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Proximity-induced superconductivity in a 3D topological insulator represents a new avenue for
observing zero-energy Majorana fermions inside vortex cores. Relatively small gaps and low transition
temperatures of conventional s-wave superconductors put hard constraints on these experiments.
Significantly larger gaps and higher transition temperatures in cuprate superconductors might be an
attractive alternative to considerably relax these constraints, but it is not clear whether the proximity effect
would be effective in heterostructures involving cuprates and topological insulators. Here, we present
angle-resolved photoemission studies of thin Bi2Se3 films grown in situ on optimally doped
Bi2Sr2CaCu2O8þδ substrates that show the absence of proximity-induced gaps on the surfaces of
Bi2Se3 films as thin as a 1.5 quintuple layer. These results suggest that the superconducting proximity
effect between a cuprate superconductor and a topological insulator is strongly suppressed, likely due to a
very short coherence length along the c axis, incompatible crystal and pairing symmetries at the interface,
small size of the topological surface state’s Fermi surface, and adverse effects of a strong spin-orbit
coupling in the topological material.
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Superconductivity in 3D topological insulators (TI)
represents a promising avenue for observing zero-energy
Majorana fermions [1–3]. The characteristic energy win-
dow, open in the vortex cores for such experiments, is
Δ2=EF, where Δ represents the superconducting gap at the
Fermi surface of a topological surface state (TSS) and EF is
the Fermi energy relative to the Dirac point. Because of the
extremely weak electron-phonon coupling on the TSS and
its inherent 2D character, the intrinsic superconductivity in
the TSS would be highly unlikely, and it would have to be
induced by proximity to a superconducting bulk [4–6]. So
far, bulk superconductivity has been observed only in Cu
intercalated Bi2Se3 and in Bi2Te3 under pressure, with very
low (Tc < 5 K) transition temperatures in both systems
[7–9]. Such a low Tc implies a sub-meV gap and a level
spacing of ∼10−8 eV inside vortex cores, making the
detection of Majorana modes virtually impossible in these
materials. An alternative approach is to use artificial
heterostructures, either lateral or layered, involving various
superconductors and topological insulators in which the
superconductivity in topological states would be induced
by a superconducting proximity effect near their interfaces
[10–16]. Cuprate superconductors have the highest tran-
sition temperatures and largest gaps and might look like
ideal candidates, but it is not clear if the proximity effect
would be efficient at interfaces involving materials with

incompatible crystal and pairing symmetries [3]. In addi-
tion, it is not clear if a superconductivity induced by
proximity to a d-wave superconductor, with its intrinsic
zero-energy modes in vortex cores, would allow detection
of Majorana fermions. The recent study of a thin Bi2Se3
film on a Bi2Sr2CaCu2O8þδ (BSCCO) substrate indicated
that superconductivity could be induced in the TSS, even
for relatively thick films of 6–7 quintuple layers (QL), in
which the TSS is fully formed and does not overlap with the
interface state [17]. Surprisingly, the gap was found to be
fairly large (∼15 meV) and isotropic. If true, these findings
would be very promising for prospects of detecting the
Majorana modes, as this would increase the level spacings
in the vortex cores by 3–4 orders of magnitude, with a
potential for even more if the EF could be lowered by
controlled filling of the TSS. However, there are some very
inconsistent observations in that study that call for caution.
(1) The ARPES study was done on ex situ prepared films,
requiring a delicate recovery procedure, while the gap was
not observed in scanning tunneling microscopy (STM) on
in situ grown films. (2) The gap was detected only in the
TSS and not in the quantum well states (QWS) (precursors
of the bulk conduction band), even though the spatial
extension of the QWS throughout the film thickness would
favor the larger proximity effect in them. Actually, the
proximity effect could only be propagated to the top surface
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by these QWS, as the TSS is otherwise completely
decoupled from the interface. (3) The absence of the
coherent quasiparticle peak in the TSS with such a large
gap would suggest that the shift might be caused by some
artifacts and not by a superconducting gap [18].
Here, we study the in situ grown Bi2Se3 films on

optimally doped BSCCO substrates, in the thickness range
from 0.5 to 12 QL. We find no evidence of proximity-
induced gaps at the Fermi surface of the top TSS within our
experimental uncertainty of ∼1 meV. This suggests that the
proximity effect in heterostructures involving the interfaces
between a d-wave superconductor and TI layers is strongly
suppressed, likely because of a short coherence length
along the c axis in a cuprate superconductor [19,20], a
small size of the Fermi surface of the TSS, and possibly
adverse effects of a strong spin-orbit coupling (SOC) in the
TI layer on the d-wave pairing near the interface [21].
Optimally doped (Tc ¼ 91 K) BSCCO single crystals

were grown by the traveling floating zone method. They
were cleaved in situ and annealed to 420 K prior to the film
growth in a molecular beam epitaxy chamber with a base
pressure of10−7 Pa, attached to theARPESchamberwith the
base pressure 3 × 10−9 Pa. Bi2Se3 films were grown under
Se-rich conditions using high purity elements (5N) in the
resistively heated evaporators and a “two step growth
method”: A single QL layer was grown by keeping the
substrate at 420 K, while the additional material was
deposited at 470 K. After the growth, films were kept at
470 K for an additional 10 minutes, cooled to room temper-
ature, and transferred to theARPES chamber, all in ultra-high
vacuum. The ARPES experiments were carried out on a
Scienta SES-R4000electron spectrometer at beamlineU5UA
at the National Synchrotron Light Source, in the photon
energy range from17 to 52 eV. The analyzer is equippedwith
twoMott detectors and canwork in spin-resolved (SR)mode.
The total instrumental energy resolution in the ARPESmode
was∼6 meV at 17 eVand∼10 meV at 52 eV photon energy.
Angular resolutionwas better than∼0.15° and 0.4° along and
perpendicular to the slit of the analyzer, respectively. SR-
ARPES data were recorded at room temperature, at 52 eV
photon energy and with ∼40 meV energy and∼0.4° angular
resolution. Low-energy electron microscope (LEEM) and
microspot low-energy electron diffraction (μ-LEED) mea-
surements were performed in the ELMITEC LEEM III
endstation at the NSLS beamline U5UA. The μ-LEED
patterns were obtained from an area of 2 μm in diameter.
The rhombohedral crystal structure of Bi2Se3 is com-

posed of hexagonal (0001) atomic planes stacked in QL
units with the in-plane lattice parameter a ¼ 4.14 Å. The
tetragonal crystal structure of BSCCO is made up of
square (100) planes having an in-plane lattice parameter
a ¼ 3.82 Å. Because of the mismatch of the in-plane lattice
symmetry, there are two possible orientations of hexagonal
(0001) planes on top of (100) by matching of atomic rows
along the [100] or [010] direction of BSCCO with the

[21̄ 1̄ 0] direction of the Bi2Se3 (0001) planes. This would
result in two Bi2Se3 domains with crystalline orientation
effectively rotated by 30°. We have performed μ-LEED
measurements on 10 QL Bi2Se3 film grown on BSCCO. As
seen in Fig. 1(b) we indeed observe two hexagonal LEED
patterns rotated by 30° with respect to each other, indicating
the presence of two distinct crystallographic domains. Equal
intensity of the two patterns indicates their equal population
under the e-beam spot.We note that the diffraction pattern is
independent on the probed position on the sample, indicat-
ing a high degree of the film’s homogeneity. Figure 1(c)
shows a μ-LEED pattern after annealing at T ¼ 750 K,
which causes significant removal of the Bi2Se3 film and
partial exposure of the BSCCO surface. Thus, we note the
appearance of an additional, square diffraction pattern
attributed to the BSCCO (100) surface. The orientation of
two types of Bi2Se3 domains on top of theBSCCO is evident
from alignment of the (10) LEED spots of hexagonal and
square patterns, consistent with the idea of row matching of
the two lattices described above. In Fig. 1(d) we show the
real-space dark-field LEEM image using the diffraction
beam of one of the Bi2Se3 domains. Thewhite-gray contrast
suggests that the domains are significantly smaller than
1 μm. This also indicates that the ARPES data presented
below will average over these two types of domains.
Figure 2 shows ARPES measurements of the electronic

structure of the BSCCO substrate before and after deposit-
ing 10 QL thick Bi2Se3 film. The BSCCO crystal was
cleaved in situ and annealed for ∼15minutes to 420 K prior
to the measurements to check for the effects of elevated
temperatures, required for the film growth, on the oxygen
content in the near surface region. The size of the Fermi
surface [panel (a)] and the superconducting gap measured
at T ¼ 30 K indicate that the annealing process does not
alter the electronic structure of the substrate. Panels (b–d)
show the low temperature spectra from the nodal and
antinodal regions of the Fermi surface and the gap values

FIG. 1 (color online). Structure of a Bi2Se3 film on a BSCCO
substrate. (a) Schematic view of the studied structures. (b) μ-LEED
image of a 10 QL Bi2Se3 film at 350 K. Two equally populated
domains, rotated by 30° relative to each other, contribute to
diffraction intensity. (c) μ-LEED image at T ¼ 750 K. The film
has mostly desorbed, and the tetragonal pattern from the substrate
becomes visible. (d) A real-space, dark-field LEEM image
obtained from a diffraction spot corresponding to one of the
domains. Bright features, representing the domains that contribute
to the chosen diffraction spot, indicate the domain size in the sub-
μm range. Images were taken at 20 and 18 eV in diffraction and
real-space imaging modes, respectively.
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typical for an optimally doped BSCCO [22,23]. The com-
plete k dependence of the superconducting gap [panel (h)]
shows a usual d-wave shape, with Δ0 ≈ 25 meV. The gap
magnitude is extracted from the leading edge of energy
distribution curves (EDC) obtained through the integration
over the narrow momentum region around the correspond-
ing kF. This method gives slightly smaller amplitudes
than those obtained from positions of the quasiparticle
peaks, but is shown to be less sensitive to the experimental
resolution [23].
After depositing 10 QL thick Bi2Se3 film on a well-

characterized substrate, we see a well-developed cone
[Fig. 2(e)] of the TSS with no gap at the Dirac point and
a circular Fermi surface [panel (a)] slightly larger than in
a typical single crystal [4]. The state also shows a fully
developed helical spin texture, as shown in Fig. 2(f).We note
that features from the substrate are not visible any more
because of the very short probing depth in the ARPES
experiments [24]. Figure 2(g) shows the low-energy region
of EDCs from several different points on the TSS Fermi
surface. None of the EDCs shows a gap or a coherence peak
that would indicate that the system is in a superconducting
state. We therefore conclude that the proximity-induced gap
on the surface of a 10QLBi2Se3 film is either nonexisting or

it is beyond our detection limits, ΔðkÞ < 0.5 meV, in this
particular case. This is not surprising, as it is well known that
the c-axis coherence length in BSCCO is extremely short,
ξc < 0.5 nm, and the top surface in 10 QL film is already
around 10 nm away from the nearest Cu-O plane [19]. Also,
the TSS is relatively well localized to the surface, with a
zero overlap with the interface region, and a penetration of
surface quasiparticles into the superconducting region of a
junction essentially does not exist. Another reason for the
lack of proximity effect might be the very small size of the
TSS Fermi surface. From Fig. 2(a) and 2(h) it is clear that
the Fermi surface of the TSS is too small, kF ¼ 0.108 Å−1,
to acquire a significant jcos kx − cos kyj=2 magnitude. This
might be a crucial factor if the proximity effect has to be
propagated by the d-wave pairing. Although the Josephson
tunneling is a q ¼ 0 process in a d-wave superconductor,
and therefore allowed between the Fermi surfaces of
different sizes, the induced gap will be smaller on a smaller
Fermi surface according to the jcos kx − cos kyj=2 factor.
However, the dominant factor in limiting the proximity
effect is likely ξc, as it has been known that even the perfectly
matched (both lattice and Fermi surface) strongly overdoped
top CuO2 planes remain metallic and ungapped on a
superconducting bulk YBa2Cu3O7−δ [25].

FIG. 2 (color online). Electronic structure of the BSCCO substrate and the 10 QL Bi2Se3 film grown on it. (a) ARPES intensity from a
BSCCO sample that served as a substrate for a 10 QL thick Bi2Se3 film at E ¼ 0 as a function of the in-plane momentum. The gold
false-color scale corresponds to BSCCO (before the film growth), while the red false-color scale corresponds to the film’s Fermi surface.
Circles A and B represent points where SR-ARPES data were recorded, while the arrows represent the spin polarization. (b) and (c)
ARPES spectra along the dashed (solid) red (black) line in (a), taken at T ¼ 30 K, representing the nodal (antinodal) region of BSCCO.
(d) The EDC curves taken at the Fermi wave vector from the nodal (antinodal) region of the BSCCO Fermi surface, shown as the red
(black) line. (e) ARPES intensity obtained from a 10 QL thick Bi2Se3 film at 30 K, showing a conical dispersion of TSS. (f) The in-plane
components of spin polarization measured at points A and B on the Bi2Se3 Fermi surface. (g) EDC curves from several points on the
circular Fermi surface of the TSS shown in (a), recorded at T ¼ 30 K. The thick black curve corresponds to the spectrum from the Au
reference. (h) The momentum dependence of the BSCCO gap (black circles), showing a characteristic d-wave shape. Red points
correspond to the Bi2Se3 film data. Note the very limited span on the jcos kx − cos kyj=2 scale, due to the small size of the Bi2Se3 Fermi
surface. The spectra of pristine BSCCO substrate were recorded with 30 eV photons, while the Bi2Se3 film was measured at 50 eV
photon energy.
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After negative results in a relatively thick film, we then
turned to thinner films. We studied films with nominal
thickness of 6, 4, 2, and 1.5 QL and did not find any
evidence of proximity-induced gaps in any of them.
Figure 3 shows the results from the two thinnest films
studied here. Panels (a) and (b) show the Fermi surface and
the dispersion of the surface state, while panel (c) shows
several EDCs from different points on the Fermi surface of
a 1.5 QL thick Bi2Se3. The dispersion image, Fig. 3(b),
clearly shows a gap at the Dirac point, indicating the
overlap of the surface and interface states. The Fermi
surface, Fig. 3(a), is still reasonably sharp and slightly
larger at this thickness (kF ¼ 0.145 Å−1). Both the distance
to the Cu-O planes in BSCOO (∼1.5–2 nm) and the size of
the Fermi surface are now more favorable to the proximity-
induced superconductivity in the probed surface state.
However, no gaps and no coherence quasiparticle peaks
were detected in EDCs [panel (c)] within our experimental
uncertainty, ∼1 meV in this particular case. We estimate

the d-wave factor, jcos kx − cos kyj=2, for this Fermi sur-
face to be around 0.18, which would result in a ∼4.5 meV
gap if no real-space tunneling was required (a direct contact
of the top surface with the Cu-O plane). The finite distance
and a short coherence length could further reduce that
amplitude beyond our detection limits.
Finally, the only case where we do see a finite gap is in

sub-QL Bi2Se3 films. Figures 3(e) and 3(f) show the
dispersion and an EDC obtained from a ∼0.5 QL thick
film. As indicated in the schematic view, this film
necessarily forms an inhomogeneous structure, made of
1–2 QL thick Bi2Se3 segments and exposed BSCCO areas.
The substantial background and broad features in the
spectrum shown in panel (e) indicate a high degree of
disorder and scattering. The undeveloped Bi2Se3 state
suggests that the Bi2Se3 segments might be too small
for the coherent k-space picture. At this thickness, the
BSCCO substrate is still probed, but its states have also
become very broad. The EDCs now show a clear shift of the
leading edge by ∼16 meV from the Fermi level. However,
instead of a clear gap and a coherence peak, as seen in
Fig. 2(d), the spectrum shows a k-independent linear
reduction in density of states at energies jEj < 40 meV,
reflecting the linear density of states inside the d-wave gap
in BSCCO [26]. The lack of coherence peaks indicates that
the state is phase incoherent, probably due to the strong
disorder and the negative influence of the film on the
d-wave phase [27].
In summary, the results presented here show no evidence

of a proximity-induced superconducting gap on the surfa-
ces of Bi2Se3 films as thin as a ∼1.5 QL, in stark contrast to
the recent study by Wang et al. [17]. We identify possible
origins of a vanishing proximity effect in a very short ξc in
BSCCO, a small Fermi surface of the TSS, incompatible
crystal and pairing symmetries in the two materials, and
unfavorable effects of the strong SOC in Bi2Se3 on the
d-wave pairing near the interface. Despite the negative
results, this study not only gives important insights into the
nature of low-energy electronic excitations in topological
states, but it also offers a better understanding of cuprate
superconductors and processes involving the interfaces of
these materials. It also gives suggestions for new experi-
ments that could further test some of the proposed origins
of a vanishing proximity effect in similar heterostructures.
For example, it might be possible to increase the filling of
the topological state by in situ doping to the point where the
d-wave factor on its Fermi surface acquires a significant
value [28]. Also, different materials, not necessarily TI,
should be studied to test the role of the crystal structure of
the interface and the strength of SOC in deposited material
on the proximity effects near the BSCCO interface.

This work was supported by the US Department of
Energy, Office of Basic Energy Sciences, Contract No. DE-
AC02-98CH10886, and the ARO MURI program, Grant
No. W911NF-12-1-0461.

FIG. 3 (color online). Electronic structure of very thin Bi2Se3
films on a BSCCO substrate. (a) Fermi surface and
(b) dispersion spectrum of a ∼1.5 QL thick Bi2Se3 film
recorded at 30 K. (c) Several EDCs, corresponding to the
spectra from ∼1.5 QL thick film shown in (a) and (b) and the
EDC taken from an Au reference (thick black line). (d) A
schematic representation of a sub-QL Bi2Se3 film. (e) ARPES
spectrum from a ∼0.5 QL Bi2Se3 film on a BSCCO substrate
at 30 K. The precursor of TSS is visible near the Γ point. (f) A
characteristic EDC corresponding to the spectrum shown in (e)
(red line) and a spectrum from an Au reference (black line).
The EDCs from the film do not show any k dependence. The
thin dashed lines indicate a change of slope at ≈40 meV in the
otherwise featureless line shape.

PRL 113, 067003 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

8 AUGUST 2014

067003-4



*valla@bnl.gov
[1] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
[2] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045

(2010).
[3] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057

(2011).
[4] Z.-H. Pan, A. Fedorov, D. Gardner, Y. Lee, S. Chu, and

T. Valla, Phys. Rev. Lett. 108, 187001 (2012).
[5] H. Hochst and S. Gorovikov, J. Electron Spectrosc. Relat.

Phenom. 144–147, 351 (2005).
[6] Z.-H. Pan, E. Vescovo, A. V. Fedorov, G. D. Gu, and

T. Valla, Phys. Rev. B 88, 041101 (2013).
[7] Y. S. Hor, A. J. Williams, J. G. Checkelsky, P. Roushan,

J. Seo, Q. Xu, H. W. Zandbergen, A. Yazdani, N. P. Ong,
and R. J. Cava, Phys. Rev. Lett. 104, 057001 (2010).

[8] M. Kriener, K. Segawa, Z. Ren, S. Sasaki, and Y. Ando,
Phys. Rev. Lett. 106, 127004 (2011).

[9] J. L. Zhang, S. J. Zhang, H. M. Weng, W. Zhang, L. X.
Yang, Q. Q. Liu, S. M. Feng, X. C. Wang, and R. C. Yu,
Proc. Natl. Acad. Sci. U.S.A. 108, 24 (2011).

[10] D. Zhang, J. Wang, A. M. DaSilva, J. S. Lee, H. R.
Gutierrez, M. H.W. Chan, J. Jain, and N. Samarth, Phys.
Rev. B 84, 165120 (2011).

[11] P. Zareapour, A. Hayat, S. Y. F. Zhao, M. Kreshchuk, A.
Jain, D. C. Kwok, N. Lee, S.-W. Cheong, Z. Xu, A. Yang
et al., Nat. Commun. 3, 1056 (2012).

[12] S. Cho, B. Dellabetta, A. Yang, J. Schneeloch, Z. Xu, T.
Valla, G. Gu, M. J. Gilbert, and N. Mason, Nat. Commun. 4,
1689 (2013).

[13] F. Qu, F. Yang, J. Shen, Y. Ding, J. Chen, Z. Ji, G. Liu, J.
Fan, X. Jing, C. Yang et al., Sci. Rep. 2, 339 (2012).

[14] M. Veldhorst, M. Snelder, M. Hoek, T. Gang, V. K. Guduru,
X. L. Wang, U. Zeitler, W. G. van der Wiel, A. A. Golubov,
H. Hilgenkamp et al., Nat. Mater. 11, 417 (2012).

[15] J. R. Williams, A. J. Bestwick, P. Gallagher, S. S. Hong, Y.
Cui, A. S. Bleich, J. G. Analytis, I. R. Fisher, and D.
Goldhaber-Gordon, Phys. Rev. Lett. 109, 056803 (2012).

[16] F. Yang, F. Qu, J. Shen, Y. Ding, J. Chen, Z. Ji, G. Liu, J.
Fan, C. Yang, L. Fu et al., Phys. Rev. B 86, 134504 (2012).

[17] E. Wang, H. Ding, A. V. Fedorov, W. Yao, Z. Li, Y.-F. Lv, K.
Zhao, L.-G. Zhang, Z. Xu, J. Schneeloch et al., Nat. Phys. 9,
621 (2013).

[18] A proper grounding of samples is crucial for the stability of
the measured energy of photoelectrons on the scale
< 1 meV. Typical clamping of BSCCO samples with Ta
was proven to be insufficient as it often caused a poor
ground connection and a finite, up to 10 meV, energy shift,
manifested as a gap in the ARPES spectra. To avoid this, we
placed a thin indium foil under each BSCCO sample that
melted during the film growth and formed a perfect ground
connection during the ARPES experiments. Indium was
also found to greatly improve the thermal contact.

[19] T. T. M. Palstra, B. Batlogg, L. F. Schneemeyer, R. B. van
Dover, and J. V. Waszczak, Phys. Rev. B 38, 5102 (1988).

[20] D. S. Dessau, B. O. Wells, Z.-X. Shen, W. E. Spicer, A. J.
Arko, R. S. List, C. G. Olson, C. B. Eom, D. B. Mitzi, A.
Kapitulnik et al., Appl. Phys. Lett. 58, 1332 (1991).

[21] C. Grimaldi, Europhys. Lett. 48, 306 (1999).
[22] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys.

75, 473 (2003).
[23] T. Valla, T. Kidd, J. Rameau, H.-J. Noh, G. Gu, P. Johnson,

H.-B. Yang, and H. Ding, Phys. Rev. B 73, 184518 (2006).
[24] The ARPES probing depth is of the order of a few Å, for

photon energies used in the study. Therefore, even a singleQL
of Bi2Se3 completely attenuates the signal from the substrate.

[25] V. Zabolotnyy, S. Borisenko, A. Kordyuk, J. Geck, D.
Inosov, A. Koitzsch, J. Fink, M. Knupfer, B. Büchner, S.-L.
Drechsler et al., Phys. Rev. B 76, 064519 (2007).

[26] T. Valla, A. V. Fedorov, J. Lee, J. C. Davis, and G. D. Gu,
Science 314, 1914 (2006).

[27] V. J. Emery and S. A. Kivelson, Nature (London) 374, 434
(1995).

[28] T. Valla, Z.-H. Pan, D. Gardner, Y. Lee, and S. Chu, Phys.
Rev. Lett. 108, 117601 (2012).

PRL 113, 067003 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

8 AUGUST 2014

067003-5

http://dx.doi.org/10.1103/PhysRevLett.100.096407
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.83.1057
http://dx.doi.org/10.1103/RevModPhys.83.1057
http://dx.doi.org/10.1103/PhysRevLett.108.187001
http://dx.doi.org/10.1016/j.elspec.2005.01.163
http://dx.doi.org/10.1016/j.elspec.2005.01.163
http://dx.doi.org/10.1103/PhysRevB.88.041101
http://dx.doi.org/10.1103/PhysRevLett.104.057001
http://dx.doi.org/10.1103/PhysRevLett.106.127004
http://dx.doi.org/10.1073/pnas.1014085108
http://dx.doi.org/10.1103/PhysRevB.84.165120
http://dx.doi.org/10.1103/PhysRevB.84.165120
http://dx.doi.org/10.1038/ncomms2042
http://dx.doi.org/10.1038/ncomms2701
http://dx.doi.org/10.1038/ncomms2701
http://dx.doi.org/10.1038/srep00339
http://dx.doi.org/10.1038/nmat3255
http://dx.doi.org/10.1103/PhysRevLett.109.056803
http://dx.doi.org/10.1103/PhysRevB.86.134504
http://dx.doi.org/10.1038/nphys2744
http://dx.doi.org/10.1038/nphys2744
http://dx.doi.org/10.1103/PhysRevB.38.5102
http://dx.doi.org/10.1063/1.104301
http://dx.doi.org/10.1209/epl/i1999-00482-6
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/RevModPhys.75.473
http://dx.doi.org/10.1103/PhysRevB.73.184518
http://dx.doi.org/10.1103/PhysRevB.76.064519
http://dx.doi.org/10.1126/science.1134742
http://dx.doi.org/10.1038/374434a0
http://dx.doi.org/10.1038/374434a0
http://dx.doi.org/10.1103/PhysRevLett.108.117601
http://dx.doi.org/10.1103/PhysRevLett.108.117601

