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Revealing the 1D Nature of Electronic States in

Phosphorene Chains

Maxim Krivenkov,* Maryam Sajedi, Dmitry Marchenko, Evangelos Golias,

Matthias Muntwiler, Oliver Rader, and Andrei Varykhalov

Phosphorene, a 2D allotrope of phosphorus, is technologically very appealing
because of its semiconducting properties and narrow bandgap. Further reduction
of the phosphorene dimensionality may spawn exotic properties of its electronic
structure, including lateral quantum confinement and topological edge states. It
is demonstrated that dispersions measured along and perpendicular to the
phosphorene chains self-assembled on Ag(111) reveal pronounced electronic
confinement resulting in a 1D band, flat and dispersionless perpendicular to the
chain direction in momentum space. Density functional theory calculations
reproduce the 1D band for the experimentally determined structure. It is shown
that phosphorene chains aligned equiprobably to three <'ITO> directions of the
Ag(111) surface can be characterized by angle-resolved photoemission spec-
troscopy because the three rotational variants are separated in the angular
domain. A semiconductor-to-metal phase transition is predicted upon increasing
the density of the chain array, a promising approach to band structure

are bismuthene!”! and recently synthesized
arsenene.” One of the most intriguing ele-
ments of this type is phosphorus and its allo-
tropes, revealing diversity of novel electronic
and optical properties.l”’ There are several
structural polymorphs such as red, green,
and blue phosphorus. Black phosphorus
(BlackP) is the most stable one, itis a layered
material composed of buckled honeycomb
sheets of P atoms, held together by van
der Waals interaction.*”” The tunability of
the bandgap in BlackP in wide range
(0.3-2.0eV), combined with high carrier
mobility, makes BlackP a perspective mate-
rial for electronic design® and it has already
given promising results in transistor and
optoelectronic devices.”'% However, BlackP
is difficult to grow epitaxially, therefore, the

engineering.

1. Introduction

Since the first experiments with exfoliated graphene, the field of
2D quantum materials is in the expansive spotlight of fundamen-
tal and applied research. Postgraphene 2D materials are formed
not only by group IV elements, but also group V, where the latter
demonstrate semiconducting properties: prominent examples
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mechanical/liquid exfoliation techniques
used to produce few- and single-layer BlackP
limit the bottom-up approach that is needed
for integrated circuit development.

Another 2D polymorph with structural and electronic similar-
ities to monolayer BlackP is the blue phosphorene (BlueP). So far
formation of BlueP-like structures has been mainly reported on
noble metal substrates.'’™"”) In contrast to the bulk and bulk
exfoliated systems, epitaxially grown 2D materials cannot easily
be characterized optically, in particular when grown on metals
substrates. Hence, the discovery of BlueP proceeded in two steps.
At first, the candidate material monolayer P/Au(111) has been
investigated structurally by scanning tunneling microscopy
(STM).'"""? In a second step, angle-resolved photoemission spec-
troscopy (ARPES) investigated the band dispersion and confirmed
the bandgap of ~1.1 eV of BlueP.'® However, later experiments
demonstrated that the structure of P/Au(111) is rather a network
of small BlueP patches connected with Au atoms.[?%2!

A major further step in the design and control of electronic
structure of phosphorus would be further reduction of phosphor-
ene dimensionality. Theory predicts that 1D P should host a
plethora of interesting phenomena, including giant Stark
effect®” and strain-induced topological phase transition.”*) It
is, however, difficult to produce 1D atomic chains and also nano-
wires from 2D materials since their basis is their weak perpen-
dicular but strong lateral interaction. Nevertheless, nanoribbons
have been produced successfully from graphene,”” TMDCs!**!
and phosphorene.**¥! Non-Fermi liquid behavior has been
studied in quasi-1D chains.””® Recently, CuTe zigzag chains have
been realized.*”

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH
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It was shown that phosphorus on Ag(111) can self-assemble
into 1D atomic chains with an armchair structure.?" Band struc-
ture of an equidistant array of such chains was studied by micro-
focused ARPES.PY Dispersing bands were observed in the
direction perpendicular to the chains, which was interpreted
as evidence that phosphorus chains form a 2D network, i.e., they
exhibit non-negligible lateral interactions.*" It should be noted
that there are not many cases for metallic 1D systems where the
electronic confinement to 1D on the surface could be proven by
ARPES, most notable ones are nanowires of Au on stepped
Si(111),2%*3 In,B**! and PbP**” on Si(111), Tb on Si(110),*®
Bi/Ag(110),%! Au/Ni(110),1*” and a special case of Bi(441) where
two 1D surface-localized states were observed.*'!

Due to the small size of structural domains even applying
microfocused ARPES (at the cost of technical complexity and
lower intensity compared to conventional ARPES) does not guar-
antee to capture a single local domain of the structure. In the
present work, we use conventional ARPES and demonstrate that
atomic chains of P on Ag(111) exhibit very pronounced and per-
fectly 1D electronic structure. Phosphorus bands disperse
between 3 and 1.5 eV binding energy (Fg) in the direction along

www.small-structures.com

the chains, but remain extraordinary flat (within 20 meV) in the
direction perpendicular to the chains at any Eg. This result is
accurately confirmed by density functional theory (DFT) calcula-
tions. Using DFT, we also study the evolution of the phosphorus
bands with changing separation between P chains, and find a
1D — 2D electronic structure transition for marginally sepa-
rated chains, which renders them a 2D metal.

Information on experimental techniques and DFT calcula-
tions is provided in the Supporting Information.!**

2. Results and Discussion

Figure 1a,b display characterization of P chains on Ag(111) by
STM at moderate P coverage (=0.6 ML) and at different length
scales. P forms mainly 1D structures; however, there are some
small 2D islands with lattice rotated by 30° relative to the chains.
Figure 1c shows a 3D closeup of the chains, which reveals their
armchair atomic structure. From STM images, one sees that P
chains are aligned along three equivalent orientations with a
mutual angle of 120° between them. These orientations

Figure 1. a,b) STM images of 1D P/Ag(111) with small islands of the 2D phase and c) closeup showing armchair-type internal structure of chains
(8 x 8nm?). d,e) LEED and f-m) STM/STS characterization of P chains on Ag(111): 4 maps showing electronic standing waves of Ag(111) SS in
the potential well of P chains; tunneling parameters: (a) —1.0V, 0.1 nA; (b) —0.1V, 1.0nA; and (c) —0.1V, 3.0 nA.
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correspond to the (110) family of directions of Ag(111). The for-
mation of three orientational domains of P chains is also con-
firmed by low-energy electron diffraction (LEED; Figure 1d.e).
The displayed LEED patterns correspond to a sample with high
P coverage, similar to the sample that was used for ARPES meas-
urements. The LEED reveals a (2 x 3) pattern which is a super-
position of three equally intense (3 x 1) superlattices and weak
(1 x 2) lines (marked by arrows and dashed line), corresponding
to the chains in each of the three domains. The complex appear-
ance of the LEED pattern is discussed in the Supporting
Information.*? In this scenario, the elongation of spots can
be explained by an imperfection of chain stacking in the direc-
tions perpendicular to the chains. X-ray photoelectron spectros-
copy (XPS) spectra of P 2p and Ag 3d core levels (Figure S1 of
Supporting Information*?) are in agreement (within 0.1eV)
with Ref. [31]. According to Ref. [31], the fact that Ag 3d peaks
show no chemical shifts as compared to bare Ag implies weak
interaction between chains and the substrate and rules out P—
Ag surface alloying. We observe only a small shift of Ag 3d core
levels to higher Ej for chains (80 meV) and larger shift (130 meV)
for 2D phase of phosphorus on Ag(111) (Figure S1, Supporting
Information). The lack of Ag-P surface alloy is indirectly con-
firmed in scanning tunneling spectroscopy (STS) experiments,
in particular 4L mapping of the Ag(111) surface state (SS) scat-
tering at P chains. A series of quantum interference patterns
(QIP) acquired differentially at various binding energies (bias vol-
tages) is displayed in Figure 1f~m. The real-space periodicity of
standing electron waves, converted to momentum space (Figure
S6, Supporting Information), allows to determine the E(k) dis-
persion of Ag(111) SSI**** laterally confined between P chains.
A parabolic fitting of the dispersion provides effective mass
Megr = (0.46 £ 0.03)m, and apex energy Eo= (3 + 18) meV. The
dispersion was found to be similar to that of the SS at bare
Ag(111),** except for 50 meV lower binding energy: #ieg=
(0.41 £ 0.02)mg and Ep = (—65 + 1) meV. This proves that the lat-
eral potential barrier of P chains is so large that the particle-in-a-
box model of quantization applies here. This together with our
XPS results, which exclude P-Ag surface alloying, demonstrates
that there is no leaking of Ag(111) SS into the bulk at the sites of
the chains. We conclude that P chains reside on top of Ag(111)
and moderately interact with the substrate.

The photoelectrons in ARPES are collected from the whole
area illuminated by the photon beam. Even with the use of
microfocused ARPES, discerning a signal from a single domain
might be very challenging because of the small average size of
uniaxially aligned domains. In the present experiment, beam
size is on the scale of ~100 pm. This means that signals from
all three orientational domains of P chains are accumulated and
superimposed in the ARPES dispersions. For ARPES investiga-
tion of 1D structures it is optimal to have them identical and
aligned along a single direction in order to be able to clearly
separate electronic bands dispersing along the chain and
non-dispersing bands of electrons confined in the perpendicu-
lar direction.

However, we show below that in the current case conventional
ARPES is well applicable for mapping of the 1D electronic struc-
ture because the maxima of P valence bands are far away from
the center of the surface Brillouin zone (SBZ). As a result, 1D
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bands of chains with different orientations only partially overlap
in k-space.

ARPES data was obtained from a sample with high P coverage
and it is reflected in the data by the completely suppressed SS of
Ag(111) which for a clean surface is located at the T point close to
Fermi level (Figure 2e). Figure 2a—d report a series of constant
energy surfaces (CES) of P chains on Ag(111) extracted from full
photoemission mapping I(E kx,ky) for different binding ener-
gies. Circular-like contours labeled as Ag-sp correspond to nearly
spherical 3D bulk sp-bands of Ag and surface resonances related
to them.**! Electronic states of P chains are seen between Ag-sp
contours around the K point of the Ag(111) SBZ (Ky,) and are
labeled as P. They evolve from a cloverleaflike pattern
at Ep=2.26¢€V, through crossing straight double lines at
Ep=1.76¢€V, and to the triangle of single straight lines
at Eg =1.46eV. These lines belong to the 1D band structure
of P chains. Every side of the triangle is emitted from one of
the chain orientations, as sketched in Figure 3a. The overall
ARPES dispersion of the band P along the direction I' — Ky,
of Ag(111) SBZ (trace T, in Figure 2d), which corresponds
to the direction along the chains of one of the domains, is
depicted in Figure 2e and emphasized by a dashed red line.
It has several valleys and shows a pronounced dispersion in
a wide energy range between Ep = 3 and 1.5 eV. A second band
P’ (marked by a dashed blue line) is a contribution from two
other rotated domains sliced at an angle to a high symmetry
direction (therefore, it appears stretched along the k; axis, as
compared to P).

The dispersion in Figure 2e reveals the top of chain band P at
Eg ~ 1.5 eV. This shows that the intrinsic bandgap of phosphor-
ene chains is not less than E;~1.5eV, in agreement with our
DFT calculations in Figure 4. This result is also supported by
our STS data and density of states calculations (see Figure S7
in the Supporting Information).

In contrast to our results, Ref. [31] reports similar dispersions
along the chains (with direct interaction between P atoms) and
perpendicular to the chains (with a large distance between them).
Such results appear unexpected until we suppose observation of
rotational domains there. Measurements in I' — M, direction
are not optimal for resolving 1D bands from different domains.
At the M point two rotated domains cross (Figure 2d). In order to
see the 1D band, one needs to look at a slice in k-space where one
can resolve the valence band maximum (VBM) of one domain
only. For instance, the ARPES slice along the straight line is seen
in the CES [trace T, in Figure 2d], which is shown in Figure 2f. It
reveals perfectly the flat slices of the P band, dispersionless
within 20 meV. Signals from other rotational domains (P’) are
also seen there. The band seen at Ez~3.5eV (white arrows)
can be attributed to lower lying P band, which is also predicted
by our DFT calculations (see Figure 4d). Due to the (2 x 3) P/Ag
superlattice, the phosphorus BZ fits only six times inside the Ag
BZ. The folded VBMs can be repeated but not overlap so much to
make bands flat as we observe them in experiment. This excludes
a band folding effect on the formation of 1D bands.

A sketch of the 1D band of P chains is shown in Figure 3b.
The model of band superposition for three orientational
domains is displayed in Figure 3c. This model explains
ARPES observations near the Ky, point of the Ag(111) SBZ,
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Figure 2. a—d) CES of 1D P on Ag(111) at different binding energies Eg (hv =80 eV). Signal from P chains is labeled as P, from Ag(111) — as Ag-sp;

&1

e) dispersion of band P along the chains (hv= 60eV, 4

), and f) perpendicular to the chains direction and passing through the P valence band maxi-

mum (hv = 80eV, ME(’)) Contributions from other rotated domains are labeled P’. White arrows mark top of the next P band.

including the cloverleaf-like pattern at higher Ep and triangular
crossings of double and single straight lines at lower Fp. The
cross-section on the left side of Figure 3c closely resembles
Figure 2f. Additional APRES characterization of this superpo-
sitional band structure is reported in the Supporting
Information.[*

We also performed a DFT study of the P chains on Ag(111).
The model reproduces the experimentally synthesized chains,
resolved by our LEED and STM ((2 x 3) relative to Ag(111)),
and is presented in Figure 4a. The chains are parallel to each
other and form a periodic array. This phase corresponds to
the high-phosphorus-coverage sample used for ARPES

Small Struct. 2025, 6, €202500458 €202500458 (4 of 8)

measurements and reflects the structure of a single rotational
domain."! The overall band structure in the direction || to the
chains (I' — Kj,) and 1 to chains (parallel to ' — M ,, but along
the VBM) is shown in Figure 4b,c. A projection on P atoms is
presented in Figure 4d,e. Good qualitative agreement with the
ARPES experiment is seen, with the characteristic phosphorus
band dispersion along the chains and dispersionless character
in the direction perpendicular to the chains (see also Figure S2
in the Supporting Information!*?)). The electronic structure of P
chains is thus confirmed as purely 1D. Using the Bader parti-
tioning method,!***”) we estimated a charge transfer from the
Ag substrate of 0.1e per P atom.
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Figure 3. a) Plot explains constitution of the P signal in ARPES and correspondence of straight lines in ARPES map (left) to three orientations of chains
(right). ARPES map was measured with hy=100eV and Eg=1.5T eV (top of P band). b) Rough sketch of 1D band of P chains as referred to the
orientation of the array of chains. c) Model of superposition of P bands from three orientational domains of phosphorene chains.
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Figure 4. DFT study of P chains; a) Structural model of Ag(111)/P-(2 x 3) used in the simulation of experimentally realized chains, top-view (top) and
side-view along the chains (bottom); b,c) combined bands of P and Ag; and d,e) projection of the band structure on P atoms. The band structure was
calculated along T — Ky, of Ag(111) which is parallel to the chains (b,d) and along the perpendicular direction passing through the valence band maxi-
mum (c,e). The directions are marked in the insets by red lines. P-related bands demonstrate no dispersion perpendicular to the chains in perfect
agreement with ARPES experiment. Green arrows in panel (d) mark a lower energy band of P for which a corresponding band is also found in the
ARPES data. See Figure S3 and Figure S2 of Supporting Informationt*? for DFT plots in a wider energy range and for direct comparison of DFT results

to experimental data.
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Figure 5. 1D — 2D electronic structure transition upon lateral compression of the chain array; a,b) Atomic model of P chains separated by d = 7.6 A
(as in our experiment) and d = 5.1 A (artificially compressed structure) and c,d) calculated electronic band structures projected on P atoms in directions

perpendicular (red arrow, T’ — Ky,) and parallel (I' — My,) to chains. Dispersions are displayed without unfolding.

Furthermore, by DFT, we studied how the band structure of
the P chains within the array depends on the lateral separation d
between them (Figure 5). While the experimentally realized
d=7.6A (Ag(111)/P-(2 x 3)) hosts a 1D P band, a denser simu-

lated array with d = 5.1 A (Ag(lll) /P- (il (2) ) ) triggers inter-

chain interaction and causes a 1D — 2D transition in the
electronic structure of the array. The dispersions of the P state
calculated for the experimentally synthesized (d = 7.6 A) and for
artificial (d =5.1A) arrays are compared vis-a-vis in Figure 5c
and d, respectively (conducted without unfolding). One sees that
in the denser array the P band is not flat but disperses strongly
and even crosses the Fermi level (Ef), hence rendering the chains
metallic.

Finally, we tested the presence of topological edge states, pre-
dicted for the armchair configuration.*®! These states should
appear as nearly flat bands in the vicinity of Er. We found no
such bands below Ep in ARPES and no visible signs of them
in STS. The absence of topological states can be attributed to
their suppression by confinement. According to Ref. [48], the
localization of edge states requires a phosphorene nanoribbon
with minimal width of 5-6 lattice constants, which is not realized
in P chains.

3. Conclusion

In summary, we studied phosphorene atomic chains self-assem-
bled on a Ag(111) substrate in the armchair configuration.
Although the chains grow in three equiprobable orientations,
aligned to the (110) family of directions of Ag(111) rotated by

Small Struct. 2025, 6, €202500458 €202500458 (6 of 8)

120° to each other, we show that conventional ARPES can be
used for the mapping of their band structure because their bands
are separated in the angular domain. We have measured the dis-
persion of the chain band and show that it is 1D. The band dis-
perses within 1.5 eV along the chain but remains perfectly flat
and dispersionless in the direction perpendicular to the chain
due to lateral confinement. Our DFT calculations confirm this
result and predict a 1D — 2D transition in the electronic struc-
ture of the chain array when the lateral separation between the
chains is reduced. This transition also changes the band struc-
ture of the chains from semiconducting (with intrinsic bandgap
E;>1.5eV) to metallic.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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