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A B S T R A C T   

We report on an angle-resolved photoemission spectroscopy study of the effect of in-situ cesium (Cs) dosing on 
the surface electronic structure of Sn4Sb3, a newly emerging candidate of topological semimetallic supercon
ductor. As the chemical potential of the system increases upon Cs dosing, we observed an electronic structure 
evolution that features an increasing sharpness of band features as well as a momentum- and band-dependent 
energy shift of the bands at low binding energies. These observations go beyond a simple rigid band shift 
model and are manifestations of quantum confinement of electronic states near the surface due to Cs decoration. 
By studying the evolution of Cs 5p core level as functions of Cs dosage and photoelectron emission angle, we 
found Cs atoms deposit on the sample surface at low dosages and tend to intercalate underneath the surface at 
high dosages. This process is accompanied by a gradual suppression of a surface band splitting, an observation 
that can be captured by simplified first-principles calculations in both cases with the deposition/intercalation 
occurring on top of/underneath the first Sn–Sb bilayer. Our finding highlights an intriguing possibility of an 
unexpected dimensionality reduction in Sn4Sb3 caused by Cs intercalation at interstitial sites that promises its 
novel surface properties different from the bulk.   

1. Introduction 

Nowadays, in-situ alkali metal surface dosing has become a prevalent 
approach in quantum materials research based on angle-resolved 
photoemission spectroscopy (ARPES). Deposited alkali metal atoms 
tend to lose electrons to the materials surface underneath, causing an 
effective electron doping of the topmost atomic layers that are directly 
probed by the surface-sensitive ARPES. Electron doping results in in
creases in both the electron chemical potential of most materials (with 
few exceptions [1]) and in the population of unoccupied states other
wise inaccessible to ARPES [2,3]. This is a versatile doping method that 
has been applied to a variety of materials showing a doping capacity 
largely dependent on the nature of substrate material and dosing spe
cies. It allows information about continuous doping evolution to be 
obtained on the same sample surface without complications arising from 
the traditional use of multiple samples at different bulk doping levels [4, 
5]. 

Alkali metal surface dosing also brings about new physics. Alkali 

metal cations together with the transferred electrons set up an electro
static potential with a strong variation in the near surface region that 
causes surface band bending as well as an effective spatial confinement 
and, in many cases, emergence of quantum-well-like states [6–9]. Such 
quantum confinement is believed to be the underlying cause for the 
numerous novel phenomena arising from alkali metal surface dosing, 
such as surface Stark effect [6,10–13], dimensionality reduction [7,8, 
14–17], and topological Lifshifz transition [18]. A unified picture for the 
quantum confinement will guide new discoveries, further understanding 
and exploitations of new physics. 

This, unfortunately, has not yet been available due to the following 
complications. While in most studies dosed species were found or pre
sumed to adsorb on the sample surfaces, they can migrate into the van 
der Waals (vdW) gap in layered materials, leading to the so-called 
intercalation that is prone to occur at room temperature [19] and was 
also found in studies even with the samples held at low temperatures 
[14,16,20]. In the case of alkali metal surface adsorption, the effect of 
quantum confinement on the surface electronic structure can be 
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modelled quite well for dosed semiconductors that only involve accu
mulation of electron-like states from the conduction bands. Whereas in 
semimetals, the situation becomes more complex due to the existence of 
both hole-like and electron-like free carriers that tend to accumulate in 
different spatial regions below the surface [15]. As for the case of alkali 
metal intercalation, its effect on the surface electronic structure largely 
depends on the depth of intercalation sites and, in layered semimetals 
with a relatively large c-axis lattice constant, is expected to be small due 
to a large distance of the topmost vdW gap from the surface and a sizable 
electrostatic screening. 

In this paper, we present a possible rare example of in-situ alkali 
metal intercalation at interstitial sites near the surface of a vdW layered 
semimetal, which contributes a significant new piece to shaping a uni
fied picture for the quantum confinement. We have performed an ARPES 
study of the effect of in-situ Cs dosing on the surface electronic structure 
of Sn4Sb3, a topological semimetal with a large c-axis lattice constant. 
We observed clear manifestations of quantum confinement of electronic 
states near the surface due to Cs decoration. Dosage and angle de
pendences of the Cs core-level spectroscopy reveal distinct channels for 
Cs dosing, with signatures of intercalation that dominates at high dos
ages. Such intercalation likely occurs at the interstitial sites within the 
structural block with covalent bonding, and causes a partial electronic 
decoupling between the topmost Sn and Sb layers on top of their 
structural decoupling from the bulk. This might result in a suppression of 
a surface band splitting as observed in experiment and captured by first- 
principles calculations. This finding highlights the possibility of a unique 
dimensionality reduction in Sn4Sb3 that promises its novel surface 
properties different from the bulk. 

2. Material and methods 

High-quality single crystals of Sn4Sb3 were grown by a flux growth 
method [21,22]. ARPES experiments were performed in the home lab
oratory at Westlake University using He–I light (21.2 eV; unless speci
fied otherwise), and a Scienta DA30-L spectrometer with a total energy 
resolution of 12 meV. Samples were cleaved in a vacuum better than 1 ×
10− 10 mbar at the measurement temperature around 6 K. High-purity Cs 
atoms were dosed in-situ from a commercial alkali-metal source (by 

Fermi Instruments) onto the surface of sample maintained at the mea
surement temperature. The alkali-metal source was well degassed (for 
several weeks) prior to evaporation with a maximal increment in pres
sure below 3 × 10− 11 mbar. A steady dosing rate can be achieved during 
the entire experiment, which is controlled by the electric current heating 
the Cs-containing cartridge and calibrated using a quartz crystal thick
ness monitor. Compared with the case with typical alkali-metal getter 
sources, this allows a more precise control of Cs dosage that is propor
tional to the cumulative time of evaporation at a fixed current value. 
Low-energy electron diffraction (LEED) pattern was recorded after 
sample cleaving that indicates absence of surface reconstruction (Fig. 1 
(e)). Earlier ARPES experiments (results not shown) were also per
formed at the BL5U beamline of the UVSOR-II Synchrotron Facility, 
Institute for Molecular Science, Japan using a MBS A-1 spectrometer, 
and at the BL03U beamline of the Shanghai Synchrotron Radiation Fa
cility using a Scienta DA30-L spectrometer. 

First-principles calculations for simplified slab models are carried 
out using plane-wave basis density functional theory (DFT) as imple
mented in the Vienna Ab-initio Simulation Package (VASP) [23,24]. To 
ensure convergence, we employed an energy cut-off of 400 eV and 8 × 8 
× 1 Γ-centered k-mesh to converge the total energy to 1 meV per cell. 
The Perdew, Burke, and Ernzerhof parameterization (PBE) of general
ized gradient approximation (GGA) [25] to the exchange correlation 
functional was employed, with which the atomic positions are fully 
optimized until the residual force on each atom is less than 0.001 eV/Å. 
To model atomic slabs, we built more than 15 Å vacuum along the 
out-of-plane direction and incorporated spin-orbit coupling in the cal
culations. Results of the full-fledged first-principles bulk and slab cal
culations are reproduced from our earlier study [26]. 

3. Results 

3.1. Structural properties 

The unit cell of Sn4Sb3 consists of three equivalent septuple-layer 
blocks, each comprising seven alternating atomic layers in the 
sequence of Sn–Sb–Sn–Sb–Sn–Sb–Sn that are covalently bonded (Fig. 1 
(a)). The three septuple-layer blocks are stacked along the c-axis with a 

Fig. 1. Schematic drawing of the (a) side view, (b) and (c) perspective view of the crystal structure of Sn4Sb3. Black and red dashed lines in (a) indicate natural 
cleavage planes for Cs adsorption and the interstitial sites for Cs intercalation, respectively. Characteristic spacings between different atomic layers within a c-axis 
unit cell are marked in (b). In (c), a Sn monolayer of hexagonal symmetry is exposed on the surface after cleaving. (d) Schematic drawing of the 3D (black) and 
projected 2D (blue) Brillouin zone (BZ) of rhombohedral primitive cell with high-symmetry points as marked. (e) LEED pattern obtained on a freshly cleaved Sn4Sb3 
sample with 100 eV beam energy. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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periodicity of 37.3 Å, and interact weakly through vdW interaction 
across a vdW gap of 1.98 Å (Fig. 1(b)). The black dashed lines in Fig. 1(a) 
indicate the natural cleavage planes between neighboring septuple-layer 
blocks, resulting in a pure surface termination with a Sn layer of hex
agonal planar symmetry after cleaving (Fig. 1(c)). This surface Sn layer 
is far from free-standing due to its covalent bonding with the underlying 
Sb layer of the same symmetry. The Sn–Sb interlayer spacing is 1.60 Å, 
the smallest among all other spacings in Sn4Sb3 (Fig. 1(b)). This tightly- 
binded Sn–Sb bilayer sits on top of another Sn–Sb bilayer, with the 
largest interlayer spacing (1.88 Å) within the septuple-layer block and 
only second to the vdW gap within the unit cell. 

3.2. Electronic structure 

3.2.1. Pristine sample 
To set a stage for the comparison with the case after Cs dosing, we 

first recap several important features near the Fermi level (EF) in the 
electronic structure of pristine Sn4Sb3 that we recently found [26]. Our 
full-fledged slab calculations therein highlight three sets of 
surface-related states (as red coded in Fig. 2(e) and (f) and ) that can be 
identified in experiment (cf. Fig. 2(a) and (b)): a pair of 
band-splitting-like features, SS1′ and SS1′′, centered at Γ and about en
ergy E-EF = -0.4 eV with a separation ~0.134 eV; a hole-like band, SS2, 
crossing EF along Γ-K (Γ − K′ ); another hole-like band, SS3, centered at Γ 
and at E-EF < -0.7 eV. Specifically, SS1′ and SS1′′ have been ascribed to 
be the antibonding and bonding bands due to the hybridization between 
the surface Sn 5p orbitals and the subsurface Sb 5p orbitals (hence the 
symbol “SS” for surface states), based on a systematic study of their 
evolution upon changing X in the Sn4X3 (X = P, As, Sb) family [26]. 
Other bands as black coded in Fig. 2(e) and (f) from states below the 
topmost surface layers and are associated with a substantial bulk char
acter. Some of these slab bands find a reasonable correspondence with 
the bands given by the full-fledged bulk calculations, such as BS1′, BS1′′, 
BS2, and BS3 as marked in Fig. 2(c) and (d) (cf. Fig. 2(e) and (f); “BS” for 
bulk bands). These bands can also be observed in experiment (Fig. 2(a) 
and (b)). Specifically, the electron-like band BS1′ in the calculation 
(Fig. 2(c) and (d)) shows up in experiment as a blob of diffused intensity 
that touches EF around Γ (Fig. 2(a) and (b)). This is a combined result of 
a strong c-axis (kz) dispersion of BS1’ and the poor kz resolution of the 
ARPES experiment using He–I that effectively measures an extended 
range in kz around the value designated for the full-fledged bulk 
calculations. 

3.2.2. Cs dosing evolution at low binding energies 
After in-situ Cs dosing of a substantial amount, pronounced variations 

in the low-binding-energy electronic structure are observed (cf. Fig. 2(g) 
vs. 2(a), 2(h) vs. 2(b)). At first glance, there seems to be a rigid shift of 
the overall band structure, where the aforementioned three sets of 
surface-related states sink further below EF. However, the band structure 
itself is, in fact, not “rigid”. Some of the bulk bands (BS1′, BS1′′ and BS2) 
appear sharper than in the pristine case. In particular, BS1’ evolves into 
a distinct upward-dispersing electron-like band (cf. Fig. 2(j) vs 2(i)) that 
tends to connect with a downward-dispersing hole-like band evolving 
from BS1′′, conjuring to form a Dirac cone centered at Γ with a Dirac 
point located at E-EF ~ -0.7 eV (Fig. 2(g) and (h)). Besides, the constant- 
energy intensity contours at different energies measured in the same 
experiment from the same sample surface look much cleaner after 
dosing than those obtained prior to dosing (Fig. 2(k) vs. 2(l)). The 
increased sharpness of band features and cleanliness of intensity con
tours confirm that the cleaved sample surface is of a high quality and the 
Cs coverage is quite homogeneous on the scale of the light beam spot 
size (~1.2 mm). 

A detailed analysis of the Cs dosing evolution of the electronic 
structure reveals other salient departures from the rigid band shift 
model. The band splitting between SS1′ and SS1′′ is strongly suppressed 

with increasing Cs dosage, as can be seen along different in-plane di
rections (Fig. 3(a)-3(g) for K′ -Γ-K and 3(k)-3(o) for M′ -Γ-M). Both bands 
become indistinguishable around 7-min dosage (see Fig. 3(h) and (p) for 
momentum positions k1 and k4 marked in Fig. 3(a) and (k)) and grad
ually develop an upward curvature (marked by the red circle in Fig. 3(f)) 
upon dispersing away from Γ toward K. Not only does the overall shape 
of the band structure vary with Cs dosing, but also the energy separa
tions between bands are changing because of their different energy 
shifts. SS1′ and SS1′′ exhibit an overall downward shift in energy by 
~0.2 eV, and up to 0.25 eV depending on momentum (see Fig. 3(h)-3(j) 
& 3(p) for momentum positions k1-k4 marked in Fig. 3(a) and (k)). While 
surface-related states, such as SS2 and SS3, undergo similar downward 
shifts of ~0.18 eV (Fig. 3(i) and (j)) the bulk states as well as the 2D 
states emerging from the bulk states upon Cs dosing have qualitatively 
different behaviors. While BS3 shifts by ~0.11 eV at Γ (Fig. 3(i)), the 
Dirac cone derived from BS1’ and BS1”, once fully developed, shows an 
overall downward shift of less than 0.1 eV (as guided by the red arrows 
in Fig. 3(e)-3(g) & 3(m)-3(o)). In contrast, virtually no energy shift is 
observed on BS2, as indicated by the lack of momentum shift at a given 
energy position (see Fig. 3(q) for energy position E1 marked in Fig. 3(k)). 
The observed momentum- and band-dependent energy shift further 
supports the non-rigid band nature of the electronic structure evolution 
upon Cs dosing in Sn4Sb3. 

3.2.3. Cs dosing evolution at core levels 
Our Cs 5p core level measurement suggests the presence of distinct 

channels for Cs dosing. With an increasing Cs dosage from zero, the Cs 
5p1/2 and 5p3/2 multiplets first emerge and grow in intensity while 
maintaining their peak positions (Fig. 4(a)). A shoulder feature develops 
on the low-binding-energy slope of each multiple peak upon 
approaching the amount of 10-min dosage. It becomes dominant at 16 
min, producing a symmetric peak at the original shoulder position. In 
contrast, the multiplet peaks at low dosages display clear asymmetric 
line shapes with prolonged tails extending toward low binding energy, 
which signals the presence of a hidden second spectral component. More 
quantitative information can be extracted based on a global fit to the 
core level spectra measured at different dosages by assuming for each 
multiplet two peaks with fixed (dosage independent) energy positions 
and peak widths. As similar spectral behaviors are seen for both multi
plets, we perform such an analysis only on the 5p3/2 multiplet, with the 
fitting results shown in Fig. 4(b). While the intensity of the blue peak 
(Cs2) corresponding to the shoulder feature increases monotonically, 
that of the green peak (Cs1) shows a non-monotonic behavior that 
almost vanishes at 16 min, as summarized in Fig. 4(c). The presence of 
two peaks for the Cs multiplet is an indication of two different types of 
sites in different chemical environments for hosting the dosed Cs atoms. 
The dosage dependence of the peak intensity suggests that Cs dosing 
mainly takes place at one type of sites (corresponding to Cs1) at low 
dosages while the other type (corresponding to Cs2) dominates at high 
dosages. 

Photoelectron emission angle dependence of the Cs 5p core level 
spectrum sheds light on the nature of the latter type of dosing sites at 
high dosages (Fig. 4(d)). At about 16-min dosage, where the low- 
binding-energy (blue) peak already dominates in the core level spec
trum (Fig. 4(c)), we observe a monotonic decrease in the photoemission 
intensity with increasing photoelectron emission angle (θ, defined w.r.t. 
the sample normal), as shown in Fig. 4(d) for the results of curve fitting 
with a single peak for Cs2 (with the small Cs1 contribution ignored). We 
note that disordered chemical species adsorbed on a surface are ex
pected to yield a weak, if not null, angle dependence for the photo
emission intensity variation of the core levels due to the orientational 
disorder of related atomic orbitals. In contrast, photoelectrons emitted 
from species below a surface are obstructed from the atoms in the sur
face overlayer, giving rise to an approximate exp( − d /λ /cosθ) (where d 
is the thickness of the overlayer, λ the inelastic mean free path of 
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Fig. 2. Electronic structure of pristine Sn4Sb3: (a) and (b) Band dispersion images measured along K′ -Γ-K and M′ -Γ-M directions, respectively; (i) momentum dis
tribution curves (MDCs; energy integration window ±7 meV; vertically offset for clarity) for (a) within the binding energy (BE) range as labelled; (k) constant-energy 
intensity contours within the first Brillouin zone (hexagon) stacked along the binding energy axis (energy integration window ±15 meV). (g), (h), (j) and (l) Cor
responding results after Cs dosing of a substantial amount (with the cumulative time of Cs evaporation as labelled). (c)–(d) and (e)–(f) Calculated band dispersions 
along both directions from full-fledged first-principles bulk and slab calculations (reproduced from Ref. [26]). Color scale in (e) & (f) shows the relative proportion of 
surface character in the calculated energy bands. Various bulk (BS1′, BS1′′, BS2, BS3) and surface-related (SS1′, SS1′′, SS2, SS3) states discussed in the main text are 
labelled. Red dashed lines in (j) and (l) are guides to the eye for the upper Dirac cone derived from BS1′ after Cs dosing. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Band dispersion images measured along (a)–(g) K′ -Γ-K and (k)–(o) M′ -Γ-M directions at different Cs dosages (with the cumulative time of Cs evaporation as 
labelled). Red arrow points out the position of the Dirac point of the Dirac cone that becomes well-defined with dosing. (h)–(j) and (p) Dosage-dependent energy 
distribution curves (EDCs; vertically offset for clarity) at the momentum positions k1~k3 and k4 as marked respectively in (a) and (k), along with related band features 
and their relative shifts in energy with dosing as marked. (q) MDCs (vertically offset for clarity) at the energy position E1 as marked in (k). Cs dosage dependence of 
the relative shifts in energy (with respect to the pristine case) of various band features at different momentum positions on (r) SS1′ and SS1’’ (denoted together as 
SS1) and on (s) other bulk or surface-related bands (including SS1′ and SS’’ for which the averages of all the shifts in (r) are shown in blue, as well as the positions of 
the Dirac point (DP) as tracked along both momentum directions). Error bars reflect uncertainty in determining the feature positions and are smaller than the symbol 
size. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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photoelectrons) scaling of the photoemission intensity as a function of 
the emission angle [27,28]. Such an angle-dependent behavior was 
found on the core levels of alkali metals in earlier dosing studies of some 
layered materials, and has been taken as evidence for the alkali metal 
intercalation [29,30]. Therefore, a similar angle dependence of the Cs 
core level intensity we observe (Fig. 4(e)) supports the idea that inter
calation occurs upon dosing and dominates at high Cs dosages. 

3.2.4. DFT calculations 
To elucidate the observed impacts of Cs dosing on the surface elec

tronic structure in Sn4Sb3, we have performed separate DFT calculations 
for different slab models that involve a Sn–Sb bilayer located in different 
Cs environments, as depicted by the cartoons in Fig. 5. For an undosed 
Sn–Sb bilayer (Fig. 5(a)), such a simplified model is able to capture 
major features of the electronic structure observed in experiment as well 
as the one given by the full-fledged DFT calculation for the pristine 
surface (Fig. 2), such as an electron-like band that mimics BS1′, a band 
splitting that mimics the one between SS1′ and SS1′′, and hole-like bands 
that mimic BS1” and SS3 (all centered at Γ from low to high binding 
energy). 

With Cs atoms added to either the top or bottom of the bilayer (Fig. 5 
(b) and (c)), the chemical potential of the system increases as a result of 
electron doping by Cs, and the dispersion associated with the band 

splitting develops an upward curvature upon dispersing away from Γ, as 
opposed to the undosed case (Fig. 5(a)). Both aspects are also reminis
cent of the experimental observations. In contrast, adding Cs in between 
the Sn and Sb layers leads to an almost complete decoupling of the two. 
The resulting band structure resembles the superposition of those of two 
free-standing Sn and Sb monolayers (Fig. 5(d)-5(f)) [31], and appears 
entirely different from the experiment. On the other hand, between the 
two cases with Cs placed on top and at the bottom of the Sn–Sb bilayer, 
there is a notable difference: the band splitting is reduced by ~30% with 
Cs placed on top of the bilayer (Fig. 5(b)), whereas it is substantially 
reduced (by ~80%) and becomes close to vanishing over a substantial 
momentum range around Γ with Cs placed at the bottom of the bilayer 
(Fig. 5(c)). 

4. Discussion 

Our observation of an increasing sharpness of low-binding-energy 
band features and cleanliness of constant-energy intensity contours 
upon Cs dosing is somewhat counterintuitive, since doping generally 
brings about increased disorder, thereby leading to broader, not sharper, 
linewidths and more blurred, not cleaner, contours [6,32]. Nevertheless, 
we note that, for the pristine surface, the aforementioned kz-broadening 
effect is a dominant source of linewidth broadening for the bulk bands. 

Fig. 4. (a) Cs 5p core-level spectra at different Cs 
dosages as labelled. Results of (b) the fitting curves 
and (c) fitted peak intensity of a global fit to the 
core level spectra in (a), with two Lorentzian peaks 
(marked as Cs1 and Cs2, respectively, in green and 
blue) of fixed (dosage independent) energy posi
tions and peak widths (and zero background) 
assumed for the multiplet spectral feature located at 
energy around − 11.8 eV. (d) Cs 5p core level 
spectra at different photoelectron emission angles 
(0◦ for normal emission) for about 16-min dosage. 
Dashed curve is the result of a curve fitting with a 
single peak, whose intensity is summarized and 
compared with the function I = Aexp( − d /λ /cos θ)
(red curve; d/λ = 12) in (e). Error bars in (c) and (e) 
reflect uncertainties in the curve fittings on the 
fitted peak intensity. All core-level spectra have 
been subtracted off the same 0-min spectrum in (a) 
[reproduced in black in (d)] obtained from the 
pristine sample prior to being subjected to the curve 
fittings in (b) and (d). Spectral intensity of all curves 
in (a) and (d) are normalized at − 10 eV. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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The increased sharpness is therefore an experimental signature that the 
states that emerge after dosing have a 2D character, with wave functions 
confined to the topmost few layers of Sn4Sb3, thus suppressing the kz 
broadening. Similar phenomenology has been observed in other layered 
materials with 3D characteristics in their bulk electronic structures [15, 
32]. 

The observed momentum- and band-dependent energy shift of the 
low-binding-energy electronic structure is a clear manifestation of 
quantum confinement due to Cs decoration in this system. The presence 
of a large band-bending potential gradient near the surface results in an 
effective spatial confinement of electronic states, to a varied degree that 
depends on the spatial extension of their wave functions. Without an 
elaborate first-principles-based surface space charge calculation [15], 
we cannot specifically predict in our case how exactly a given electron 
band is expected to transform in the energy-momentum space with 
surface dosing, however, it would be reasonable to expect the following 
to be true. Generally speaking, states of a predominant surface nature 
with their wave functions being localized mostly in the region near the 
topmost surface are most affected, whose energies largely follow the 
downward variation of the potential with dosing, which is consistent 

with the similar trends we observed on SS1, SS2 and SS3 (Fig. 3(r) and 
(s)). Whereas, states of a considerable bulk character with their wave 
functions being extended substantially beyond the tail region of the 
band-bending potential are less affected, exhibiting smaller overall shifts 
in energy, as we observed on BS3 and the Dirac cone states derived from 
BS1’ and BS1”, or even negligible shifts, as on BS2 (Fig. 3(s)). 

Dosing evolution of the Cs core levels reveals two distinct channels 
for Cs dosing in our system. Alkali metal dosing in layered materials can 
in principle occur in three ways, i.e., adsorption on the sample surface, 
intercalation into the vdW gaps between the neighboring structural 
blocks with covalent bonding, and intercalation into the interstitial sites 
within these structural blocks. While the intercalation into the vdW gaps 
can occur in Sn4Sb3 which has a large c-axis lattice constant (37.3 Å), it 
is expected to have a small effect on the surface electronic structure 
because the intercalation sites are located (at about 12.4 Å) far away 
from the surface beyond the electrostatic screening length. These vdW 
intercalated Cs atoms are not supposed to be detected in our core level 
experiment using He–I light, owing to the short inelastic mean free path 
(of a few Å) of the emitted photoelectrons. Therefore, Cs intercalation 
into the vdW gaps is likely irrelevant to our observation. 

Fig. 5. (a)–(d) Band dispersions along high- 
symmetry directions given by DFT calcula
tions for different slab models that involve a 
Sn–Sb bilayer located in different Cs envi
ronments as depicted in the cartoons. (a) for 
a pristine bilayer without Cs, (b) for Cs on 
top of the bilayer, (c) for Cs below the 
bilayer; (d) for Cs in the middle of the 
bilayer. (e)–(f) for Sn and Sb monolayers, 
respectively. In-plane structural parameters 
are fixed to the experimental value of Sn4Sb3 
(hexagonal lattice constant 4.332 Å) for all 
Sn, Sb and Cs monolayers. Their inter-layer 
spacings and relative in-plane translations 
are subjected to optimization in the 
calculations.   
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On the other hand, the emission angle dependence study of the Cs 
core levels clearly points to the relevance of intercalation at high Cs 
dosages. Hence, this can only occur at the interstitial sites within the 
topmost septuple-layer block. In order to be detectible in core-level 
experiment, these sites have to be located very close to the surface. 
The inconsistency of our slab calculation as shown in Fig. 5(d)-5(f) with 
the experiment argues against possible intercalation into the gap be
tween the topmost Sn and Sb layers that has the smallest inter-layer 
spacing in Sn4Sb3 (Fig. 1(b)). On the other hand, the intercalants are 
more likely located within the gap between the topmost two Sn–Sb bi
layers, which has the largest interlayer spacing within the septuple-layer 
block. Because Sn and Sb have very similar atomic numbers (50 vs. 51) 
and electronegativity (1.96 vs. 2.05), the latter gap has a mixed covalent 
and vdW character, thereby facilitating possible intercalation therein. 
Intercalation at interstitial sites in a covalent bonding environment was 
previously proposed to occur in Bi2Se3, based on some subtle spectral 
signatures observed [33,34]. The case presented here in Sn4Sb3 is much 
clearer, with distinct spectral features identifiable for both the surface 
adsorption and interstitial intercalation as a function of Cs dosing (Fig. 4 
(b)). Nevertheless, questions remain open as to why the 
intercalation-related Cs core level feature is resided at a lower binding 
energy and has a larger linewidth than the one related to the adsorption. 
Further examinations of the emission angle dependence of the Cs as well 
as other core levels at different Cs dosages are needed for scrutinizing 
the proposed possibility for intercalation in the system. While in
tercalations can occur at different sites in different chemical environ
ments that can lead to core level replica at different energies, it is likely 
that the other dosing channel that dominates at low to medium dosages 
in the observed dosing evolution of the Cs core levels (Fig. 4(c)) is the 
surface adsorption, which has generally been found in most dosing 
studies especially in the low dosage regime [2,15,35,36]. 

A salient observation in the dosing evolution is the suppression of the 
surface band splitting between SS1′ and SS1′′ with increasing dosage. 
This observation can be captured, as we described earlier, by both sce
narios, i.e., the interstitial intercalation, which corresponds to the case 
with Cs placed at the bottom of the Sn–Sb bilayer (Fig. 5(c)), and the 
surface adsorption, which corresponds to the case with Cs placed on top 
of the bilayer (Fig. 5(b)). Given the finite peak widths experimentally 
observed, it is difficult to determine the quantitative amount of remnant 
splitting at high Cs dosages. It is therefore not possible to distinguish 
between the two scenarios based on this observation alone. Neverthe
less, the remarkable difference between the two cases as revealed by the 
simplified calculations suggests that the Sn–Sb intra-bilayer hybridiza
tion, whose strength can be reflected by the SS1′-SS1′′ band splitting 
[26], is sensitive to the band bending potential gradient at the surface 
and its directions. Our finding may provide a clue to decipher the 
mechanism for the changing SS1′-SS1′′ band splitting with Cs dosing and 
understand why band splitting is notably absent on other surface-state 
bands. 

Taken together, our experiment along with calculations support the 
occurrence of Cs intercalation at interstitial sites within the structural 
block with covalent bonding in Sn4Sb3, in addition to the conventional 
Cs surface adsorption. This intercalation likely results in a partial elec
tronic decoupling between the topmost Sn and Sb layers on top of their 
structural decoupling from the bulk (with Cs atoms sitting between the 
Sn–Sb bilayer and the rest of the bulk). Such an unexpected effective 
dimensionality reduction might hold the key to understanding the effect 
of quantum confinement on the surface electronic structure in this sys
tem and promise its novel surface properties different from the bulk. 

5. Conclusion 

We have presented an ARPES study of the effect of in-situ Cs dosing 
on the surface electronic structure of Sn4Sb3. As the chemical potential 
of the system increases upon Cs dosing, we observed an electronic 
structure evolution that goes beyond a simple rigid band shift model. 

Different surface bands exhibit energy shifts in comparable amounts 
while bulk bands undergo variable but overall less pronounced shifts in 
energy, with some presenting increasingly sharp spectral line shapes. 
These observations are manifestations of quantum confinement of 
electronic states near the surface due to Cs decoration. Evolution of Cs 5p 
core level as functions of Cs dosage and photoelectron emission angle 
reveals two distinct channels for Cs dosing, with the deposition on the 
sample surface that dominates at low dosages and the intercalation 
underneath the sample surface that dominates at high dosages. 
Concomitant with Cs dosing, we observe a gradual suppression of a 
surface band splitting, which we show can be reasonably captured by 
simplified first-principles calculations for the deposition/intercalation 
on either side of the first Sn–Sb bilayer. Such intercalation likely causes a 
partial electronic decoupling between the topmost Sn and Sb layers on 
top of their structural decoupling from the bulk. Our finding highlights 
the possibility of a unique dimensionality reduction in Sn4Sb3 caused by 
Cs intercalation at interstitial sites that promises its novel surface 
properties different from the bulk. 
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