by Chern numbers and supports
Majorana edge states.

As expected, strong on-site attraction v, favors the
usual k-independent s-wave pairing, denoted by w4 (0)
in Fig. 3(a). When v, and v, are both attractive and
comparable in magnitude, both the extended s-wave pairing
w4, (k) and w4 (0) are significant. It is interesting to note
that there is a regime in which all the spin-singlet pairings
and the spin-triplet d4 ., and d,, , pairings in the A,
representations are mixed. This is possible as the Rashba
SOC breaks the inversion symmetry. When v; is strongly
attractive, the spin-triplet d,, . pairing dominate.
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Importantly, MoS, can be chemically doped to the
superconducting regime [17]. In this case, the mirror
symmetry in the z direction can be respected, which results
in zero Rashba SOC. The phase diagram in the absence of
the Rashba SOC term is shown in Fig. 3(b). It is evident
that only the pairing phases belonging to the A; represen-
tation appear in this case. When on-site attraction is strong,
the conventional s-wave component is favored. When the
nearest-neighbor attraction is strong, the exotic spin-triplet
s-wavelike pairing characterized by d, . becomes domi-
nant. Both of these phases have been studied previously in
which Rashba SOC is ignored. It is interesting that even
when Rashba SOC is absent, the spin-singlet and spin-
triplet mixing dy, . + w4, (0) phase can be realized in a
narrow parameter regime since the in-plane mirror sym-
metries are broken by the f,, term.

Topological phases.—In the previous sections, we
pointed out that interesting phases, such as the exotic
spin-singlet p wave characterized by wg(k) and the spin-
triplet s wave characterized by d,, ., can possibly be
realized in the MoS,. In this section, we study the
topological properties of these pairing phases.

In general, the Bogoliubov—de Gennes (BdG)
Hamiltonian can be written as
Hy(k)  Ar(k)
o) = (o) ) ©
AL(k) —H(—k)

In the E phase with Ap = sy ic,, Hpes breaks
time-reversal symmetry and the Hamiltonian can be clas-
sified by Chern numbers [31,32]. The Chern number can be
written as

1
Nchem = Z Z /dzkaxag - aya)’clv (7)

E,<0

where a} = —i(n, k|0 |n.k), n is the band index, |n, k)
denotes an eigenstate of the Hpyg(k), and the summation
is over all the bands with negative energy E,. It can be
shown that

2 |uf < 1Bl
4 p> 1Pl (8)
0 otherwise.

N Chern —

To verify the topological nature of the superconducting
states, we construct a tight-binding model for an infinitely
long strip of MoS, with finite width. Since the Mo layer has
a triangular lattice, both flat and zigzag edges are allowed.
The energy spectrum of the tight-binding model as a
function k” is shown in Fig. 4, where k” is the momentum
quantum number parallel to the zigzag edge. It is evident
that when Ny = 2 [Fig. 4(a)], there are two chiral edge
states propagating on each edge of the system. When
the chemical potential is increased such that Ny = 4

(a) 0.5

-0.5L 14
-0.1 0 0.1
\/§k”/2n
© ,
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2
<0
w
-1
-2
-1 0 1

\/§kl |/215

FIG. 4 (color online). The spectra of superconducting MoS,
with open zigzag edges. The parameters are f,, =1, A =1
in all figures. (a),(b) The spectra in the E phase with m = 1/30,
agp = 1.In(a), 4 = 0 such that Ny, = 2. In (b), # = 4 such that
Nchem = 4. The edge states are highlighted in red. (c) m = 1/15,
u =48 in the d, ., phase, which can support Majorana edge
states. (d) ag =0, m = 1/15, u = 11 in the d,, , phase, which
can be a nodal topological phase with Majorana flatbands.

[Fig. 4(b)], there are four chiral edge states propagating on
each edge. Similar edge states for flat edges can also be
found. Since this phase breaks time-reversal symmetry, we
expect that it can be probed by muon spin rotation (uSR)
measurements [33,34].

It is interesting to note that superconducting topological
states with chiral Majorana edge modes have been pro-
posed to exist in graphene with d -+ id-wave pairing
[35-39], even though intrinsic superconductivity in gra-
phene is yet to be found. Applying a Zeeman field can
change the Chern number in d + id-pairing graphene [39]
while the f,, term in MoS2 plays the role of an effective
magnetic field at each K point, which can change the Chern
numbers of the system.

Another interesting phase of MoS, is the time-reversal
invariant spin-triplet p-wave pairing phase characterized by
Ar = t4, xydy, xy - 610y This phase is not prominent in
Fig. 3(a). However, since dy, ., ||lg(k), this pairing becomes
dominant when Rashba SOC is strong, similar to the case in
certain noncentrosymmetric superconductors [27,28].
Unfortunately, in the superconducting regime studied
experimentally, the Fermi surface is expected to enclose
the K points only, which have energy far below the time-
reversal invariant I' and the M points depicted in Fig. 1(b).
Therefore, the system cannot be a topologically nontrivial
time-reversal invariant topological superconductor in
which the surfaces have to enclose the time-reversal
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invariant points [40]. This topological phase can be relevant
to other superconducting transition metal dichalcogenides
in which the M points have similar energy to the K points.
As depicted in Fig. 4(c), Majorana edge states appear when
the chemical potential is above the energy level of the M
points, even though we expect this regime not to be realistic
in MoS,.

It is worth mentioning that the exotic spin-triplet s-
wavelike pairing phase characterized by A =1, d, .-
oio, is a nodal topological phase which supports Majorana
flatbands [41-45], given that the chemical potential is
above the energy level at the M point. The energy spectrum
of an infinite strip of MoS, with zigzag edge in the nodal
topological regime, is shown in Fig. 4(d). It is evident that
Majorana flatbands appear in this regime. This nodal
topological phase can be relevant to other transition metal
dichalcogenides.

Conclusion.—In this work, we show that Rashba SOC
induces new superconducting phases beyond the conven-
tional s-wave pairing and the spin-triplet s-wavelike pairing
studied previously [21]. Particularly, the spin-singlet p-
wavelike phase, which breaks time-reversal symmetry, is a
topological superconducting phase. We also found a spin-
triplet p-wave phase which can be stabilized by Rashba
SOC, and this phase is expected to be in the topologically
trivial regime in MoS,. The topological properties of the
unconventional phases are studied, and the exotic super-
conducting phases found in this work can also be relevant
to other transition metal dichalcogenides.

We thank Jeffrey Teo, Hong Yao, and Jian-Ting Ye for
illuminating discussions. K. T.L. and N.F. Q.Y. thank
HKRGC for support through Grants No. 605512 and
No. 602813 and CRF3/HKUST/13G.

“phlaw @ust.hk

[1] A. Bromley, R. B. Murray, and A.D. Yoffe, J. Phys. C 5,
759 (1972).

[2] T. Boker, R. Severin, A. Muller, C. Janowitz, R. Manzke,
D. Voss, P. Kruger, A. Mazur, and J. Pollmann, Phys. Rev. B
64, 235305 (2001).

[3] K.F. Mak, C. Lee, J. Hone, J. Shan, and T.F. Heingz,
Phys. Rev. Lett. 105, 136805 (2010).

[4] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim,
G. Galli, and F. Wang, Nano Lett. 10, 1271 (2010).

[51 Z.Y. Zhu, Y.C. Cheng, and U. Schwingenschlogl,
Phys. Rev. B 84, 153402 (2011).

[6] H.L. Shi, H. Pan, Y.-W. Zhang, and B.I. Yakobson,
Phys. Rev. B 87, 155304 (2013).

[7] F. Zahid, L. Liu, Y. Zhu, J. Wang, and H. Guo, AIP Adv. 3,
052111 (2013).

[8] E. Cappelluti, R. Roldan, J. A. Silva-Guillen, P. Ordejon,
and F. Guinea, Phys. Rev. B 88, 075409 (2013).

[9] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti,
and A. Kis, Nat. Nanotechnol. 6, 147 (2011).

[10] Y.-J. Zhang, J.-T. Ye, Y. Matsuhashi, and Y. Iwasa,
Nano Lett. 12, 1136 (2012).

[11] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and
M. S. Strano, Nat. Nanotechnol. 7, 699 (2012).

[12] W. Bao, X. Cai, D. Kim, K. Sridhara, and M. S. Fuhrer,
Appl. Phys. Lett. 102, 042104 (2013).

[13] K. F. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz,
and J. Shan, Nat. Mater. 12, 207 (2013).

[14] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Phys. Rev.
Lett. 108, 196802 (2012).

[15] K. F. Mak, K. He, J. Shan, and T.F. Heinz, Nat. Nano-
technol. 7, 494 (2012).

[16] H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui,
Nat. Nanotechnol. 7, 490 (2012).

[17] J.T. Ye, Y.J. Zhang, R. Akashi, M. S. Bahramy, R. Arita,
and Y. Iwasa, Science 338, 1193 (2012).

[18] K. Taniguchi, A. Matsumoto, H. Shimotani, and H. Takagi,
Appl. Phys. Lett. 101, 042603 (2012).

[19] Y. Ge and A.Y. Liu, Phys. Rev. B 87, 241408(R) (2013).

[20] M. Rosner, S. Haas, and T. O. Wehling, arXiv:1404.4295.

[21] R. Roldan, E. Cappelluti, and F. Guinea, Phys. Rev. B 88,
054515 (2013).

[22] H. Ochoa and R. Roldan, Phys. Rev. B 87, 245421 (2013).

[23] J. Klinovaja and D. Loss, Phys. Rev. B 88, 075404 (2013).

[24] A. Kormanyos, V. Zolyomi, N.D. Drummond, and
G. Burkard, Phys. Rev. X 4, 011034 (2014).

[25] L. F. Mattheiss, Phys. Rev. B 8, 3719 (1973).

[26] A.Kormanyos, V. Zolyomi, N. D. Drummond, P. Rakyta, G.
Burkard, and V.I. Falko, Phys. Rev. B 88, 045416 (2013).

[27] Non-Centrosymmetric Superconductors, edited by E. Bauer
and M. Sigrist (Springer-Verlag, Berlin, 2012).

[28] S. Yip, Annu. Rev. Condens. Matter Phys. §, 15 (2014).

[29] J. Goryo, M. H. Fischer, and M. Sigrist, Phys. Rev. B 86,
100507(R) (2012).

[30] M. Sigrist and K. Ueda, Rev. Mod. Phys. 63, 239 (1991).

[31] A.P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Ludwig,
Phys. Rev. B 78, 195125 (2008).

[32] J.C. Y. Teo and C. L. Kane, Phys. Rev. B 82, 115120 (2010).

[33] G. M. Luke et al., Nature (London) 394, 558 (1998).

[34] P. K. Biswas et al., Phys. Rev. B 87, 180503(R) (2013).

[35] A.M. Black-Schaffer and S. Doniach, Phys. Rev. B 75,
134512 (2007).

[36] Y. Jiang, D.-X. Yao, E.W. Carlson, H.-D. Chen, and
J. P. Hu, Phys. Rev. B 77, 235420 (2008).

[37] R. Nandkishore, L. Levitov, and A. Chubukov, Nat. Phys. 8,
158 (2012).

[38] J. Linder, A. M. Black-Schaffer, T. Yokoyama, S. Doniach,
and A. Sudbo, Phys. Rev. B 80, 094522 (2009).

[39] A.M. Black-Schaffer, Phys. Rev. Lett. 109, 197001 (2012).

[40] X.L. Qi, T. L. Hughes, and S. C. Zhang, Phys. Rev. B 81,
134508 (2010).

[41] Y. Tanaka, Y. Mizuno, T. Yokoyama, K. Yada, and M. Sato,
Phys. Rev. Lett. 105, 097002 (2010).

[42] M. Sato, Y. Tanaka, K. Yada, and T. Yokoyama, Phys. Rev.
B 83, 224511 (2011).

[43] A.P. Schnyder and S. Ryu, Phys. Rev. B 84, 060504(R)
(2011).

[44] F. Wang and D. H. Lee, Phys. Rev. B 86, 094512 (2012).

[45] C.L.M. Wong, J. Liu, K. T. Law, and P. A. Lee, Phys. Rev.
B 88, 060504(R) (2013).

097001-5


http://dx.doi.org/10.1088/0022-3719/5/7/007
http://dx.doi.org/10.1088/0022-3719/5/7/007
http://dx.doi.org/10.1103/PhysRevB.64.235305
http://dx.doi.org/10.1103/PhysRevB.64.235305
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1021/nl903868w
http://dx.doi.org/10.1103/PhysRevB.84.153402
http://dx.doi.org/10.1103/PhysRevB.87.155304
http://dx.doi.org/10.1063/1.4804936
http://dx.doi.org/10.1063/1.4804936
http://dx.doi.org/10.1103/PhysRevB.88.075409
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1021/nl2021575
http://dx.doi.org/10.1038/nnano.2012.193
http://dx.doi.org/10.1063/1.4789365
http://dx.doi.org/10.1038/nmat3505
http://dx.doi.org/10.1103/PhysRevLett.108.196802
http://dx.doi.org/10.1103/PhysRevLett.108.196802
http://dx.doi.org/10.1038/nnano.2012.96
http://dx.doi.org/10.1038/nnano.2012.96
http://dx.doi.org/10.1038/nnano.2012.95
http://dx.doi.org/10.1126/science.1228006
http://dx.doi.org/10.1063/1.4740268
http://dx.doi.org/10.1103/PhysRevB.87.241408
http://arXiv.org/abs/1404.4295
http://dx.doi.org/10.1103/PhysRevB.88.054515
http://dx.doi.org/10.1103/PhysRevB.88.054515
http://dx.doi.org/10.1103/PhysRevB.87.245421
http://dx.doi.org/10.1103/PhysRevB.88.075404
http://dx.doi.org/10.1103/PhysRevX.4.011034
http://dx.doi.org/10.1103/PhysRevB.8.3719
http://dx.doi.org/10.1103/PhysRevB.88.045416
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133912
http://dx.doi.org/10.1103/PhysRevB.86.100507
http://dx.doi.org/10.1103/PhysRevB.86.100507
http://dx.doi.org/10.1103/RevModPhys.63.239
http://dx.doi.org/10.1103/PhysRevB.78.195125
http://dx.doi.org/10.1103/PhysRevB.82.115120
http://dx.doi.org/10.1038/29038
http://dx.doi.org/10.1103/PhysRevB.87.180503
http://dx.doi.org/10.1103/PhysRevB.75.134512
http://dx.doi.org/10.1103/PhysRevB.75.134512
http://dx.doi.org/10.1103/PhysRevB.77.235420
http://dx.doi.org/10.1038/nphys2208
http://dx.doi.org/10.1038/nphys2208
http://dx.doi.org/10.1103/PhysRevB.80.094522
http://dx.doi.org/10.1103/PhysRevLett.109.197001
http://dx.doi.org/10.1103/PhysRevB.81.134508
http://dx.doi.org/10.1103/PhysRevB.81.134508
http://dx.doi.org/10.1103/PhysRevLett.105.097002
http://dx.doi.org/10.1103/PhysRevB.83.224511
http://dx.doi.org/10.1103/PhysRevB.83.224511
http://dx.doi.org/10.1103/PhysRevB.84.060504
http://dx.doi.org/10.1103/PhysRevB.84.060504
http://dx.doi.org/10.1103/PhysRevB.86.094512
http://dx.doi.org/10.1103/PhysRevB.88.060504
http://dx.doi.org/10.1103/PhysRevB.88.060504

