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a b s t r a c t 

Antimonene -a single layer of antimony atoms- and its few layer forms are among the latest additions 

to the 2D mono-elemental materials family. Numerous predictions and experimental evidence of its re- 

markable properties including (opto)electronic, energetic or biomedical, among others, together with its 

robustness under ambient conditions, have attracted the attention of the scientific community. How- 

ever, experimental evidence of its electrical properties is still lacking. Here, we characterized the elec- 

tronic properties of mechanically exfoliated flakes of few-layer (FL) antimonene of different thicknesses 

( ∼ 2–40 nm) through photoemission electron microscopy, kelvin probe force microscopy and transport 

measurements, which allows us to estimate a sheet resistance of ∼ 1200 � sq −1 and a mobility of ∼
150 cm 

2 V 

−1 s −1 in ambient conditions, independent of the flake thickness. Alternatively, our theoretical 

calculations indicate that topologically protected surface states (TPSS) should play a key role in the elec- 

tronic properties of FL antimonene, which supports our experimental findings. We anticipate our work 

will trigger further experimental studies on TPSS in FL antimonene thanks to its simple structure and 

significant stability in ambient environments. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Recent works have shown how to produce antimonene and 

ew-layer (FL) antimonene with a variety of different procedures 

1–6] , allowing the exploration of its promising properties [ 1 , 7–

1 ], including its application in optoelectronics [12–15] . One of the 

roperties making antimonene unique among other 2D materials 

s its strong spin–orbit coupling (SOC). Elemental bulk antimony 

s a topological semimetal on account of an inverted bulk band 

rder [16] . On the other hand, a band gap in the range of 0.76–

.28 eV has been predicted for single layer antimonene [17–23] , 

hich makes it very attractive for electronics and ultrafast op- 

oelectronic applications. The electronic properties of antimonene 
∗ Corresponding authors. 
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hange quite drastically from the single layer to the FL regime. Al- 

hough antimony does not present a bulk gap, its nonzero topo- 

ogical invariant guarantees the presence of topologically protected 

urface states (TPSS), coexisting with bulk bands at the Fermi en- 

rgy [24–26] . For a small number of atomic layers, antimonene 

ould already behave as a 3D topological insulator because quan- 

um confinement opens a gap in its bulk bands [27] , but, when 

his occurs, the TPSS on opposite surfaces couple to each other 

nd a gap opens at the Dirac point, partly degrading their topo- 

ogical properties. A minimum of approximately 7-8 layers ( ∼ 3 

m) is needed for a full decoupling of the TPSS on opposite sur- 

aces [ 25 , 28 ], but bulk bands already cross the Fermi energy at this

mall thickness [ 26 , 27 ]. In this sense, FL antimonene is not so dif-

erent from actual 3D topological insulators where the contribution 

f bulk bands at the Fermi energy is difficult to eliminate. Angle 

esolved Photoemission Spectroscopy (ARPES) [ 9 , 25 , 26 ] measure- 

ents and, to a much lesser extent, transport experiments [ 27 , 28 ]
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Band structure of FL antimonene. Band structure from 2 to 7 layers obtained from DFT calculations (see Methods). The insets show the Fermi surfaces obtained in 

each case. Red lines correspond to the bands considered for the conductivity calculations. The surface states are located near �, and purely bulk pockets near M. Notice 

that for the latter we observe six half pockets in the first Brillouin zone (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 
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ave confirmed this issue in binary compounds such as Bi 1-x Sb x , 

i 2 Se 3 or Bi 2 Te 3 [ 26 , 29 , 30 ]. Ternary [31] and quaternary [32] com-

ounds have also shown surface contribution in their conduction 

roperties. Since the surface/bulk conductivity ratio is typically a 

mall fraction, it is difficult to isolate and benefit from the proper- 

ies of the TPSS [33] . In fact, high-throughput numerical searches 

ave shown that, in theory, stoichiometric topological semimetals 

utnumber topological insulators [34] , thus is of much interest to 

how that topological semimetals still exhibit properties related 

ith their non-trivial topology [35] . Therefore, finding topological 

emimetals with a large surface-to-bulk conductivity ratio where 

he exotic properties of TPSS can manifest in a more direct manner 

nd, additionally, with simple structures and high stability, would 

ncrease their possibilities of practical use. 

In this work, we present a local morphological and electronic 

tudy of mechanically exfoliated FL antimonene flakes of thick- 

esses between ∼ 2 and 40 nm (see Methods). Within this thick- 

ess range, the band structure fully reveals the decoupling of the 

op and bottom TPSS and the bulk bands present a finite contribu- 

ion at the Fermi energy. 

. Results 

Fig. 1 shows DFT calculations (see Methods) of the electronic 

and structure of FL antimonene in vacuum for different number 

f layers. The same calculation including adsorbed water molecules 

n the surface, to partially mimic ambient conditions, does not 

resent significant changes (see Supplementary Figs 1 and 2). The 

nsets represent the Fermi surface of each thickness, in the frame 

f the Brillouin zone (BZ, in blue). The band structure evolution 

ith the number of layers shows two important features. First, the 

ormation of Dirac cones around � with the Dirac point about 0.3 

V below the Fermi energy. The Dirac hole band bends upwards 

o also cross the Fermi energy, giving rise to a peculiar Fermi sur- 

ace with six hole pockets surrounding �. These pockets have a 

lear surface and helical character near �, but this character is par- 

ially lost as you move away from � and they progressively be- 

ome bulk states [27] . Second, the appearance of three fully bulk 

lectron pockets crossing the Fermi level close to the M points for 

ver 5 layers. Moving away from � towards the M -point ( K -point), 

gnoring the crossing of the bulk electron pockets, one crosses the 

ermi level three times (once) as expected for a topological mate- 

ial. The localization properties of these surface states have been 

tudied in Ref. [27] . 

With this picture in mind, we proceed to the experimental 

haracterization of our exfoliated FL antimonene flakes (see Sup- 
2 
lementary Fig. 3 for characterization of FL antimonene flakes with 

ifferent techniques). We start by analyzing flakes with different 

umber of layers and lateral sizes in the range of several microns, 

eposited on highly doped Si substrates, with low energy and 

hotoemission electron microscopy (LEEM/PEEM), in combination 

ith synchrotron based X-ray photoelectron spectroscopy (XPEEM) 

 Fig. 2 ). The samples were first cleaned in ultra-high vacuum (UHV) 

see Methods), ensuring flakes were free of oxide and contami- 

ants, as demonstrated by the Sb 4d core level spectrum (inset 

n Fig. 2 a), which shows the doublet with the 4d 5/2 at a bind-

ng energy of around 32 eV. Fig. 2 a shows a LEEM image of sev-

ral FL antimonene flakes. XPEEM images and spectra of the same 

akes acquired in the maximum of the Sb 4d core level (Supple- 

entary Fig. 4) reveal the antimony nature of all the flakes. Fig. 2 b

hows the AFM topography corresponding to the same flakes in 

ig. 2 a, presenting thicknesses from tens of nm down to terraces 

f just 1.5–2.5 nm (insets at the bottom left and top left corners 

espectively in Fig. 2 b). We also carried out the electronic structure 

haracterization by measuring the PEEM signal at the Fermi energy 

evel (E F ) ( Fig. 2 c). The direct comparison of the AFM topography

nd the PEEM signal (see Fig. 2 d) shows that the photoemitted in- 

ensity is mainly constant across the flakes and independent of the 

hickness in the range ∼ 20–40 nm, while it is strongly quenched 

n certain areas marked by white arrows. These areas correspond 

o the thinnest zones, only 2–5 atomic layers (as shown in the top 

eft inset in Fig. 2 b), since the minimum height of a monolayer, 

hen measured with AFM, is ∼ 1 nm due to molecules trapped 

etween the substrate and the flake [1] . A detailed analysis can be 

ound in Supplementary Fig. 5. 

These results are consistent with the DFT calculations shown 

n Fig. 1 . For 1-2 layers the material is fully insulating, while for 

-4 layers, corresponding to the majority of the thinnest flakes in 

ig. 2 , the Fermi surface (see Fig. 1 ) is barely developed. For thicker

akes, the integrated contribution to the density of states at the 

ermi energy comes mostly from the electron pocket at � and the 

ole pockets around it. Note also that, due to the low electron 

ean free path at the recorded kinetic energy, the PEEM signal 

omes from the few topmost 2 or 3 surface atomic layers, around 

00 meV below the E F . Hence, as the TPSS have their weight cen- 

ered there, it is not preposterous to think that this PEEM signal 

ould be associated with the TPSS of the top layer and not from 

he bulk pockets that extend throughout the flake width. 

Next, we carry out an electrical characterization of FL anti- 

onene flakes of different thicknesses. Kelvin probe force mi- 

roscopy (KPFM) measurements on flakes with thicknesses be- 

ween ∼ 2 and 9 nm ( ∼ 2-3–21 layers) [1] (see Supplementary 
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Fig. 2. PEEM/LEEM characterization of FL antimonene flakes of different thicknesses. a , LEEM image of FL antimonene flakes acquired with an electron energy of 12.4 eV. 

The image field of view is 10 μm. Inset: The Sb 4d core level micro-spot XPS spectrum taken in the flakes, with a photon energy of 97 eV. b , AFM topographical image of 

the same flakes shown in a . The insets correspond to profiles along the lines in the image showing terraces of 1.5–2.5 nm (top) and 20–30 nm (bottom). c , PEEM image 

taken at the Fermi Energy (E F ) of the same flakes shown in a and b , with a photon energy of 97 eV. The contrast is constant for the higher terraces. d , Superposition of b 

and c . The white arrows are pointing out some of the lowest terraces where no photoemission signal is detected at the E F . 
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aterial Section S4) provides information on the Contact Poten- 

ial Difference (CPD) variation, which is related to the work func- 

ion change. As in other 2D materials [36] , the measured CPD 

aries with increasing thickness and above a given number of 

ayers, it saturates (see Supplementary Figs. 6 and 7). We also 

erformed conductive AFM (C-AFM) measurements contacting the 

akes with gold nanowire electrodes using the scanning-probe- 

ssisted nanowire circuitry (SPANC) technique [37] and a metal- 

oated AFM tip as a second mobile electrode on flakes deposited 

n SiO 2 . Fig. 3 a shows FL antimonene flakes of different thick- 

esses contacted through SPANC. Gold nanowire electrodes are po- 

itioned on one end of the flakes and the conductive AFM tip is 

sed to acquire current vs. voltage ( IV ) curves at different distances 

f the gold electrodes (see Supplementary Fig. 8) with nm res- 

lution in ambient conditions (see Methods for details on the IV 

urves acquisition procedure). Supplementary Fig. 9 shows one of 

he flakes from Fig. 3 imaged more than one year later, showing 

o noticeable degradation, which accounts for the high stability of 

ntimonene under ambient conditions [ 1 -–5 ]. 

This local measurement of the conductive properties allows 

s to obtain resistance vs. length ( RL ) plots from different thick- 

esses ( Fig. 3 b). From the RL plots and the geometry of the flakes,

e calculate the sheet resistance for the different thicknesses of 

he FL antimonene flakes ( Fig. 3 c), obtaining robust values re- 

ardless of the contact resistance (Supplementary Fig. 10). Within 

he sensitivity of our measurements, we obtain an average value 

f ρ2D = 1200 ± 300 � sq −1 , independent of the flake thickness. 

his result is remarkable considering that several bulk bands cross 

a

3 
he Fermi energy in our thin flakes. For instance, the evolution 

f the bottom of the second bulk conduction band (located at M) 

ith the number of layers (Supplementary Fig. 6) shows that, for 

6 layers (approximately 6 nm, which closely corresponds to our 

hinnest flake), this second band already crosses the Fermi level. 

hus, a higher number of bulk bands is expected to be present in 

he thicker flakes. Even so, the increasing number of bulk bands 

oes not seem to appreciably increase the conductivity, suggesting 

 dominant contribution of the TPSS. 

. Discussion 

It is instructive to compare the mentioned results with the case 

f graphene, where a linear increase of the sheet conductance (the 

nverse of the sheet resistance) has been observed with the num- 

er of layers [ 38 , 39 ] in contrast with our case, where it remains

onstant. We compare the sheet resistance ( ρ2D = 1200 ± 300 

sq −1 ) with that obtained following the same procedure for FL 

raphene [37] , ρ2D-G = 670 ± 60 � sq −1 . Graphene has 4 Dirac 

ones, with intervalley scattering typically suppressed by long- 

ange scattering potentials. The Dirac cone of FL antimonene is sur- 

ounded by hole pockets which, to a first approximation, altogether 

ive a similar carrier concentration to that of graphene in ambient 

onditions (from the band structure we estimate n 2D ∼ 3.5 × 10 13 

m 

−2 ). The helicity of the states in the hole pockets near the Dirac 

one are opposite to that of the nearby Dirac states which also 

revents inter-pocket back-scattering 19 . Thus, the resistivity of FL 

ntimonene is expected to be comparable but larger than that of 
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Fig. 3. Electrical transport characterization of FL antimonene of different thicknesses. a , AFM 3D topographical images of several FL antimonene flakes contacted with gold 

nanowire electrodes. In the middle panel we have included a schematic of the C-AFM circuit used. Image size: 6.0 × 3.7 μm 

2 . b , Resistance vs . length ( RL ) plot for different 

thicknesses as indicated in the graph. Solid lines are the best linear fits. The horizontal error bars indicate the uncertainty in the measured distances with the AFM; the 

vertical error bars indicate the standard deviation in the resistance values from fluctuations in the measured current. c , Sheet resistance as a function of the thickness. The 

horizontal error bars indicate the uncertainty in the measured heights with the AFM; the vertical error bars come from propagating the uncertainties of the slopes of the RL 

plots and the dimensions of the flakes measured with the AFM used to obtain the sheet resistance values. 
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raphene, as observed experimentally. Combining the estimation of 

he carrier concentration from the band structure with the sheet 

esistance obtained from the transport measurements we can also 

entatively estimate the mobility, μ, by μ = 

σ2 D 
e n 2 D 

, where σ 2D is the 

idimensional conductance ( σ 2D = 1/ ρ2D ), e the electron charge, 

nd n 2D the bidimensional carrier concentration. We obtain a high 

obility of μ ∼ 150 cm 

2 V 

−1 s −1 in ambient conditions. To put this 

gure in perspective, one can compare it with the mobility of black 

hosphorus, which is reported to be μBP ∼ 50–10 0 0 cm 

2 V 

−1 s −1 

epending on the thickness [40] . 

In support of our observations suggesting a relevant role of the 

PSS in the electronic properties, we have carried out two comple- 

entary calculations: a ballistic conductance calculation of defect- 

ree FL antimonene contacted on the surface ( Fig. 4 a) and conduc- 

ivity calculations in the presence of surface disorder ( Fig. 4 b). The 

esults of the conductance (per unit length) are shown in Fig. 4 a 

see Methods for details and Supplementary Fig. 11 for several ex- 

mples of transmission curves). The conductance increases with 

he number of layers, but at such slow pace that, for 9 layers, 

t is not even twice that of 3 layers (where only the Dirac cone 

ontributes to the conductance) and visibly saturates. From these 

alculations, however, we cannot fully conclude whether the slow 

onductance increase is due to the full development of the TPSS in 

he center of the BZ or to the increasing presence of bulk states 

for instance those at M). In order to assess this issue, we show in

ig. 4 b the (diffusive) Kubo conductivity of our thicker 9L system 

n the presence of disorder on both top and bottom surfaces (see 

ethods for details). We can calculate the conductivity from the 

PSS alone or from all the states in our multilayers, surface and 

ulk. Here we plot the ratio between the TPSS conductivity of the 

op surface (actually considering only surface states, namely, ex- 

luding the halves of the hole pockets which correspond to bulk 
4 
tates), and the total conductivity (top TPSS + bulk states) for dif- 

erent disorder realizations as a function of the disorder strength 

ffecting the bottom surface. In general, the TPSS contribution rep- 

esents a significant fraction over the total conductivity (around 50 

), despite introducing “only surface disorder”. In fact, increasing 

he strength of disorder on the bottom layer with respect to the 

op surface, the relative contribution of the surface conductivity 

ith respect to the total one increases up to 70 % (in our parame- 

er range). This behavior is expected, as bulk states feel the disor- 

er on the bottom layer more effectively, and it is practically (ex- 

erimentally) relevant since, while the top surface can be treated 

r cleaned, the bottom one always remains affected by the sub- 

trate. This behavior is shared by all disorder cases up to a point 

here the bottom disorder gets strong enough as to also affect the 

op surface states in the hole pockets, which cannot be dissociated 

rom the bulk states, reducing the TPSS conductivity. For thicker 

akes, this turning point is likely to shift to larger bottom disor- 

er strengths. The overall picture emerging from these two differ- 

nt calculations implies that the electrical transport is amply dom- 

nated by the TPSS, as suggested by our experimental results. 

To conclude, we show the electrical characterization of mechan- 

cally exfoliated FL antimonene flakes within the ∼ 2-3 to 100 lay- 

rs regime, where topologically protected surface states might be 

laying a key role. We detect a strongly quenched photoemission 

ignal at the E F for the thinnest flakes and a mainly constant value 

s the thickness increases. Our DFT calculations show that a tran- 

ition from low to high surface density of states close to the Fermi 

evel takes place at about 6 layers. We determine a sheet resistance 

f ∼ 1200 � sq −1 above this threshold independent on the sheet 

hickness. We also estimate the mobility of FL antimonene in am- 

ient conditions, resulting in 150 cm 

2 V 

−1 s −1 . Such a high value, 

n combination with its stability and simple structure, turns an- 
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Fig. 4. Transport calculations. a , Ballistic conductance (per unit length in units of G 0 ) of multilayers contacted on the surface by gated (conducting) antimonene, as sketched 

in the insets. b , Surface to total conductivity ratio ( σ S / σ T ) in the 9L system as a function of the bottom surface disorder strength δb . The curves correspond to different top 

surface disorder cases, changing the disorder strength, δs , and concentration, n s, while keeping the bottom surface disorder concentration fixed to n b = 1.3. The inset in the 

top left corner shows the reciprocal area covered by the surface states in the 9L system. Lines act as guides to the eye. 
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imonene into a promising candidate for nanoelectronics and op- 

oelectronics applications. Hence, we envision that the richness in 

roperties and phenomena of this material (including optoelec- 

ronic and energy-related) will pave the way for further studies on 

ts many opportunities both from fundamental and practical points 

f view, with a particular focus in topological surface state physics, 

s for example for fault-tolerant quantum computation or as con- 

ucting channels with reduced dissipation in spintronic devices. 

. Methods 

.1. Sample preparation 

We obtained FL antimonene flakes by mechanical exfoliation 

1] . We placed a macroscopic freshly cleaved crystal of antimony 

Smart Elements) in adhesive tape and after repetitive pealing, 

e directly transferred FL antimonene flakes to SiO 2 /Si and highly 

oped Si substrates. A primary optical microscopy inspection al- 

owed us to locate the thinnest flakes that we later imaged by AFM 

n contact mode to measure their thickness [41] . We used OMCL- 

C800PSA cantilevers from Olympus with a nominal spring con- 

tant of 0.39 N m 

−1 and low forces of the order of ∼ 1 nN to en-

ure that the flakes were not deformed by the tip. We used WSxM 

oftware ( www.wsxm.eu ) both for the acquisition and processing 

f the AFM data [ 42 , 43 ]. 

.2. PEEM/LEEM measurements 

The experiments have been carried out at the PEEM experimen- 

al station of the CIRCE beamline at the ALBA Synchrotron [44] . 

ll measurements were done in a low energy and photoemission 

lectron microscope from micrometer-sized FL antimonene crys- 

als. Prior to the measurements, we carried out a careful clean- 

ng process in ultra-high vacuum (UHV), consisting of several an- 

ealing cycles at 400 °C for 5 min in a hydrogen atmosphere (10 −6 

bar). This cleaning protocol ensured the flakes were free of oxide 

nd contamination. 
5 
.3. KPFM measurements 

We carried out simultaneous dynamic mode AFM for the to- 

ography and frequency modulation mode for the KPFM [45] in 

 single-pass scheme, using metallized AFM tips (Budget Sensors 

lectriMulti75-G). We applied an AC bias voltage of amplitude 5 

 and frequency 7 kHz to the tip. We performed the KPFM mea- 

urements in an inert Ar atmosphere to avoid CPD shielding by the 

resence of adsorbed water on the surface of the samples [36] . 

.4. C-AFM measurements 

We contacted the FL antimonene flakes deposited on SiO 2 /Si 

ubstrates using gold nanowire electrodes through the SPANC tech- 

ique [37] . Briefly, we deposited gold nanowires on the substrates 

ith FL antimonene flakes and assembled them into nanoelec- 

rodes by AFM manipulation. In this case, the so-fabricated gold 

anoelectrodes were connected to a microscopic gold electrode, we 

hen used a metallized AFM tip (Budget Sensors ElectriMulti75-G) 

s a second mobile electrode to acquire IV curves at different lo- 

ations. We employed dynamic mode AFM to image the samples, 

ith an amplitude set point of 15 nm (cantilever free amplitude 

0 nm). Then, we stopped the tip over the points of interest, and 

e brought it down into contact. There we acquired several IV 

urves and after this we brought the tip back to dynamic mode 

FM. Before and after each set of IV curves we checked that the 

ip had not changed by acquiring IV curves on the gold nanoelec- 

rode, ensuring tip stability along the whole set of measurements. 

o avoid artifacts, we also always carefully check the dependence 

f the conductance with the applied load, selecting the optimal 

onditions [46] . This procedure ensures that any possible layer of 

ontamination or oxide on the surface is pierced and the current 

easured would respond to the intrinsic properties of the mate- 

ial [47] . In addition, we obtain the sheet resistance of the few- 

ayer antimonene flakes from the flakes geometry and the slope of 

he Resistance vs. Lentgh ( RL ) plots, which is independent of the 

ontact resistance, thus obtaining reliable sheet resistance values 

ithin the uncertainty in the measured currents. RL plots acquired 

n the same flake but with different AFM tips can present different 

ontact resistances, but they present the same slope (and there- 

http://www.wsxm.eu
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ore they lead to the same sheet resistance) (see Supplementary 

ig. 10). 

.5. Band structure calculations 

Band structure and Fermi surface contour calculations in 

ig. 1 were performed using DFT as implemented in the Vienna Ab 

nitio Simulation Package (VASP) code [ 4 8 , 4 9 ]. We employed the

ocal density approximation (LDA) [50] together with the projector- 

ugmented-wave (PAW) [49] method which has been shown to 

orrectly describe Sb films and predicts the bulk lattice constant 

21] in excellent agreement with the experimental value of 4.30 Å 

51] . Calculations are performed considering SOC and a plane wave 

asis set was used with a cutoff energy of 300 eV on a 21 × 21 

onkhorst-Pack [52] k-point mesh. A vacuum region of 16 Å along 

he z direction was used for each system in order to minimize the 

nteraction between the periodic repetitions of the cells. Full struc- 

ural relaxations were performed for each of the 2L-7L systems 

ntil atomic forces were smaller than 0.001eV/ ̊A [53] . The relaxed 

tructure of the 7L system was used for the 9L system employed 

or the conductivity calculations (see below). We have taken de- 

ects into consideration as a perturbation (to all orders), expanding 

he eigenstates of the system + defects in a basis of Bloch states 

ear the Fermi energy of the defect-free system (see Ref. [27] for 

etails). 

.6. Ballistic transport calculations 

We have obtained the room temperature conductance of the 

ristine multilayers thermal averaging the Landauer expression, 

 = e 2 /h T(μ) , where the transmission, T , is computed with the non-

quilibrium Green’s function formalism [54] 

 ( μ) = 

1 

Na 

N ∑ 

k 

T r 
[
�L ( k , u ) G ( k , u ) �R ( k , u ) G 

+ ( k , u ) 
]

We have found that the most convenient way to contact the 

urface layer (mimicking the experiment) is, as shown in the insets 

f Fig. 4 a, to continue to infinity this layer along the x direction,

ut gated with a potential of 2.0 eV that sets the Fermi level into

he valence band where its conductance is maximum. The multi- 

ayer is finite in the x direction (with the maximum length per- 

itted by our computational limitations) and periodic in the y di- 

ection with a minimal unit cell of width a (as shown in the in-

ets). Thus, the Green’s functions, G, and coupling matrices, �, de- 

end on k in this direction. The summation over N values of k in

he first Brillouin zone divided by the actual width in the perpen- 

icular direction, Na , gives the conductance per unit length. The 

reen’s functions and coupling matrices are evaluated from the 

on-collinear DFT Hamiltonian obtained with the OpenMX code 

55] ( http://www.openmx-square.org/ ), computing the whole sys- 

em shown in the insets in Fig. 4 a periodically repeated. OpenMX 

s based on norm-conserving pseudo-potential method with a par- 

ial core correction and a linear combinations of pseudo atomic or- 

itals (LCPAO) as a basis function here specified by Sb7.0-s3p2d2 

meaning that the cutoff radius is 7.0 Bohr and that three primi- 

ive orbitals for s components, and two primitive orbitals for each 

f p and d components are used). The exchange-correlation func- 

ional was the spin-polarized GGA-PBE. All calculations were per- 

ormed until the change in total energy between two successive it- 

ration steps converged to less than 10 −6 Hartree. A cutoff energy 

f 220 Ry and an 11 × 11 × 1 k-grid have been used in all pre-

ented results. The unit cell structure was also geometrically opti- 

ized. The quasi-Newton eigenvector following method was exe- 

uted for structural relaxation of all structures until the change in 

orces between two successive iteration steps was less than 10 −3 
6 
artree/Bohr. SOC was also employed and van der Waals interac- 

ion (vdW) correlation is considered by using the semiempirical 

ispersion-corrected density functional theory (DFT-D2) force-field 

pproach. We have verified that the obtained band structure is es- 

entially similar to that shown in Fig. 1 (see Supplementary Fig. 

2). 

.7. Kubo conductivity calculations 

We have chosen a system of 9 antimonene layers for the cal- 

ulation of the Kubo conductivity. This number guarantees that 

he bulk pockets are well developed and that the TPSS of oppo- 

ite surfaces are completely decoupled. We first compute the DFT 

ohn-Sham Hamiltonian with the CRYSTAL code [ 56 , 57 ] to which 

e have added SOC after self-consistency [58] . The lattice con- 

tant was considered (based on our previous work, Ref. [58] ) to be 

 = 4.27 Å and the intra- and interlayer distances h = 1.52 Å and

 = 3.68 Å, respectively. For these calculations we utilized a small- 

ore pseudopotential basis set [59] with 23 valence electrons. For 

etter agreement with plane-wave calculations we considered 0.94 

caling factor for the last filled p -orbital. The SOC enhancement 

actor 65, was also defined based on our previous work where we 

erified the SOC implementation vs . fully relativistic non-colinear 

ASP calculation (Ref. [58] ). LDA exchange [60] and VBH correla- 

ion [61] functionals were used on a 32 × 32 Monkhorst-pack k- 

rid. For convergence, we applied a Fock (Kohn-Sham) matrix mix- 

ng of 97% between subsequent SCF cycles and the convergence on 

otal energy was set to 10 −9 Hartree. 

We calculate the dc conductivity using finite-size Kubo for- 

alism at room temperature. We have essentially followed the 

ethodology developed in our previous work [27] , but here we 

ave fully implemented the exact evaluation of momentum ma- 

rix elements, as explained in Ref. [62] . The red bands shown in 

ig. 1 are the relevant ones in our calculations. The exfoliation pro- 

edure guarantees that the internal layers of our flakes are defect- 

ree, but not the surfaces. We also expect the bottom layer to be 

ore influenced by disorder than the top surface due to the sub- 

trate effects (substrate charges and intercalated molecules). For 

implicity, we assume the disorder not to mix states between bulk 

ockets or between bulk and surface pockets. This way the total 

onductivity is simply the sum of the individual pocket conductivi- 

ies. For these calculations we have used a square sample of 45 nm 

n size and studied different disorder configurations defined by the 

trength of the top and bottom surface disorder, δs and δb , and the 

op and bottom surface disorder concentrations, n s and n b , respec- 

ively. In order to achieve statistical precision, we have considered 

t least 100 configurations of disorder on each surface up to the 

oint that the behaviour of the curves in Fig. 4 b was not changing

nymore. Furthermore, we have smoothed the curves by averaging 

ver the Fermi energy interval containing typically 11 levels. 

eclaration of Competing Interest 

The authors declare that they have no competing interests. 

RediT authorship contribution statement 

Pablo Ares: Conceptualization, Methodology, Validation, For- 

al analysis, Investigation, Writing – original draft, Writing – re- 

iew & editing, Visualization, Supervision. Sahar Pakdel: Soft- 

are, Investigation, Writing – review & editing. Irene Palacio: Con- 

eptualization, Methodology, Formal analysis, Investigation, Writ- 

ng – review & editing, Visualization. Wendel S. Paz: Software, 

alidation, Investigation. Maedeh Rassekh: Software, Investiga- 

ion. David Rodríguez-San Miguel: Validation, Investigation. Lucía 

http://www.openmx-square.org/


P. Ares, S. Pakdel, I. Palacio et al. Applied Materials Today 24 (2021) 101132 

A

s

Á

M

s

s

G

i

P

g

i

A

r

A

M

0

0

1

M

G

a

(

A

(

C

J

v

A

s

D

S

f

R

 

 

 

 

 

 

 

 

 

 

[

[  

[  

[

[

[  

[

[  

[  

[  

 

[

 

[

[

[  
balle: Investigation, Writing – review & editing. Michael Foer- 

ter: Investigation, Writing – review & editing. Nerea Ruiz del 

rbol: Investigation. José Ángel Martín-Gago: Conceptualization, 

ethodology, Investigation, Writing – review & editing, Supervi- 

ion, Funding acquisition. Félix Zamora: Conceptualization, Re- 

ources, Writing – review & editing, Funding acquisition. Julio 

ómez-Herrero: Conceptualization, Methodology, Resources, Writ- 

ng – review & editing, Supervision, Funding acquisition. Juan José

alacios: Conceptualization, Methodology, Formal analysis, Investi- 

ation, Resources, Writing – original draft, Writing – review & edit- 

ng, Visualization, Supervision, Funding acquisition. 

vailability of data and materials 

The data generated during this study are available from the cor- 

esponding authors on reasonable request. 

cknowledgments 

We acknowledge financial support through the “Maríade 

aeztu” Programme for Units of Excellence in R&D(CEX2018- 

 0 0805-M), the Spanish MINECO through projects PCI2018- 

93081,FIS2016-80434-P, PID2019-109539GB-C43, PID2019- 

06268GB-C31 and -C32,MAT2016-77608-C3-1-P and -3-P, 

AT2013-46753-C2-2-P and MAT2017-85089-C2-1R,the EU 

raphene Flagship funding (Graphene Flagship Core3 881603 

ndJTC2017/2D-Sb&Ge), the EU via the ERC-Synergy Program 

GrantERC-2013-SYG-610256 NANOCOSMOS), the Comunidad 

utónoma de Madridthrough MAD2D-CM, S2018/NMT-4321 

NanomagCOST-CM) and the European StructuralFunds via FotoArt- 

M project (S2018/NMT-4367), and the FundaciónRamón Areces. 

.J.P. acknowledges the computerresources and assistance pro- 

ided by the Centro de Computación Científicaof the Universidad 

utónoma de Madrid andthe RES. S.P. acknowledges financial 

upport by the VILLUM FONDEN via theCentre of Excellence for 

irac Materials (Grant No. 11744). 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.apmt.2021.101132 . 

eferences 

[1] P. Ares, F. Aguilar-Galindo, D. Rodríguez-San-Miguel, D.A. Aldave, S. Díaz- 

Tendero, M. Alcamí, F. Martín, J. Gómez-Herrero, F. Zamora, Mechanical iso- 
lation of highly stable antimonene under ambient conditions, Adv. Mater. 28 

(2016) 6332–6336 url, doi: 10.1002/adma.201602128 . 
[2] P. Ares, J.J. Palacios, G. Abellan, J. Gomez-Herrero, F. Zamora, Recent progress 

on antimonene: a new bidimensional material, Adv. Mater. 30 (2018) 1703771 
url, doi: 10.1002/adma.201703771 . 

[3] C. Gibaja, D. Rodriguez-San-Miguel, P. Ares, J. Gómez-Herrero, M. Varela, 

R. Gillen, J. Maultzsch, F. Hauke, A. Hirsch, G. Abellán, F. Zamora, Few-layer an- 
timonene by liquid-phase exfoliation, Angew. Chem. Int. Ed. 55 (2016) 14345–

14349 url, doi: 10.1002/anie.201605298 . 
[4] J.P. Ji, X.F. Song, J.Z. Liu, Z. Yan, C.X. Huo, S.L. Zhang, M. Su, L. Liao, W.H. Wang,

Z.H. Ni, Y.F. Hao, H.B. Zeng, Two-dimensional antimonene single crystals grown 
by van der Waals epitaxy, Nat. Commun. 7 (2016) 13352 url, doi: 10.1038/ 

ncomms13352 . 

[5] X. Wu, Y. Shao, H. Liu, Z. Feng, Y.-L. Wang, J.T. Sun, C. Liu, J.O. Wang, Z.L. Liu,
S.Y. Zhu, Y.Q. Wang, S.X. Du, Y.G. Shi, K. Ibrahim, H.J. Gao, Epitaxial growth and

air-stability of monolayer antimonene on PdTe 2 , Adv. Mater. 29 (2017) 1605407 
url, doi: 10.1002/adma.201605407 . 

[6] S.L. Zhang, S.Y. Guo, Z.F. Chen, Y.L. Wang, H.J. Gao, J. Gomez-Herrero, P. Ares, 
F. Zamora, Z. Zhu, H.B. Zeng, Recent progress in 2D group-VA semiconductors: 

from theory to experiment, Chem. Soc. Rev. 47 (2018) 982–1021 url, doi: 10. 
1039/c7cs00125h . 

[7] P. Ares, F. Zamora, J. Gomez-Herrero, Optical identification of few-layer 

antimonene crystals, ACS Photonics 4 (2017) 600–605 url, doi: 10.1021/ 
acsphotonics.6b00941 . 

[8] E. Martinez-Perinan, M.P. Down, C. Gibaja, E. Lorenzo, F. Zamora, C.E. Banks, 
Antimonene: a novel 2D nanomaterial for supercapacitor applications, Adv. En- 

ergy Mater. 8 (2018) 1702606 url, doi: 10.1002/aenm.201702606 . 
7 
[9] G. Pizzi, M. Gibertini, E. Dib, N. Marzari, G. Iannaccone, G. Fiori, Performance 
of arsenene and antimonene double-gate MOSFETs from first principles, Nat. 

Commun. 7 (2016) 12585 -12585url, doi: 10.1038/ncomms12585 . 
[10] W. Tao, X.Y. Ji, X.B. Zhu, L. Li, J.Q. Wang, Y. Zhang, P.E. Saw, W.L. Li,

N. Kong, M.A. Islam, T. Gan, X.W. Zeng, H. Zhang, M. Mahmoudi, G.J. Tearney, 
O.C. Farokhzad, Two-dimensional antimonene-based photonic nanomedicine 

for cancer theranostics, Adv. Mater. 30 (2018) 1802061 url, doi: 10.1002/adma. 
201802061 . 

[11] Q. Xiao, C.X. Hu, H.R. Wu, Y.Y. Ren, X.Y. Li, Q.Q. Yang, G.H. Dun, Z.P. Huang,

Y. Peng, F. Yan, Q. Wang, H.L. Zhang, Antimonene-based flexible photodetector, 
Nanoscale Horiz. 5 (2020) 124–130 url, doi: 10.1039/c9nh00445a . 

[12] J. He, L. Tao, H. Zhang, B. Zhou, J. Li, Emerging 2D materials beyond graphene
for ultrashort pulse generation in fiber lasers, Nanoscale 11 (2019) 2577–2593 

url, doi: 10.1039/C8NR09368G . 
[13] C. Ma, C. Wang, B. Gao, J. Adams, G. Wu, H. Zhang, Recent progress in ultrafast

lasers based on 2D materials as a saturable absorber, Appl. Phys. Rev. 6 (2019) 

041304 url, doi: 10.1063/1.5099188 . 
[14] J. Pei, J. Yang, T. Yildirim, H. Zhang, Y. Lu, Many-body complexes in 2D semi-

conductors, Adv. Mater. 31 (2019) 1706945 url, doi: 10.1002/adma.201706945 . 
[15] Y. Wang, W. Huang, C. Wang, J. Guo, F. Zhang, Y. Song, Y. Ge, L. Wu, J. Liu,

J. Li, H. Zhang, An all-optical, actively q-switched fiber laser by an antimonene- 
based optical modulator, Laser Photonics Rev. 13 (2019) 1800313 url, doi: 10. 

10 02/lpor.20180 0313 . 

[16] L. Fu, C.L. Kane, Topological insulators with inversion symmetry, Phys. Rev. B 
76 (2007) 045302 url, doi: 10.1103/PhysRevB.76.045302 . 

[17] O.U. Akturk, V.O. Ozcelik, S. Ciraci, Single-layer crystalline phases of anti- 
mony: antimonenes, Phys. Rev. B 91 (2015) 235446 url, doi: 10.1103/PhysRevB. 

91.235446 . 
[18] M. Muževi ́c , M. Varga Pajtler , S.K. Gupta , I. Luka ̌cevi ́c , Modulation of optical

properties with multilayer thickness in antimonene and indiene, Adv. Mater. 

Lett. 10 (2019) 270–274 url . 
[19] S.K. Radha, W.R.L. Lambrecht, Topological band structure transitions and go- 

niopolar transport in honeycomb antimonene as a function of buckling, Phys. 
Rev. B 101 (2020) 235111 url, doi: 10.1103/PhysRevB.101.235111 . 

20] S.K. Radha, W.R.L. Lambrecht, Topological quantum switch and controllable 
one-dimensional conducting paths in antimonene facilitated by breaking the 

inversion symmetry, Phys. Rev. B 102 (2020) 245413 url, doi: 10.1103/PhysRevB. 

102.245413 . 
[21] G. Wang, R. Pandey, S.P. Karna, Atomically thin group V elemental films: the- 

oretical investigations of antimonene allotropes, ACS Appl. Mater. Interfaces 7 
(2015) 11490–11496 url, doi: 10.1021/acsami.5b02441 . 

22] S. Zhang, Z. Yan, Y. Li, Z. Chen, H. Zeng, Atomically thin arsenene and an-
timonene: semimetal-semiconductor and indirect-direct band-gap transitions, 

Angew. Chem. Int. Ed. 54 (2015) 3112–3115 url, doi: 10.1002/anie.201411246 . 

23] S.L. Zhang, M.Q. Xie, F.Y. Li, Z. Yan, Y.F. Li, E.J. Kan, W. Liu, Z.F. Chen, H.B. Zeng,
Semiconducting group 15 monolayers: a broad range of band gaps and high 

carrier mobilities, Angew. Chem. Int. Ed. 55 (2016) 1666–1669 url, doi: 10.1002/ 
anie.201507568 . 

24] G. Bian, T. Miller, T.C. Chiang, Passage from spin-polarized surface states to 
unpolarized quantum well states in topologically nontrivial Sb films, Phys. Rev. 

Lett. 107 (2011) 036802 url, doi: 10.1103/PhysRevLett.107.036802 . 
25] G. Bian, X. Wang, Y. Liu, T. Miller, T.C. Chiang, Interfacial protection of topolog- 

ical surface states in ultrathin Sb films, Phys. Rev. Lett. 108 (2012) 176401 url, 

doi: 10.1103/PhysRevLett.108.176401 . 
26] D. Hsieh, Y. Xia, L. Wray, D. Qian, A. Pal, J.H. Dil, J. Osterwalder, F. Meier,

G. Bihlmayer, C.L. Kane, Y.S. Hor, R.J. Cava, M.Z. Hasan, Observation of uncon- 
ventional quantum spin textures in topological insulators, Science 323 (2009) 

919–922 url, doi: 10.1126/science.1167733 . 
27] S. Pakdel, J.J. Palacios, Surface-dominated conductivity of few-layered anti- 

monene, 2D Mater. 7 (2020) 021001 url, doi: 10.1088/2053-1583/ab5e02 . 

28] P. Zhang, Z. Liu, W. Duan, F. Liu, J. Wu, Topological and electronic transitions in
a Sb(111) nanofilm: the interplay between quantum confinement and surface 

effect, Phys. Rev. B 85 (2012) 201410(R)url, doi: 10.1103/PhysRevB.85.201410 . 
29] Y.L. Chen, J.G. Analytis, J.H. Chu, Z.K. Liu, S.K. Mo, X.L. Qi, H.J. Zhang, D.H. Lu,

X. Dai, Z. Fang, S.C. Zhang, I.R. Fisher, Z. Hussain, Z.X. Shen, Experimental real- 
ization of a three-dimensional topological insulator, Bi 2 Te 3 , Science 325 (2009) 

178–181 url, doi: 10.1126/science.1173034 . 

30] D. Hsieh, D. Qian, L. Wray, Y. Xia, Y.S. Hor, R.J. Cava, M.Z. Hasan, A topological
dirac insulator in a quantum spin hall phase, Nature 452 (2008) 970 -U5url, 

doi: 10.1038/nature06843 . 
[31] A.M. Shikin, Klimovskikh, S.V. Eremeev, A .A . Rybkina, M.V. Rusinova, A.G. Ry- 

bkin, E.V. Zhizhin, J. Sanchez-Barriga, A. Varykhalov, I.P. Rusinov, E.V. Chulkov, 
K.A . Kokh, V.A . Golyashov, V. Kamyshlov, O.E. Tereshchenko, Electronic and 

spin structure of the topological insulator Bi 2 Te 2.4 Se 0.6 , Phys. Rev. B 89 (2014)

125416 url, doi: 10.1103/PhysRevB.89.125416 . 
32] T. Arakane, T. Sato, S. Souma, K. Kosaka, K. Nakayama, M. Komatsu, T. Taka- 

hashi, Z. Ren, K. Segawa, Y. Ando, Tunable Dirac cone in the topological insula- 
tor Bi 2-x Sb x Te 3-y Se y , Nat. Commun. 3 (2012) 636 url, doi: 10.1038/ncomms1639 .

33] C. Durand, X.G. Zhang, S.M. Hus, C.X. Ma, M.A. McGuire, Y. Xu, H.L. Cao, 
I. Miotkowski, Y.P. Chen, A.P. Li, Differentiation of surface and bulk conductivi- 

ties in topological insulators via four-probe spectroscopy, Nano Lett. 16 (2016) 

2213–2220 url, doi: 10.1021/acs.nanolett.5b04425 . 
34] M.G. Vergniory, L. Elcoro, C. Felser, N. Regnault, B.A. Bernevig, Z. Wang, A com- 

plete catalogue of high-quality topological materials, Nature 566 (2019) 480–
485 url, doi: 10.1038/s41586- 019- 0954- 4 . 

35] A . Murani, A . Kasumov, S. Sengupta, Y.A . Kasumov, V.T. Volkov, I.I. Khodos,

https://doi.org/10.1016/j.apmt.2021.101132
https://doi.org/10.1002/adma.201602128
https://doi.org/10.1002/adma.201703771
https://doi.org/10.1002/anie.201605298
https://doi.org/10.1038/ncomms13352
https://doi.org/10.1002/adma.201605407
https://doi.org/10.1039/c7cs00125h
https://doi.org/10.1021/acsphotonics.6b00941
https://doi.org/10.1002/aenm.201702606
https://doi.org/10.1038/ncomms12585
https://doi.org/10.1002/adma.201802061
https://doi.org/10.1039/c9nh00445a
https://doi.org/10.1039/C8NR09368G
https://doi.org/10.1063/1.5099188
https://doi.org/10.1002/adma.201706945
https://doi.org/10.1002/lpor.201800313
https://doi.org/10.1103/PhysRevB.76.045302
https://doi.org/10.1103/PhysRevB.91.235446
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0018
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0018
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0018
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0018
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0018
https://doi.org/10.1103/PhysRevB.101.235111
https://doi.org/10.1103/PhysRevB.102.245413
https://doi.org/10.1021/acsami.5b02441
https://doi.org/10.1002/anie.201411246
https://doi.org/10.1002/anie.201507568
https://doi.org/10.1103/PhysRevLett.107.036802
https://doi.org/10.1103/PhysRevLett.108.176401
https://doi.org/10.1126/science.1167733
https://doi.org/10.1088/2053-1583/ab5e02
https://doi.org/10.1103/PhysRevB.85.201410
https://doi.org/10.1126/science.1173034
https://doi.org/10.1038/nature06843
https://doi.org/10.1103/PhysRevB.89.125416
https://doi.org/10.1038/ncomms1639
https://doi.org/10.1021/acs.nanolett.5b04425
https://doi.org/10.1038/s41586-019-0954-4


P. Ares, S. Pakdel, I. Palacio et al. Applied Materials Today 24 (2021) 101132 

[

[

[

[

[  

[

[

[

[

[

 

[

[

[

[

[

[

[

[

[  

 

[

[

[

[

 

[

F. Brisset, R. Delagrange, A. Chepelianskii, R. Deblock, H. Bouchiat, S. Guéron, 
Ballistic edge states in bismuth nanowires revealed by SQUID interferometry, 

Nat. Commun. 8 (2017) 15941 url, doi: 10.1038/ncomms15941 . 
36] M. Jaafar, G. Lopez-Polin, C. Gomez-Navarro, J. Gomez-Herrero, Step like sur- 

face potential on few layered graphene oxide, Appl. Phys. Lett. 101 (2012) 
263109 url, doi: 10.1063/1.4773357 . 

37] M. Moreno-Moreno, P. Ares, C. Moreno, F. Zamora, C. Gomez-Navarro, 
J. Gomez-Herrero, AFM manipulation of gold nanowires to build electrical cir- 

cuits, Nano Lett. 19 (2019) 5459–5468 url, doi: 10.1021/acs.nanolett.9b01972 . 

38] S. Lee, K. Lee, C.H. Liu, Z.H. Zhong, Homogeneous bilayer graphene film based 
flexible transparent conductor, Nanoscale 4 (2012) 639–644 url, doi: 10.1039/ 

c1nr11574j . 
39] J. Obrzut, C. Emiroglu, O. Kirillov, Y.F. Yang, R.E. Elmquist, Surface conductance 

of graphene from non-contact resonant cavity, Measurement 87 (2016) 146–
151 url, doi: 10.1016/j.measurement.2016.03.020 . 

40] L. Li, Y. Yu, G.J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X.H. Chen, Y. Zhang, Black

phosphorus field-effect transistors, Nat. Nanotechnol. 9 (2014) 372–377 url, 
doi: 10.1038/nnano.2014.35 . 

[41] P. Nemes-Incze, Z. Osvath, K. Kamaras, L.P. Biro, Anomalies in thickness mea- 
surements of graphene and few layer graphite crystals by tapping mode 

atomic force microscopy, Carbon 46 (2008) 1435–1442 url, doi: 10.1016/j. 
carbon.2008.06.022 . 

42] A. Gimeno, P. Ares, I. Horcas, A. Gil, J.M. Gomez-Rodriguez, J. Colchero, 

J. Gomez-Herrero, Flatten plus’: a recent implementation in WSxM for 
biological research, Bioinformatics 31 (2015) 2918–2920 url, doi: 10.1093/ 

bioinformatics/btv278 . 
43] I. Horcas, R. Fernandez, J.M. Gomez-Rodriguez, J. Colchero, J. Gomez-Herrero, 

A.M. Baro, WSxM: a software for scanning probe microscopy and a tool 
for nanotechnology, Rev. Sci. Instrum. 78 (2007) 013705 url, doi: 10.1063/1. 

2432410 . 

44] L. Aballe, M. Foerster, E. Pellegrin, J. Nicolas, S. Ferrer, The ALBA spectroscopic 
LEEM-PEEM experimental station: layout and performance, J. Synchrotron Ra- 

diat. 22 (2015) 745–752 url, doi: 10.1107/s160 05775150 03537 . 
45] T. Glatzel , S. Sadewasser , Kelvin probe force microscopy, measuring & compen- 

sating electrostatic forces, Springer Series in Surface Sciences, Berlin, 2012 . 
46] C. Gomez-Navarro, P.J. de Pablo, J. Gomez-Herrero, Radial electromechanical 

properties of carbon nanotubes, Adv. Mater. 16 (2004) 549–552 url, doi: 10. 

10 02/adma.20 0305678 . 
[47] J.H. Hwang, J. Park, S. Kwon, J.S. Kim, J.Y. Park, Role of oxidation on surface

conductance of the topological insulator Bi 2 Te 2 Se, Surf. Sci. 630 (2014) 153–
157 url, doi: 10.1016/j.susc.2014.08.005 . 

48] G. Kresse, J. Furthmuller, Efficiency of ab-initio total energy calculations for 
metals and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 

6 (1996) 15–50 url, doi: 10.1016/0927-0256(96)0 0 0 08-0 . 
8 
49] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector 
augmented-wave method, Phys. Rev. B 59 (1999) 1758–1775 url, doi: 10.1103/ 

PhysRevB.59.1758 . 
50] J.P. Perdew, A. Zunger, Self-interaction correction to density-functional approx- 

imations for many-electron systems, Phys. Rev. B 23 (1981) 5048–5079 url, 
doi: 10.1103/PhysRevB.23.5048 . 

[51] C.S. Barrett, P. Cucka, K. Haefner, The crystal structure of antimony at 
4.2, 78 and 298 ° K, Acta Crystallogr. 16 (1963) 451–453 url, doi: 10.1107/ 

s0365110x63001262 . 

52] H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone integrations, Phys. 
Rev. B 13 (1976) 5188–5192 url, doi: 10.1103/PhysRevB.13.5188 . 

53] T. Li, C. He, W. Zhang, Rational design of porous carbon allotropes as anchoring 
materials for lithium sulfur batteries, J. Energy Chem. 52 (2021) 121–129 url, 

doi: 10.1016/j.jechem.2020.04.042 . 
54] D. Jacob, J.J. Palacios, Critical comparison of electrode models in density func- 

tional theory based quantum transport calculations, J. Chem. Phys. 134 (2011) 

044118 url, doi: 10.1063/1.3526044 . 
55] T. Ozaki, H. Kino, Efficient projector expansion for the ab initio LCAO method, 

Phys. Rev. B 72 (2005) 045121 url, doi: 10.1103/PhysRevB.72.045121 . 
56] R. Dovesi, R. Orlando, A. Erba, C.M. Zicovich-Wilson, B. Civalleri, S. Casassa, 

L. Maschio, M. Ferrabone, M. De La Pierre, P. D’Arco, Y. Noel, M. Causa, 
M. Rerat, B. Kirtman, CRYSTAL14: a Program for the ab initio investigation of 

crystalline solids, Int. J. Quantum Chem. 114 (2014) 1287–1317 url, doi: 10.1002/ 

qua.24658 . 
57] R. Dovesi , V.R. Saunders , C. Roetti , R. Orlando , C.M. Zicovich-Wilson , F. Pascale ,

B. Civalleri , K. Doll , N.M. Harrison , I.J. Bush , P. D’Arco , M. Llunell , M. Causà,
Y. Noël , CRYSTAL14 User’s Manual, University of Torino, Torino, 2014 Torino . 

58] S. Pakdel, M. Pourfath, J.J. Palacios, An implementation of spin-orbit coupling 
for band structure calculations with Gaussian basis sets: two-dimensional 

topological crystals of Sb and Bi, Beilstein J. Nanotechnol. 9 (2018) 1015–1023 

url, doi: 10.3762/bjnano.9.94 . 
59] J. Heyd, J.E. Peralta, G.E. Scuseria, R.L. Martin, Energy band gaps and lattice 

parameters evaluated with the Heyd-Scuseria-Ernzerhof screened hybrid func- 
tional, J. Chem. Phys. 123 (2005) 174101 url, doi: 10.1063/1.2085170 . 

60] P.A.M. Dirac, Note on exchange phenomena in the thomas atom, Math. Proc. 
Camb. Philos. Soc. 26 (1930) 376–385 url, doi: 10.1017/S0305004100016108 . 

61] U. Vonbarth, L. Hedin, Local exchange-correlation potential for spin polar- 

ized case .1, J. Phys. C Solid State Phys. 5 (1972) 1629–1642 url, doi: 10.1088/
0022-3719/5/13/012 . 

62] J. J. Esteve-Paredes, J. J. Palacios, In preparation. 

https://doi.org/10.1038/ncomms15941
https://doi.org/10.1063/1.4773357
https://doi.org/10.1021/acs.nanolett.9b01972
https://doi.org/10.1039/c1nr11574j
https://doi.org/10.1016/j.measurement.2016.03.020
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1016/j.carbon.2008.06.022
https://doi.org/10.1093/bioinformatics/btv278
https://doi.org/10.1063/1.2432410
https://doi.org/10.1107/s1600577515003537
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0045
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0045
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0045
https://doi.org/10.1002/adma.200305678
https://doi.org/10.1016/j.susc.2014.08.005
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.23.5048
https://doi.org/10.1107/s0365110x63001262
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.jechem.2020.04.042
https://doi.org/10.1063/1.3526044
https://doi.org/10.1103/PhysRevB.72.045121
https://doi.org/10.1002/qua.24658
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
http://refhub.elsevier.com/S2352-9407(21)00196-7/sbref0057
https://doi.org/10.3762/bjnano.9.94
https://doi.org/10.1063/1.2085170
https://doi.org/10.1017/S0305004100016108
https://doi.org/10.1088/0022-3719/5/13/012

	Few-layer antimonene electrical properties
	1 Introduction
	2 Results
	3 Discussion
	4 Methods
	4.1 Sample preparation
	4.2 PEEM/LEEM measurements
	4.3 KPFM measurements
	4.4 C-AFM measurements
	4.5 Band structure calculations
	4.6 Ballistic transport calculations
	4.7 Kubo conductivity calculations

	Declaration of Competing Interest
	CRediT authorship contribution statement
	Availability of data and materials
	Acknowledgments
	Supplementary materials
	References


