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Spin-polarized gapless surface states in topological insulators form chiral Dirac cones. 

When such materials are reduced to thin films, the Dirac states on the two faces of the film can 

overlap and couple by quantum tunneling, resulting in a thickness-dependent insulating gap at 

the Dirac point. Calculations for a freestanding Sb film with a thickness of four atomic bilayers 

yield a gap of 36 meV, yet angle-resolved photoemission measurements of a film grown on 

Si(111) reveal no gap formation. The surprisingly robust Dirac cone is explained by calculations 

in terms of interfacial interaction.   
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Topological insulators have attracted much interest because their gapless surface states carry 

a surface spin current, which can be utilized for spintronic and quantum computation 

applications [1,2]. These states form Dirac cones with a chiral spin structure as a result of the 

Rashba interaction [3]. For practical device applications, thin films are the standard platform for 

massive device integration. However, when topological films become ultrathin, the surface states 

on the two faces of the film can overlap and interact by quantum tunneling of the surface 

electrons between the two faces. The coupling breaks the degeneracy at the Dirac point, resulting 

in a gap [4,5]. This gap precludes electrical transport and can be detrimental to device 

performance, but it is a subject of great interest in connection with the search for Majorana states 

and other exotic emerging properties [6]. The size of the gap and the underlying interaction are 

issues of central importance in the physics and applications of topological films, which are the 

subject matters of the present study of ultrathin Sb(111) films.   

Bulk Sb is semimetallic with a negative band gap and a nontrivial topological order [7]. The 

Sb(111) surface supports a single pair of Rashba-split surface states that span the semimetallic 

gap with a Dirac cone at the zone center. The simplicity of the electronic structure makes Sb(111) 

an ideal model system, on which a number of studies have been performed [8,9,10,11]. Films of 

Sb(111) consist of a stack of bilayers (BL), each of which resembles a buckled graphene sheet 

[12]. As the Sb films become thinner, the semimetallic gap widens. Our first-principles 

calculations show that the gap at a film thickness of 4 BL becomes slightly positive [13], making 

the system insulating in the bulk, a desirable feature for transport applications. However, the 

same calculation shows a tunneling-induced gap of 36 meV at the Dirac point of the surface 
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states, an undesirable result. Surprisingly, angle-resolved photoemission spectroscopy (ARPES) 

measurements of a 4-BL film grown on Si(111) reveal no such gap at the Dirac point, even 

though the rest of the experimental band structure appears very similar to the calculated one. The 

observed robust gapless Dirac cone is very promising for applications. The puzzling difference 

between experiment and calculation is explained by additional model calculations taking into 

account of the substrate.    

Our ARPES measurements were performed at the Synchrotron Radiation Center of the 

University of Wisconsin-Madison. We employed a Bi-terminated Si(111)- 3 3 30R× −  

surface [14,15] as the substrate, which supports growth of ultra-smooth Sb films under 

appropriate conditions [12]. By contrast, growth of Sb directly on Si(111)-(7x7), without the Bi 

interfactant, yields inferior films. The sample was kept at 60 K during the ARPES measurements. 

Our first-principles calculations were performed using the ABINIT code [16,17] based on a 

relativistic local-density approximation, HGH-type pseudopotentials [18], and a plane-wave 

basis set.  

Figure 1(a) presents calculated band structures of freestanding Sb films at various thicknesses 

in the range of 1-10 BL along the MΓ −  direction. The shaded areas indicate the projected bulk 

band regions, and states within the bulk gap are of surface character. The spin-split surface states 

begin to appear at a thickness of 2 BL, but there is a fairly large tunneling-induced gap of 86 

meV at Γ . This gap diminishes as the film thickness increases and essentially vanishes at ~8 BL 

when the gap becomes smaller than thermal broadening. The calculated gap ΔE as a function of 

thickness is shown in Figs. 1(b) and 1(c) using linear and logarithmic scales, respectively. The 
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decay of the gap beyond above about 6 BL is exponential; a fit to the asymptotic behavior yields 

a decay length of about 1.1 BL, which characterizes the spatial extent of the surface state wave 

function. The calculated plane-averaged charge densities of the lower surface state at the zone 

center for a thick Sb(111) film and a 4-BL film are shown in Figs. 1(d) and 1(e), respectively. 

The surface state is mostly localized within the top BL. The small tail allows the surface states 

associated with the two faces of the 4-BL film to overlap, giving rise to the gap. The other bands 

in Fig. 1(a) are quantum well states in the film [12,19]. Unlike the surface states, the 

quantum-well states are spin degenerate. Another important distinction is that the quantum-well 

bands become more numerous as the film becomes thicker.  

ARPES mapping of the band structure of a 4-BL Sb film is presented in Fig. 2(a). The band 

dispersions are in fairly good accord with calculated ones presented in Fig. 2(b) for a 

freestanding 4-BL film. The data confirm the atomic-level uniformity of the film; any significant 

admixture of 3- or 5-BL patches would give rise to additional quantum-well bands. Similar 

comparison between experiment and theory for a 20-BL film is presented in Figs. 2(c) and 2(d). 

The surface states are well resolved, but not for the dense set of quantum well states at low 

energies. Despite the overall similarity, the experiment and theory do differ in some details. 

Shown in Fig. 2(e) is a close-up view of the experimental spin-split surface bands near the zone 

center for the 4-BL film; the data contrast has been enhanced by taking the second derivative in 

energy. The corresponding theoretical bands are shown in Fig. 2(f), with the bands suitably 

broadened to simulate the data. The gap at the zone center, 36 meV in the calculation, is absent in 

the data. The theoretical dispersion relations have noticeably higher energies. 
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It is interesting to note that prior studies of related systems such as Bi2Se3 thin films have 

shown convincingly the presence of tunneling-induced gaps at small film thicknesses [20]. Our 

observation here represents the first clear-cut case of a zero gap at a film thickness where a 

sizeable gap is predicted. The difference can be attributed to the boundary conditions specific to 

the interface bonding for each case. In our system, the bottom face of the Sb film forms chemical 

bonds with the substrate surface. Since the film and the substrate are incommensurate, an 

accurate theoretical modeling including the substrate is not feasible. Instead, we simulate the 

effect of interfacial bonding by terminating the bottom face of a 4-BL Sb film with H. The results 

of the calculation, shown in Fig. 2(g), are in much better agreement with the experiment than the 

freestanding case. Specifically, the gap becomes zero, and the energy positions of the two surface 

bands are much closer to the experimental results. Thus, H-termination is a good approximation 

for the interfacial bonding in our case. A similar case can be made for Bi-termination [13]. For 

comparison, data from the 20-BL film, presented in Fig. 2(h), shows no gap, just as expected. 

The surface states have somewhat lower energies, in agreement with the calculation shown in Fig. 

2(d).  

 The absence of a gap at 4 BL can be understood as a result of the suppression of the 

tunneling-induced coupling. The chemical bonding at the interface introduces a large asymmetry 

in the film. The topological surface states at the interface undergo a large energy shift and are no 

longer degenerate with the surface states at the top surface. Quantum tunneling is thus turned off 

for lack of energy conservation, and the gap disappears correspondingly. This effect should 

become more pronounced at smaller film thicknesses. However, we have not been able to 
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prepare atomically smooth films in the 1-3 BL range despite repeated attempts. Those films were 

rough probably due to an inherent critical thickness of 4 BL for smooth growth. Data at 5 BL 

confirm the lack of a gap [13].     

 To explore the nature of the tunneling interaction and interfacial coupling in detail, we show 

in Figs. 3(a) and 3(c), respectively, the calculated band dispersion relations for a freestanding 

6-BL Sb film and for the same film with its bottom face terminated by H. For an intermediate 

case involving a weak interfacial bonding, we choose a model in which the bottom layer of the 

film is replaced by a mixture of Sb and Bi, represented in the calculation using the average 

pseudopotential of Sb and Bi. The rationale is that Sb and Bi are isoelectronic and chemically 

similar. The mixing is a good approximation for a somewhat perturbed bottom layer caused by a 

weak interfacial bonding. The results of the calculation are shown in Fig. 3(b). In Fig. 3(a), the 

two surface bands show a tunneling-induced gap. In Fig. 3(b), the surface states on the bottom 

face of the film are shifted slightly downward in energy by the interfacial perturbation, resulting 

in two separate Dirac cones at the zone center. In Fig. 3(c), the downward energy shift for the 

bottom surface states is so large that these states merge into the quantum-well manifold, and only 

the pair of top surface states remains in the gap with a zero gap at the Dirac point. The surface 

bands in Fig. 3(a) are doubly degenerate because of the two surfaces of the film, while those in 

Fig. 3(c) are non-degenerate. 

The essential physics of the system can be further elaborated in terms of a four-band Rashba 

model with the basis set {| ,| ,| ,| }T T B B
↑ ↓ ↑ ↓Ψ > Ψ > Ψ > Ψ > , where Ψ is a surface state, and T and B 

denote the top and bottom surfaces, respectively. The effective Hamiltonian is  
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where nΙ  is an n × n identity matrix, σ and τ are the Pauli matrices associated with the electron 

spin and position (top or bottom), respectively, α is the Rashba coupling constant, β is a 

(thickness-dependent) tunneling matrix element, and V is a potential bias exerted by interfacial 

bonding. A more general form of Eq. (1) might include a warping factor and higher-order band 

structure shape factors [21], but these are irrelevant to the present discussion. The calculated 

band structures with m = 0.03, α = 0.6, β = 0.004, and V = 0, 0.05, and 2 in appropriate units 

(with energy in eV and momentum in Å–1) are shown in Figs. 3(d)-3(f), respectively. The 

qualitative features of our findings thus far are well reproduced by the model. In particular, the 

tunneling-induced gap at V = 0, corresponding to a symmetric freestanding film, is eliminated at 

a large V, corresponding to a strong interfacial bonding.  

    The spin polarization of the surface states is a key property of concern for applications. It 

can be evaluated straightforwardly within the above model. The surface band dispersions for a 

fixed α = 0.6 are shown in Fig. 4 for (a) β = 0 and V = 0 (thick Sb sample with no tunneling), (d) 

β = 0.004 and V = 0 (6 BL freestanding film with quantum tunneling), and (g) β = 0.004 and V = 

2 (6 BL film with strong interfacial bonding). Along MΓ − , the only nonzero component of the 

spin (in terms of the Pauli matrices) is yσ . The values of yσ  and yσ  for the lower surface 

band are shown in Fig. 4 for the three cases. In case (a), the system consists of a pair of chiral 

fermion bands and the electrons are fully spin-polarized in accordance with the Rashba 

interaction. Each band undergoes a spin reversal as kx crosses Γ . In case (d), tunneling causes a 
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gap to open up at the Dirac point. The magnitude of the spin is suppressed near Γ , and the spin 

reversal becomes gradual. Thus, not only the insulating gap can cause problems for electrical 

transport, the suppression of the spin near the gap can be detrimental to spin transport. In case (g), 

the strong bonding at the interface restores the surface states and their spin properties to the 

thick-film limit, and the results appear identical to case (a). It should be noted that the 100% spin 

polarization based on this simple model is generally not realized in real materials because of the 

complex coupling of the spin and orbital degrees of freedom [22,23].      

In conclusion, our ARPES mapping of the surface band structure of an ultrathin, atomically 

smooth, 4-BL Sb film prepared on a Bi-terminated Si(111)- 3 3 30R× −  surface reveals no 

tunneling-induced energy gap at the Dirac point, despite a theoretically predicted one for a 

freestanding film. The observed robust Dirac cone, of interest to spintronic applications, is 

shown to be the result of a strong interfacial bonding between the film and the substrate, which 

suppresses quantum tunneling. Similar calculations performed for Bi2Se3 and Bi2Te3 films yield 

the same conclusions [13]. Our work suggests that quantum tunneling, an intrinsic property 

dependent on the film thickness, and substrate bonding, an extrinsic factor amenable to 

interfacial engineering, can be effectively manipulated to achieve desired electronic and 

spintronic properties of topological thin films. 
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FIG. 1 (color online). (a) Band structure of Sb(111) films of various thicknesses. The shaded 

areas indicate projected bulk band regions. (b) Calculated energy gap ΔE and (c) logarithmic gap 

ln(ΔE) at Γ  as a function of film thickness. (d) Plane-averaged charge density of the lower 

surface state at Γ  as a function of distance from the surface for a thick film. The vertical dashed 

lines indicate the bilayers. (e) Same for a 4-BL film. 
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FIG. 2 (color online). (a) ARPES map for a 4-BL Sb film taken along the MΓ −  direction. (b) 

Calculated band structure of a 4-BL freestanding Sb film. (c) ARPES map for a 20-BL film. (d) 

Calculated band structure of a 20-BL freestanding Sb film. (e) Close-up view of the experimental 

surface band structure of a 4-BL film. The contrast has been enhanced by taking the second 

derivative along the energy axis. (f) Calculated band structure of a 4-BL film suitably broadened 

to simulate the data. (g) Same as (f) except that the bottom face of the film is terminated by H. (h) 

Close-up view of the experimental surface band structure of a 20-BL film. 
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FIG. 3 (color online). Calculated band structure of a 6-BL Sb film with different bottom surface 

conditions: (a) freestanding, (b) bottom layer of Sb atoms replaced with Sb-Bi averaged 

pseudo-atoms to simulate a weak interfacial bonding, and (c) bottom face terminated by H atoms. 

Also shown side-by-side for comparison are results of the four-band Rashba model with different 

surface biases: (d) V = 0, (e) V = 0.05, and (f) V = 2.0.  
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FIG. 4 (color online). (a) Band structure along kx of the four-band Rashba model (m = 0.03 and α 

= 0.6) with no tunneling (β = 0) and no surface bias (V = 0). (b) and (c) Normalized spin 

polarization and magnitude yσ  and yσ , respectively, for the lower surface band. (d)-(f) 

Corresponding results for β = 0.004 and V = 0. (g)-(i) Corresponding results for β = 0.004 and V 

= 2. 
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