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Abstract
Rectifiedfluxmotion arising from the collective effect ofmany interacting vortices is obtained in a
specially designed superconducting device. Ratchet structures with different asymmetric pinning
potentials are generated by tuning the size, depth, and distribution of triangular blind-antidots in a
high-temperature superconducting film.We experimentally and theoretically demonstrate that the
amplitude and sign of the rectified vortexmotion can befinely tunedwith the pattern geometry. Two
different dynamical regimes depending on the nature of vortices initiating the dissipation are
identified, which can control the rectified vortexmotion.

Single particles in an asymmetric potential show a ratchet effect, biasing or rectifying theirmotion, when
subjected to non-equilibrium fluctuations [1–3]. The fundamental properties of ratchets have been studied in
very different types of particles such as colloidal suspensions [4, 5],molecules [6], electrons [7] or quantized
magnetic flux in superconductors [8–11]. Controlledmotion of particles is important to provide deeper
understanding of severalmicroscopic ratchet systems and they are potentially useful formany novel electronic
andmolecular devices such as rectifiers, pumps, switches or transistors [12, 13].

In the case of controlled transport ofmagnetic flux quanta, the density and size of particles (vortices) as well
as the strength of their interaction can be tunedwith two external controllable parameters, i.e. temperature,T,
andmagnetic field,H. Ratchet effects in these systems are intimately related to the assymetry of vortex pinning
arrays. Several studies have shown that besides vortex pinning effects, inter-particle interactions strongly affect
vortex dynamics, giving rise to a rich phenomenology of the rectified response. Drift reversals are observedwhen
multiple interacting particles aremoving in the ratchet potential, which can depend on themagnetic field,
temperature, andAC frequency [9, 10, 14, 15] or even transverse rectification effects [15, 16]. In general, in these
systems the vortex dynamics is determined by themotion of a few interacting particles, since the ratchet effect
disappears at high fields, whereas the study of systems containingmany particles and their collective interaction
ismuch less explored andmay significantly change the transport properties from the few-particles case.

High-temperature superconductors (HTS) show a very richH–T vortex phase diagram,making them ideally
suited for the study of collective vortex interactions and dynamical flowphases in complex ratchet systemswith
numerous vortices. Collective effects in guided vortexmotionwere observed inHTS systemswith triangular
blind-antidots [17].However, tailoring the ratchet vortex pinning potential to control the polarity and
amplitude of rectified vortexmotion in systemswithmany interacting particles has not been achieved until now.
In this paper, we construct a system inwhich collective interactions on ratchets withmany vortices can be
manipulated through geometry controlled asymmetric pinning potentials thatmay provide a route to explore
new implementations of ratchets in solid state devices. The robust features of net flux of a large number of
particles (vortices) are observed in YBCOfilmswith ratchet pinning potentials created by triangular blind-
antidots, where both the polarity and amplitude of the rectified effect can be entirely controlledwith the
geometry of the patterns, instead of by external parameters such asmagnetic field, temperature or frequency, as
inmost of the ratchet systems studied. Our ratchet device presents rectifiedmotion up to highfields and
different vortex dynamic regimes are identified depending on the rectification polarity.
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High-quality epitaxial YBa2Cu3O x7− (YBCO)250 nm thickfilmswere grownon single-crystalline LaAlO3

substrates byusing ametalorganic decompositionmethodology basedon the trifluoroacetate precursor route [18].
Transport bridges of 100μmin length and20–40μminwidthwere patterned in the standard four-probe
configurationby optical lithography.Asymmetric potentialswere generated on the bridges bypatterning arrayswith
different size, depth, anddistributionof triangular blind-antidots via focus ionbeam(FIB) and electronbeam
lithography (EBL). In the former, a direct local etching of antidot arraywas obtainedwith the FIB Ga+ ionswhereas
for the EBLweperformed awet etching of a patternedPMMAresist layerwith orthophosforic acid. For all samples
the patternwas designed keeping one side of the triangles along the current bridge and the other two forming an
angle θwith the driving force, thus producing an asymmetry along the vortexmotiondirection (seefigure 1(a)). The
patterning conditionswere optimized to avoid anydamaging of theYBCO layer and good values of critical
temperature,Tc=89–92K, and critical current density, J (77K)c =2–4MAcm−2were obtained in all the samples.
Figure 1(b) shows an atomic forcemicroscopy (AFM)micrographof one of thepatternedYBCObridgeswith a
blind-antidot lattice of triangleswith a lateral size of 1μmand70 nm indepth. In-field electrical transport
measurementswere carried out in a quantumdesignPPMS.Current–voltage (I–V) curvesweremeasuredbyusing
the standard four-probemethodwith themagneticfield applied perpendicular to thefilmplane.

Rectified vortexmotion inour ratchet superconducting systemshas been evaluated by inverting the directionof
the driving force (J B⃗ × ⃗) along the asymmetric pinningpotential, created by the triangular array of antidots, and
determining the critical current density difference atwhich the vortices start tomove (dissipate) in each
configuration. The potential is asymmetric across the transport bridge (i.e. along the y ⃗ direction shown in
figure 1(a)) thuswe applypositive andnegative dc current along x ⃗ anddetermine the values of Jc, whichwe refer as
Jc

+ and Jc
−, respectively. Figure 2(a) shows the difference between Jc

+ and Jc
−, J Jc cΔ = +- Jc

−, obtained as a functionof
themagneticfield for three sampleswith different triangular arrays of blind-antidots. For sampleA1,A2 andA3we
patterned 70 nmdeepblind-antidotswhere the sizes of triangles along the x and y directionswere 3 × 3, 2 × 1.4 and
1 × 0.85μm2, separated 5 × 5, 6 × 2.5 and2.5 × 2.5μm2, respectively. The value of JcΔ has beennormalized to the
value of Jcobtained at zero appliedfield, Jc

sf , such thatwe are able to compare net rectification effects in systemswith
different Jc

sf values. For all patternedfilmsweobserve a clear difference between Jc
+ and Jc

−, confirming the
existence of a hard vortexmovingdirection inducedby the asymmetricpinning landscape.Nodifference between
Jc

+ and Jc
− at any value of themagneticfieldwere observedonunpatterned samples. Remarkably, the strength of the

normalized ratchet effect, i.e. themaximumrectified critical current density, J Jc c
sfmaxΔ , changeswhen comparing

arrayswith different geometry and also their sign canbe reversed (as observed in sampleA3). This hints that the
steepness and sign of thepotential barrier that determines the hardmovingdirection canbemodulatedwith the
specific geometry of the pattern. It is convenient to define adimensionless parameter as:

S
s

s
(%) 100 cos( ), (1)red

antidot

total
θ=

where santidot is themaximumarea of blind-antidots perpendicular to the currentflow (red area infigure 1(c)),
stotal the cross-section area of the unpatterned bridge (dashed squared area infigure 1(c)) and θ the angle

Figure 1. (a) Schematic representation of a YBCObridge patternedwith an array of triangular blind-antidots. (b) AFM image showing
the surface topography of a 8 × 8 μm2 area of one of the patterned bridges. (c) Cross-section at the dashed line shown in (a)). The area
occupied by blind-antidots is indicated in redwhereas the unit area of unpatterned cross-section is indicatedwith a dashed line.
Schematic drawings of vortexmotion in a systemwith (d) positive and (e) negative rectificationwhen positive current andmagnetic
field are applied.
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between the tilted edges of the triangle and the driving force direction. This parameter, which considers the
maximumarea reduction of the current cross-section due to the presence of blind-antidots, and the asymmetry
introduced by the triangular shapewill help us to understand the rectifiedfluxflowobserved in our systems.

Considering equation (1) and for the particular geometry of samples A1, A2 andA3we obtain Sred = 15, 12.7
and 8.2 respectively. So, according to this parameter, the samples with higher Sred values present a positive
rectification (given that positive corresponds to J Jc c>+ − for positive appliedmagnetic fields), whereas the
samplewith negative rectification (A3) presents a lower value of Sred.

Figure 2(b) displays the strength of the ratchet effect, determined by the normalizedmaximum Jc
rectification at positivemagnetic fields, as a function of the Sred, for several systems containing different arrays of
triangles, includingmeasurements performed at various temperatures (77, 65 and 50K). A direct correlation
between the strength of the rectified vortexmotion and the Sred value of the patterned bridges can be observed.
This correlation is essentially temperature independent within the range studied, thus showing that the
amplitude and direction of the ratchet effect, determined by the steepness and sign of the asymmetric potential
barrier, ismainly controlled by the geometry of patterned antidots. It is important to note that there is a
crossover value of Sred ∼ 9which separates the systemswith positive and negative current rectification,
producing therefore a geometrically controlled ratchet reversal. These experimental results indicate that the final
current cross-section of the patterned bridge, characterized by Sred,must be the key parameter determining the
sign and the amplitude of the ratchet rectification.

Although a completemodeling of the systemwould require full 3D simulations, a simplified 2Dmodel can
explain the effect of the geometry on the Jc rectification effect. Consider an infinitely long superconducting bar
that contains several U-shaped notches (also infinitely long, simulating the blind-antidots). The calculation is
based on assuming that the superconductor is in the critical state with a critical-current density depending on
the localmagnetic field through aKim-type descending function [19, 20] J H( )c ∣ ∣ = Jc0 / H H(1 )0+ ∣ ∣ , whereH
is the localfield, J 10c0

11= A/m2 and H0 0μ =0.1T.Wewill assume that dissipation isfirst producedwhere the

Figure 2. (a)Normalized rectification of Jc at 77K as a function of themagneticfield for samples A1, A2 andA3 (described in the text).
(b)Maximumvalue of J Jc c

sfΔ as a function of the Sred parameter for different systems at 77K (circles), 65K (squares) and 50K
(diamonds). Samples shown in (a) are identifiedwith black circles.
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current density reaches itsmaximumvalue Jc0. For this purpose, we calculate if these dissipative regions start
either below the blind-antidots or in the space between them. To quantify it, we discretize the superconductor in
N M× rectangular elements (see figure 3). Starting with a constant critical current density Jk at each k-element
and using an iterative procedure assuming that Biot–Savart law and the above J H( )c ∣ ∣ relation are satisfied, we
find the critical-current density distribution all through the section of the superconductor. As a criterion, we
consider that the dissipative regions are those inwhich the current density is above J0.95 c0. Infigure 3we show
how, depending on the size of the notches,maximumdissipative areas are located either in some notched
regions, driven by a vortex within the antidots (internal vortices) or outside them, driven by vortices located
between the antidots (external vortex). The asymmetry observed in the dissipation areas (figures 3(b) and (c)) is
due to the asymmetry of the z-component of thefield created by the SC. This self-field compensates for the
appliedfield in the left part of the SC shifting the largest values of Jc also to the left [19, 20]. Although thismodel,
being symmetric with respect to the direction of the current flow, does not account for the ratchet effect, it is
consistent with the fact that the two regimes of dissipation appear. This result points out that by changing the
geometry (i.e. cross-section) of the ratchet system in a proper way one can tune the nature (internal or external)
and amount of vortices initiating the dissipation. Once the dissipation is set, the sign and strength of the ratchet
effect will present two different regimes. Positive rectification occurs when fluxmotion is induced by internal
vortices. In this case, for Jc

+ and positivemagnetic field, internal vortices areflowing against the base of the
triangles (figure 1(d)), requiring a higher driving force than necessary to go against to the tilted edges, when the
current polarity is reversed (for Jc

−), and thus JcΔ >0. The other type of systemwith negative rectification,
happenswhenmotion is initiated by external vortices, which feel the opposite asymmetry of the pinning
potential, rectifying themotion along the opposite direction (figure 1(e)).More complex numerical simulations
considering the presence of these two types of vortices initiating the dissipation in asymmetric pinning sites [21–
23]would be required in order to quantitatively describe the observed ratchet effect.

We can now go a step further in this analysis and study theflux dynamics in our collective ratchet systems
when dissipation is produced either by internal or external vortices. Vortex velocities have been evaluated by
measuring the voltage drop across the bridge, V = lBv, with B themagnetic flux density, v the average vortex
velocity and l the distance between voltage contacts. The rectification of vortexmotion is characterized by the
difference inmeasured voltage for afixed value of dc currentflowing in the positive and negative x direction,

V V VΔ = −+ −.We used themaximumvalue of Jc (Jc
− or Jc

+ depending on the ratchet system) to determine the
difference inmeasured voltage.

Figure 4(a) shows a contour plot of VΔ as a function of the appliedmagnetic field for several samples with
different Sred values at 77K. The upper and lower panels show ratchet systemswith positive and negative Jc

Figure 3.Calculated current density regions in long stripswith two different sets of notches for different appliedfields: (a) 0T, (b)
0.005T and (c) 0.01T. The sketch of (a) indicates the currentflow and appliedfield directions. Colours indicate the regions with
different values of current density: grey indicates J J0.95c c0< , and blue and red indicate J J0.95c c0⩾ for regions outside and below
notches, respectively. The overall dimensions for the strips are 30 μmlong × 250 nm thick. In the stripswith five and six notches,
these havewidths of 1 and 3 μm, respectively. All notches have a depth of 75 nm (vertical scale is enlarged for clarity).
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rectification, respectively. It is worth noting that themaximum rectified vortex velocity (proportional to VΔ )
increases as the value of Sred in the system is enhanced/reduced for samples presenting positive/negative
rectification, in agreementwith an enhancement of the ratchet strength, as shown infigure 2(b). Interestingly,
themagneticfield at which the rectified vortex velocity, vΔ , ismaximized ( Hv0 maxμ ) only depends on the
ratchet type. For systemswith positive rectificationwefind Hv0 maxμ ∼ 0.01T, whereas for ratchet systemswith
negative rectification themaximumoccurs at higherfields Hv0 maxμ ∼ 0.022T (dashed lines in figure 4). The
average number of vortices per triangle, n, at the values of themagnetic fieldwherewefindmaximum
rectification, are n∼ 4–35 and n∼ 10–100 for systemswith positive and negative rectification, depending on
the triangle size. These results strongly suggest that different interactionmechanisms are responsible for rectified
fluxflow in systems governed by internal and external vortexmotion.

Figure 4(b) shows the temperature dependence Hv0 maxμ for systemswith positive (red open symbols) and
negative (blue closed symbols) rectification. The grey region in the graph corresponds to a low-field region of
single-vortex pinningwhere Jc is nearly independent offield and vorticesmainly interact individually with the
different defects present in the sample (either intrinsic or artificial). At higher fields (white region), collective
effects start to be important and vortexmatter enters in a regime inwhich vortex–vortex and vortex–defect
interactions start to compete [24–26]. It is worth noting that for systemswith positive rectification (driven by
internal vortexmotion), themaximum rectified effect occurs at lowermagnetic fields than for thosewith
negative rectification (governed by external vortexmotion). In the latter case,maximumeffects are obtained
deep inside the regionwhere vortex–defect interactions strongly compete with collective effects. Based on these
observations one canfigure out that the nature of the vortex initiating the dissipation has a significant role in the
dynamics of the ratchet effect. Systemswith negative rectification require strong vortex–vortex interactions to
work. This kind of ratchetmay be described if one assumes that external vortices do not directly interact with the
asymmetric blind-antidots but they feel the asymmetric pinning potential through collective interactionswith
internal pinned vortices within the triangles [17, 27]. Conversely, for systemswith positive rectification, thefield
rangewheremaximum effect is obtained appears in a regionwithweak vortex–vortex interactions and thus in
this case it is reasonable to assume that collective interactions are not essencial to generate the ratchet potential.
The asymmetry in this case would come from the nano-wall pinning created at the edges of the blind
triangles [28].

In conclusion, we have demonstrated geometrically controlled rectified vortexmotion effects in YBCOfilms
patternedwith asymmetric triangular blind-antidots. In these systems, both the steepness and sign of the ratchet
potential can be tailoredwith the geometry (size, depth, and distribution) of the patterned triangles.
Geometrically inverse rectification effects can bewell described by numerical simulations considering the final
cross-section of patterned bridges. Two different vortex dynamic regimes have been identified in positive and
negative rectification systems. In the former, ratchet effects are determined via direct interaction between
vortices and asymmetric patterns. In the latter, the ratchet dynamics ismainly governed by strong collective
vortex interactions. Using a systembased on a high-temperature superconductor we are able to explore the

Figure 4. (a) Contour plot of the difference inmeasured voltage ( V V VΔ = −+ −) as a function of themagnetic field and the Sred
value at 77K, for systemswith positive andnegative rectification (upper and lower panels, respectively). (b)Magneticfield value
where themaximum rectified voltage occurs as a function of the temperature for systemswith positive (red open symbols) and
negative rectification (blue closed symbols). Grey area corresponds to the region dominated by single-vortex pinning effects while
white area corresponds to a regionwhere vortex–vortex and vortex–defect interactions strongly compete.
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physics of ratchet systemswithmany interacting vortices, providing a useful toolbox for controlling and
manipulating transport ofmultiple particles at the nanoscale. In these systems, the sign of rectified effects does
not show any temperature orfield dependence but isfixed by the structure geometry.

Acknowledgments

Thiswork has been supported byMINECO (MAT2014-51778-C2-1R,MAT2012-35370, CSD2007-0041, IPT-
2011-1090-920000), Generalitat de Catalunya (SGR2014-00753, 2014SGR150, XaRMAE), EU-FP7NMP-LA-
2012-280432 EUROTAPES project andCost ActionMP1201. VR acknowledges the JAE-CSIC PhDgrant. AS
acknowledges funding from an ICREAAcademia award.

References

[1] FeynmanRP, LeightonRB and SandsM1963The Feynman Lectures on Physics vol I (Reading,MA: Addison-Wesley) ch 46
[2] Astumian RD1997Thermodynamics and kinetics of a brownianmotor Science 276 917–22
[3] Astumian RDandHanggi P 2002 BrownianmotorsPhys. Today 55 33–39
[4] Rousselet J, Salome L, Ajdari A andProstt J 1994Directionalmotion of brownian particles induced by a periodic asymmetric potential

Nature 370 446–8
[5] Matthias S andMuller F 2003Asymmetric pores in a siliconmembrane acting asmassively parallel brownian ratchetsNature 424

53–57
[6] vanOudenaardenA andBoxer SG1999 Brownian ratchets:molecular separations in lipid bilayers supported on patterned arrays

Science 285 1046–48
[7] LinkeH,Humphrey T E, LofgrenA, Sushkov AO,Newbury R, Taylor R P andOmling P 1999 Experimental tunneling ratchets Science

286 2314–7
[8] Lee C S, Janko B,Derenyi I and Barabasi A L 1999Reducing vortex density in superconductors using the ratchet effectNature 400

337–40
[9] Villegas J E, Savelev S,Nori F, Gonzalez EM,Anguita J V, Garca R andVicent J L 2003A superconducting reversible rectifier that

controls themotion ofmagnetic flux quanta Science 302 1188–91
[10] de Souza Silva CC, deVondel J V,MorelleM andMoshchalkov VV2006Controlledmultiple reversals of a ratchet effectNature 440

651–4
[11] Plourde B LT 2009Nanostructured superconductors with asymmetric pinning potentials: vortex ratchets IEEETransAppl. Supercond.

19 3698–7
[12] Savel’ev S andNori F 2002 Experimentally realizable devices for controlling themotion ofmagneticflux quanta in anisotropic

superconductorsNat.Mater. 1 179–84
[13] Hanggi P andMarchesoni F 2009Artificial Brownianmotors: controling transport on the nanoscaleRev.Mod. Phys. 81 387–440
[14] GillijnsW, SilhanekAV,MoshchalkovVV,OlsonReichhardt C J andReichhardt C 2007Origin of reversed vortex ratchetmotion

Phys. Rev. Lett. 99 247002
[15] OlsonC J andReichhardt C 2005Rectification and flux reversals for vortices interactingwith triangular trapsPhysicaC 432 125–32
[16] Wordenweber R,Dymashevski P andMiskoVR 2004Guidance of vortices and the vortex ratchet effect in high-t-c superconducting

thin films obtained by arrangement of antidots Phys. Rev.B 69 184504
[17] PalauA,MontonC, RoucoV,Obradors X and Puig T 2012Phys. Rev.B 85 0125021–5
[18] Obradors X, Puig T, Ricart S, CollM,Gazquez J, PalauA andGranados X 2012Growth, nanostructure and vortex pinning in

superconducting YBCO thinfilms based on trisolutions Supercond. Sci. Technol. 25 123001
[19] Sanchez A,NavauC,Del-ValleN, ChenD-X andClem JR 2010 Self-fields in thin superconducting tapes: implications for the thickness

effect in coated conductorsAppl. Phys. Lett. 96 072510
[20] Del-Valle N,NavauC, Sanchez A andDinner RB 2012Transport critical-current density of superconducting filmswith hysteretic

ferromagnetic dotsAIPAdv. 2 022166
[21] ZhuBY,Marchesoni F,MoshchalkovVV andNori F 2003Controllable stepmotors and rectifiers ofmagneticflux quanta using

periodic arrays of asymmetric pinning defects Phys. Rev.B 68 014514
[22] ZhuBY,Marchesoni F andNori F 2004Controlling themotion ofmagnetic flux quanta Phys. Rev. Lett. 92 180602
[23] Savel’ev S,MiskoV,Marchesoni F andNori F 2005 Separating particles according to their physical properties: transverse drift of

underdamped and overdamped interacting particles diffusing through two-dimensional ratchetsPhys. Rev.B 71 214303
[24] Aytug T, ParanthamanM, LeonardK J, Kang S,Martin PM,Heatherly L, Goyal A, Ijaduola AO, Thompson J R andChristenDK2006

Analysis of flux pinning in YBCO films by nanoparticle-modified substrate surfacesPhys. Rev.B 74 184505
[25] Zuev Y L, ChristenDK,Wee SH,Goyal A andCook SW2008Near-isotropic performance of intrinsically anisotropic high-

temperature superconducting tapes due to self-assembled nanostructuresAppl. Phys. Lett. 93 172512
[26] PalauA, Bartolome E, Llordes A, Puig T andObradors X 2011 Isotropic and anisotropic pinning in TFA-grownYBCO filmswith BZO

nanoparticles Supercond. Sci. Technol. 24 125010
[27] OlsonC J, Reichhardt C, JankoB andNori F 2001Collective interaction-driven ratchet for transporting flux quantaPhys. Rev. Lett. 87

177002
[28] PalauA, RoucoV, Luccas R F,Obradors X andPuig T 2014Nanowall pinning for enhanced pinning force in YBCOfilmswith

nanofabricated structures PhysicaC 506 178–83

6

New J. Phys. 17 (2015) 073022 VRouco et al

http://dx.doi.org/10.1126/science.276.5314.917
http://dx.doi.org/10.1126/science.276.5314.917
http://dx.doi.org/10.1126/science.276.5314.917
http://dx.doi.org/10.1063/1.1535005
http://dx.doi.org/10.1063/1.1535005
http://dx.doi.org/10.1063/1.1535005
http://dx.doi.org/10.1038/370446a0
http://dx.doi.org/10.1038/370446a0
http://dx.doi.org/10.1038/370446a0
http://dx.doi.org/10.1038/nature01736
http://dx.doi.org/10.1038/nature01736
http://dx.doi.org/10.1038/nature01736
http://dx.doi.org/10.1038/nature01736
http://dx.doi.org/10.1126/science.285.5430.1046
http://dx.doi.org/10.1126/science.285.5430.1046
http://dx.doi.org/10.1126/science.285.5430.1046
http://dx.doi.org/10.1126/science.286.5448.2314
http://dx.doi.org/10.1126/science.286.5448.2314
http://dx.doi.org/10.1126/science.286.5448.2314
http://dx.doi.org/10.1038/22485
http://dx.doi.org/10.1038/22485
http://dx.doi.org/10.1038/22485
http://dx.doi.org/10.1038/22485
http://dx.doi.org/10.1126/science.1090390
http://dx.doi.org/10.1126/science.1090390
http://dx.doi.org/10.1126/science.1090390
http://dx.doi.org/10.1038/nature04595
http://dx.doi.org/10.1038/nature04595
http://dx.doi.org/10.1038/nature04595
http://dx.doi.org/10.1038/nature04595
http://dx.doi.org/10.1109/TASC.2009.2028873
http://dx.doi.org/10.1109/TASC.2009.2028873
http://dx.doi.org/10.1109/TASC.2009.2028873
http://dx.doi.org/10.1038/nmat746
http://dx.doi.org/10.1038/nmat746
http://dx.doi.org/10.1038/nmat746
http://dx.doi.org/10.1103/RevModPhys.81.387
http://dx.doi.org/10.1103/RevModPhys.81.387
http://dx.doi.org/10.1103/RevModPhys.81.387
http://dx.doi.org/10.1103/PhysRevLett.99.247002
http://dx.doi.org/10.1016/j.physc.2005.07.017
http://dx.doi.org/10.1016/j.physc.2005.07.017
http://dx.doi.org/10.1016/j.physc.2005.07.017
http://dx.doi.org/10.1103/PhysRevB.69.184504
http://dx.doi.org/10.1103/PhysRevB.85.012502
http://dx.doi.org/10.1103/PhysRevB.85.012502
http://dx.doi.org/10.1103/PhysRevB.85.012502
http://dx.doi.org/10.1088/0953-2048/25/12/123001
http://dx.doi.org/10.1063/1.3315893
http://dx.doi.org/10.1063/1.4732314
http://dx.doi.org/10.1103/PhysRevB.68.014514
http://dx.doi.org/10.1103/PhysRevLett.92.180602
http://dx.doi.org/10.1103/PhysRevB.71.214303
http://dx.doi.org/10.1103/PhysRevB.74.184505
http://dx.doi.org/10.1063/1.3009286
http://dx.doi.org/10.1088/0953-2048/24/12/125010
http://dx.doi.org/10.1103/PhysRevLett.87.177002
http://dx.doi.org/10.1103/PhysRevLett.87.177002
http://dx.doi.org/10.1016/j.physc.2014.06.011
http://dx.doi.org/10.1016/j.physc.2014.06.011
http://dx.doi.org/10.1016/j.physc.2014.06.011

	Acknowledgments
	References



