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ABSTRACT: We present the superstructure formed during
phosphorus deposition on the reconstructed Au(100)-hexagonal
surface together with its electronic properties. Scanning tunneling |
microscopy and spectroscopy combined with X-ray diffraction are -3
compared to first-principles calculations. All these results
consistently indicate a p(2x2) phosphorus structure with P
atoms in hollow sites above a strained Au(100) surface. At
intermediate coverage, Au(100)-hexagonal domains coexist with
the p(2X2) superstructure. For full coverage, the reconstruction is
completely lifted. Structure factors deduced from theoretical
calculations and those measured by diffraction are in excellent agreement and demonstrate that P atoms induce significant Au
strain which promotes a 0.2 A outward relaxation associated with the quadrimerization of the underlying Au atoms. From the point
of view of an electronic density perspective, a peak at 3.6 eV is observed in the unoccupied states, which is also supported by density
functional theory. This is explained by a transfer of electrons from the Au surface to the P atoms.
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lack phosphorus (black-P) thin films bridge the gap chemical composition. The resulting allotropes are expected to
between graphene and transition-metal dichalcogenides exhibit various structures and electronic properties, in the same
due to their high carrier mobility and tunable band gap (0.3 eV way as the effects of substrate-induced stress on molecular
in bulk to 2 eV in monolayer). A few layers of black-P exhibit assemblies,”’ silicene on Ag or AlL' or step density on
an adjustable electronic band gap that depends on the number graphene.'!
of layers, making them of high interest in optical or electronic For instance, black-P (blue-P) exhibits a rectangular
engineering. ’ (hexagonal) lattice structure, making it particularly compelling
It has been theoretically predicted that phosphorene - a to employ substrates with similar symmetry, such as the (110)
single layer of phosphorus atoms - exhibits a large number of or (111) surfaces of face-centered cubic (FCC) metals (e.g,,
possible 2D-allotropes (2D-PA).> Each of these allotropes Ag, Au, Cu, etc.). In this context, experimental efforts have
features modulable electronic properties that vary according to encountered significant challenges, including substrate alloying
their atomic structure as well as the size or shape of low- and the limited lateral extension of the phosphorus films which
dimensional phosphorene nanostructures.” To date, only three often form narrow nanoribbons rather than continuous
allotropes have been experimentally synthesized: black, blue, layers."”™'* Concerning hexagonal surfaces, excepted P/
and violet phosphorus (for a review, see L. Ding et al.”) The Cu(111)," the other systems exhibit phosphorene subunits

two main processes used are exfoliation for black-P and violet-
P and molecular beam epitaxy (MBE) or chemical vapor
deposition (CVD) methods for blue-P. The current challen§e
in the field is to achieve novel physical properties in 2D-PA®’
and to develop methods for large-scale production. This can be
accomplished by exploring new 2D-PA, which currently
involves growing phosphorus on various substrates to discover
new phases and thus new physical properties.

It has been proposed that to obtain the various allotropes, it
is necessary to use one of the fundamental properties of the
bonds between P atoms: its anisotropy; namely, it is rigid in
the plane and flexible in the perpendicular direction. We can
play with this property by adjusting the stress, which can be
controlled by the substrate crystallographic orientation or

connected by substrate atoms,'® or various unexpected P
structures such as stripes or pentamers.”’18

To understand the formation of these phosphides and
thereby determine the physical barrier that prevents 2D-PA
formation beyond a few nanometers, it is essential to
investigate the initial growth stages on different substrates.
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Figure 1. (a) STM image (25 nm X 25 nm) of low phosphorus coverage on Au(100) after a few minutes of deposition of P at 200 °C, followed by
imaging at 4 K. Two distinct regions are observable: in the left region, two Au(100) terraces display P atoms arranged in a p(2X2) superstructure
(indicated by the orange square), with visible point defects, including P vacancies (darker spots) and P adatoms (bright protrusions); in the right
region the characteristic Au reconstruction lines of Au(100)-hex phase are evident. A magnified area (highlighted by the red rectangle, 6 nm X 2
nm) at a reconstruction domain boundary reveals an apparent p(5x1) superstructure of Au(100) and a quasi P-depleted zone, clearly showing P
atoms occupying hollow sites relative to the unreconstructed (100) plane (a p(1X1) unit cell is indicated by the white square). (b) and (c) Top
and side views of the structurally optimized p(2x2) model. Gold and orange spheres represent Au and P atoms, respectively. The arrows indicate
the displacements of the atoms from their initial positions, scaled by a factor of 12 for clarity. The blue box represents the unit cell used for the
calculations.

Au(100)-hex P/Au(100)

Figure 2. LEED patterns of Au(100)-hex and P/Au(100). (a) Clean Au(100)-hex. (b) p(2X2) diffraction after a few minutes of P evaporation at
240 °C followed by 1 h annealing at 260 °C. Full circles labeled Au(100) spots. Dotted circles labeled the superstructure. The beam energy is 45
eV.

Here, we present measurements and calculations performed on (proportion of the covered surface area). Thus, after
the phosphorus-Au(100) system, followin§ previous exper- evaporation for a few minutes at 200 °C, a STM image
imental studies conducted on Au(111),'”*° on Cu0,>" or acquired at 4 K allows direct comparison between P-rich areas
extending those on Au(100)>* where a p(2x2) square and those without phosphorus. A large-scale STM image
symmetry structure has been shown to be a precursor of a (reported in the SI) shows the clear separation between
denser hexagonal layer. Thus, we have precisely determined uncovered Au(100)-hex terraces and areas covered with
the atomic structure of this p(2X2)-P superstructure and its phosphorus structures. These areas cover approximately 50%
resulting electronic properties (EPs). These results have been of the surface.
obtained through a combination of scanning tunneling Figure la shows an image with quasi-atomic resolution. The
microscopy (STM), scanning tunneling spectroscopy (STS), boundary between a phosphorus-free domain on the right and
and grazing incidence X-ray diffraction (GIXD), combined a domain exhibiting a periodic superstructure with a square
with first-principles density functional theory (DFT) calcu- symmetry on the left is clearly visible.
lations. The structure which exhibits quasi-parallel lines on the P-
To study the early stages of growth, we limited the free domain corresponds to the Au(100) surface reconstruc-
phosphorus coverage to approximately a few ten percents tion, which we will refer to as Au(100)-hex hereafter.”> The
9798 https://doi.org/10.1021/acs jpclett.6c02046
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Figure 3. (2) (H, K, L = 0) map of P/Au(100) integrated between L
= +0.0S. The color scale represents the number of photons per pixel
per integration time. Bulk Bragg peaks (disks) and Crystal Truncation
Rods (CTRs) (circles) are highlighted in red. p(2X2) surface
superstructure rods (SSRs) are shown in blue. Bragg spots are highly
intense, for example (=2, 0, 0) or (—1, 1, 0); CTRs are also intense,
such as (=1, 0, 0) or (—1, 2, 0); faint spots, corresponding to the
p(2x2)-P superstructure, are visible, for example, (—1.5, 0, 0) or
(=2.5, 1, 0). Note the quasi-extinctions at half-integer positions, for
example, (—1.5, 0.5, 0). The gray square indicates the p(2x2)
reciprocal unit cell. (b) Top view of L = 0 reciprocal space. SFs of in-
plane reflections are represented as half-circles, with radii proportional
to their modulus. The right halves correspond to experimental data,
while the left halves are derived from simulations using the relaxed
p(2%X2) model.

lines are parallel to the (110) directions and exhibit a
periodicity close to a p(1X$S) superstructure (six-atomic rows
of the top layer fit onto five-atomic rows of the underlying
substrate), as shown by an atomic resolution image in the red
inset. A white rectangle indicates this apparent unit cell.

Note that the lines present a slight undulation and, in fact,
the actual unit cell has a larger period and would be close to
p(5%20) or even c(28x48). The atomic structure of this
complex reconstruction is still under investigation and, in
summary, it is accepted that it results from a quasi-hexagonal
contraction of the surface g)lane due to the fact that,
phenomenologically speaking,”* all atoms should be sur-
rounded as much as possible by other atoms. This surface
plane is 25% denser than a bulk (100) plane™ and its quasi-
hexagonal symmetry closely resembles a (111) plane.

We can recall that, on an Au(111) crystal, P atoms
deposition performed at room temperature with low coverage
exhibits (after annealing for 1 h at 150 °C) some patches of
(/3 x 1/3)R30° superstructure all over the surface.”® Here,
on Au(100)-hex, this growth mode is not observed. This

9799

suggests that P atoms diffuse easily across the surface until they
encounter a step edge or a grain boundary connecting two
reconstructed domains.

Indeed, an identical growth mode has been observed, for
example, during tellurium adsorption on Au(100)-hex via step-
edge retreat.”® Once trapped by those defects, P atoms induce
a strong restructuring of the surface; that is, the Au(100)-hex is
locally destroyed and a Au(100) plane is stabilized by P
adsorption.

A possible scenario is as follows. The adsorbed P atom
density (which is greater near step edges or grain boundaries)
must be sufficient to modify the local electronic environment
and, consequently, the local stress. Thus, although the atomic
mechanisms are unknown, patches of P atoms may favorably
replace the atomic overdensity of the gold surface plane near
these defects. One may wonder where the excess Au atoms
that formed the quasi-hexagonal reconstruction have gone.
Since the deconstruction occurs from extended defects, the
constitutive atoms become free to diffuse, and it is accepted
that they cluster together along steps, as shown in the case of
Cu or S on Au(100)-hex.””** Other examples of the Au(100)-
hex instability against adsorption are largely encountered; we
can cite, for example, some very reactive elements such as
chlorine or bromine,”® but also Te,26 S,*° Fe,”” or various
thiols.*’ Note that, due to the large number of atoms that
constitute the Au(100)-hex surface (we must take into
account, not only the 25% extra atoms of the surface plane,
but also several atomic planes below the surface),””* no
theoretical DFT prediction regarding its stability against
adsorption exists to date. Nevertheless, concerning specifically
low-index Au surfaces, we can note that the phosphorus
adsorption, even at very low coverage, is always accompanied
by the removal of gold atoms, such as the disappearance of the
Au(111) herringbone reconstruction’ or removal of Au(110)
rows.

The left side of Figure 1a is covered with a square symmetry
superstructure (indicated in orange on the central terrace) with
a size of 5.76 A X 5.76 A equal to twice the Au—Au interatomic
distance of 2.88 A (see also Supporting Information (SI)). It is
noticeable that, on one hand, this structure presents some
vacancies and even some vacancy islands (see a zoom in inset),
and on the other hand, it is decorated with adatoms that
appear to be randomly distributed but which may also serve as
precursors to the formation of a (\/ 2 X \/ 2)R45° second layer
of phosphorus, as demonstrated by certain locally ordered
arrangements in lines or squares (see also SI). In order to
determine the position of P atoms on the Au(100) surface, the
red inset shows a zoom into a vacancy island at the left edge of
an Au(100)-hex domain. This reveals the p(1X1) surface of a
gold plane (indicated by a white square) as well as atoms in
hollow positions. These atoms, which we assume to be
phosphorus atoms, form the p(2X2)-P structure that almost
entirely covers the terraces.

To confirm the local p(2x2)-P structure observed by STM
and its relationships with the deconstructed substrate, i.e. the
in and out of plane Au and P atom positions relative to the Au
substrate, we propose a model based on DFT calculations.
This model has been fully optimized by DFT using the
QUANTUM ESPRESSO package.”™** Details about the
computational methods are given in SI. Note that an
alternative model has also been explored (see SI). While
preserving the experimentally observed square symmetry, we
tested a c(2X2) structure (equivalent to a (\/ 2X4/2)-R45°

https://doi.org/10.1021/acs.jpclett.6c02046
J. Phys. Chem. Lett. 2026, 17, 9797—-9806

920z isnbny gz uo Jesn SYNO-LSINI Aq Jpd 902029 Bejodl s08/986+1/5599/26L6/+¢/L 1 /4Pd-8jo1e/pojodl/Bio-soe sqnd woy pepeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c02046/suppl_file/jz6c02046_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c02046/suppl_file/jz6c02046_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c02046/suppl_file/jz6c02046_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c02046/suppl_file/jz6c02046_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02046?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.6c02046?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
06 (-122,1/2,1) — model (0,5/2,1) o
—— model without P
—-==- Ponly
0.5 1
0.4 4
0.3 4

021 i

0.1

Structure Factors (arb. units)

0.0
0.6 -

0.5 A

0.4

0.3

0.2 1

Structure Factors (arb. units)

0.1

T
0.0 0.2 0.4 0.6 0.8 1.0 12

T T T T T T T 0.0
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 4. Comparison of SFs between experimental L scans along various p(2X2) rods of P/Au(100) and calculated scans. The calculated SFs,
based on the theoretical p(2X2) model, are represented by continuous red lines. The blue line corresponds to the model excluding the contribution
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Figure S. Comparison between the total DOS of a theoretical
Au(100) slab (a) and the proposed p(2x2) model (b).

structure). After relaxation, we found that this structure is
stable and exhibits vertical relaxation of Au atoms. However,
and this is a critical point, it shows no in-plane relaxation.
Consequently, the diffraction rods calculated based on this
alternative model clearly cannot reproduce our experimental
GIXD measurements. So, this model has been rejected.
Regarding the retained p(2X2) model, a slab of 18 layers of

9800

Au(100) serving as a substrate has been preemptively
optimized, keeping the 6 bottom layers fixed to the bulk
positions. Then, P atoms have been added at 1.2 A above the
surface and have been optimized along with the top 6 layers of
Au. Those P atoms will ultimately lay 1.22 A above the gold
surface after optimization. This last optimization is shown in
Figure 1b and c using arrows indicating the displacements
(x12) of the atoms from their initial positions. Adding P atoms
on the surface leads to an uplift of the topmost Au layers. The
gold atoms surrounding the P atom move away from it by
0.056 A in the surface plane and move up uniformly by 0.2 A
in the out-of-plane direction. Gold atoms in the plane below
have no planar displacement due to symmetry but move
upward from 0.015 A to 0.13 A depending on the site. It is
known that the hexagonal reconstruction not only involves
atoms of the surface plane, but also, to a lesser extent, those of
the underlying planes. It follows that one should also expect
that the replacement of the gold plane by a phosphorus plane
does not completely relax the bulk deformations. The
interaction of P atoms in hollow positions with the four
underlying Au atoms is so strong that the latter move
symmetrically away from the center, creating a quadrimeriza-
tion of the Au(100) first surface plane. We can definitively
conclude that, at a local 0.5 ML coverage (relative to an
Au(100) plane), the p(2x2)-P structure is the stable relaxed
configuration adopted by the system. This structure serves as a
precursor to higher-coverage superstructures (e.g, toward a
BlueP-Au network,”*), though this is beyond the scope of the
current paper.

Before turning to the electronic properties reported below
and in order to test the accuracy of those calculated results, we
have performed grazing incidence X-ray diffraction on a full
p(2%2) layer. Then, we have compared experimental structure
factors (SFs) with those based on the calculated atomic
positions obtained after a full relaxation of the model.

https://doi.org/10.1021/acs.jpclett.6c02046
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Figure 6. STS data comparing differential conductance (dI/dV) as a
function of sample bias between an Au(100)-hex domain (blue
marker) and a p(2X2) phosphorus structure (purple marker)
indicated in Figure la. A characteristic spectroscopic feature at
approximately 3.6 eV above the Fermi level serves as a distinctive
signature of P-covered areas. LDOS are calculated at different
distances above a P atom. The overall decrease of the LDOS with the
distance is more pronounced for states coming from Au rather than
for P.

We have increased the phosphorus deposition amount and
performed LEED pictures before and after P adsorption until
the full disappearance of gold reconstruction. The LEED
pattern presented in Figure 2a, measured as a reference on the
clean Au(100)-hex surface, is characteristic of the quasi-
p(5x1) superstructllrt=,.23”28 Once the deconstruction is total,
(1/2,1/2) spots appear clearly into the pattern reported in
Figure 2b, which corroborates our assumption. We can note

that the coverage is still low because there is no signature of
blue-P islands as observed with a greater deposition time.” Tt
is important to note that point because, even if LEED gives
information about the symmetries of a structure, it is difficult
to extract the in-plane atomic positions (as STM often could)
or the vertical position (just as STM cannot do it either)
because of well-known electron multidiffraction (or con-
volution and electronic tip effects).

First, we present the experimental results of the X-ray
diffraction. In the following, the (H, K, L) coordinates of a
reciprocal space point are adapted to a FCC crystal with an
unreconstructed (100) surface; that is, the in-plane symmetries
and lattice constants are identical to that of a bulk (100) plane.
Indexes H and K refer to a reciprocal space vector lying in the
plane of the sample surface, and L refers to the out-of-plane
component. In this representation, Bragg peaks are obtained
for H + K + L even (cf. SI).

Figure 3a shows a 2D cut of the reciprocal space in the (H,
K, L = 0) plane (an in-plane map). Three distinct families of
diffraction peaks are observed. The more intense ones are bulk
Bragg peaks where, for integer values of H and K, their sum H
+ K is even. Crystal Truncation Rods (CTRs) which cut this
plane for all (H, K) couples are less intense for H + K + 1 even,
i.e. in anti-Bragg positions (for example, (H = —1, K = 0) or
(H =1, K = 2)). The third family is obtained for half integer
values (for example, (—1.5, 0), (2.5, 1) or (0, 2.5)). These
peaks correspond to Superstructure Surface Rods (SSRs) and
are the fingerprints of what seems to be a p(2X2). Regarding
gold (red circles), note that the map is invariant under a z/2
rotation, as expected for a 4-fold symmetry. If the motif of the
p(2X2) was constituted by only one atom, we should have
observed diffracted intensity in this map for all half-integer
values of H and K. But, for certain expected positions, there is a
nearly complete extinction, for example: (—1.5, 1.5) or (0.5,
2.5). Therefore, to explain why some spots related to a p(2Xx2)
are nearly extinct, we must consider interference effects
between the atomic positions in the superstructure and the
underlying crystal. Thus, we have measured 16 CTRs and 20
SSRs and obtained experimental SFs which are reported in
Figure 3b for L = 0 and Figure 4 for some characteristic
nonequivalent SSRs.

Once experimental SFs are obtained, we can compare them
with those calculated from atomistic simulations. The key
result presented below is that the modulations observed along
the CTRs are primarily induced by the quadrimerization of Au
atoms beneath the P atoms associated with a uniform outward
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Figure 7. Comparison between (a) the band structure of the bare Au(100) slab and (b) the band structure weighted by the LDOS contribution for

the p(2x2) model at different distances above a P atom.
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Figure 8. Band structure of the p(2x2) model unfolded into the Brillouin zone of the bare Au(100) slab. The band structure of the bare Au(100)
slab is superimposed in dashed black lines for comparison. The contribution of gold and phosphorus atoms to the band structure of the p(2x2)

model is highlighted in red and blue, respectively.

relaxation of the first Au(100) plane, forming a p(2x2)
superstructure, as shown previously in Figure 1.

Once the coordinates of the P and Au atoms have been
obtained by DFT, we used the ROD software (see Methods in
the SI) to compare the calculated SFs to the experimental
ones.

Some results are reported in Figure 4. One immediately
observes that, without any refinement of the atomic positions
calculated by the p(2Xx2) mode], all of the modulations present
in the experimental curves are reproduced in the correspond-
ing calculated ones.

It is also clear that dips consistently occur at half-integer
values of L, which is a signature of significant vertical relaxation
of the topmost surface layer, i.e. 0.20 A. Moreover, we can now
compare quantitatively the experimental and the calculated L =
0 in-plane SFs. This is reported in Figure 3b. The comparison
is excellent, and the calculations reveal even the faintest spots,
which had appeared nearly extinct. Finally, it is important to
note that the atomic scattering factor of gold is nearly five
times greater than that of phosphorus, so only the displace-
ments of the gold atoms contribute significantly to the
modulations of the SFs. Here, it is clearly the case as shown in
Figure 4, where the contributions of P (green dotted line) and
Au (blue line) atoms to the SFs have been separated.

It is worth noting that the vertical position of phosphorus
atoms has a very limited effect on the structure factors.
Consequently, the comparison between our experimental
results and the calculated ones is primarily constrained by
the accuracy of our calculations. It is generally accepted that
the precision of calculations using the PBEsol functional
without any van der Waals correction (described in the SI) is
approximately 0.01 to 0.05 A. To achieve better accuracy in
determining the positions of gold atoms, it would be
interesting to use a point detector, which offers a 10-fold
improvement in angular resolution compared to the 2D-XPAD
detector we employed. Additionally, slightly relaxing the
calculated Au positions could help refine the atomic
coordinates. This approach would likely enhance the precision

9802

to approximately 0.001 to 0.01 A for a point detector and
could reduce the uncertainties in the determined atomic
positions.

Therefore, we can resume those results by assuming
phosphorus—gold interaction is the “driving force” for the
Au surface relaxations, but its atomic contribution to the
diffraction patterns is almost negligible.

Given that the calculated relaxed atomic configurations are
well-supported by the GIXD measurements, we proceeded to
compute the electronic properties, including the density of
states (DOS) and local density of states (LDOS) (see
Computational Methods in the SI). First, we present the
DOS calculation results. Next, we compare the experimental
STS spectrum to the LDOS. Finally, we further investigate the
electronic properties by analyzing the projected density of
states (PDOS) and integrated local density of states (ILDOS).

The DOS of the bare Au(100) slab and the p(2x2) model
are shown in Figure 5. They are very similar, except for the
peaks between 3 and 4 eV. The total DOS is naturally
dominated by gold atoms, hence the strong similarity between
the DOS of the two systems. For the bare Au(100) slab, the
peak at 3.4 eV in Figure Sa is due to a flat band at the X point,
which can be seen in the corresponding band structure in
Figure 7a. This peak is then decomposed in the p(2X2) model
into smaller peaks after hybridization with the phosphorus
atoms, as shown in Figure Sb.

In order to characterize the local electronic properties of the
p(2X2) structure, we measured by STS the differential
conductivity, dI/dV, on each of the domains (with and
without P) described in Figure la. These measurements are
reported in Figure 6 and compared to calculated LDOS.

Concerning the experimental measurements, we observe
that the occupied states (V < 0) exhibit almost the same
characteristic shoulder in both domains. This shoulder
originates mainly from the bulk Au electronic structure and
is unaltered by the Au surface plane (see also below for our
computational results). Since this shoulder is also present in
the p(2X2) areas, it follows that the coupling between this new
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Figure 9. PDOS for the p(2x2) model.

interface and the bulk is rather small. Contrarily, for the
unoccupied states (V > 0), it is obvious that the peak around
3.6 eV appears only in the p(2x2) region. This peak is not
related to field-emission (the experimental Au(100) work-
function is equal to 5.47 eV))*° nor to image potential states
that are above 5 eV.”’

This peak originates from interactions between P atoms and
the gold substrate, as demonstrated by the DFT calculations
presented below.

In order to compare the STS spectrum with the theoretical
DOS, the LDOS is calculated and reported in Figure 6. The
LDOS is calculated in a box above the phosphorus atoms with
a height varying from 3.0 to 7.0 A. For more details about the
calculation, see Computational Methods in SI. To better
compare to the given STS spectrum, one should consider
truncating the LDOS up to 3.3 eV. The pronounced peak

observed in the STS spectrum can indeed be attributed to the
first and sharp peak at approximately 3.2 eV in the LDOS of
the model. This value is slightly lower than the experimental
value of 3.6 eV. This aside, the sharpness and height of this
peak are very similar to those of the peak in the STS spectrum.
A second peak right of this first peak can be seen in the LDOS,
as one can also guess a second peak in the STS spectrum above
4 eV. An even bigger peak is observed around 3.9 eV in the
LDOS, but the STS spectrum does not go that high in energy
to confirm or infirm the existence and shape of these higher
energy peaks. It is known that DFT tends to underestimate
band gaps, so we can rightfully expect the calculations to
underestimate the energy of unoccupied states. With this in
mind, the peak at 3.2 eV is more likely to match the main peak
in the STS spectrum at 3.6 eV.
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Figure 10. Vertical plane cut along the \/ 2 direction of the integrated LDOS of the p(2X2) model around the peak at 3.2 eV. The topmost three
atoms are the phosphorus atoms, and the bottom four layers of atoms are the gold atoms.

In order to gain more insights into the origin if this peak, we
have performed band structure calculations. In Figure 7a we
show the result for bare Au(100) along the high-symmetry
path I' — X — M — TI" of the Brillouin zone. Figure 7b shows
the folded®® band structure of the p(2X2) model weighted by
the LDOS contribution.

We can see that there are several flat bands between 3 and 4
eV which are responsible for the peaks in the LDOS. For the
p(2%2) model (Figure 7b), the very flat band around 3.2 eV at
the I" point is responsible for the sharp peak in the LDOS at
this energy (we recall that STS is essentially sensitive to
electron tunneling at this point, i.e. without lateral momentum
transfer).

Using the unfolding code ‘unfold.x” written and maintained
by Pietro Bonfa® and based on the method described in the
article by Popescu and Zunger,”® we have unfolded the band
structure of the p(2x2) model to compare it with the band
structure of the bare Au(100) slab. To better visualize the
differences between the two band structures, the band
structure of the p(2x2) model has been projected onto gold
in red and phosphorus in blue, as shown in Figure 8, and the
band structure of the bare Au(100) slab has been super-
imposed in dashed black lines. The band structure of the
p(2X2) model is very similar to that of the bare Au(100) slab.
The majority of the phosphorus contribution is located near
the gold bands except for the big and lowly dispersive band
around —0.2 eV, which is mostly a feature due to the
interaction between the phosphorus atoms. The aforemen-
tioned flat band at 3.2 eV appears in blue, which confirms that
it is mostly carried by the phosphorus atoms. Its shape is very
similar to the flat band at 3.4 eV in the bare Au(100) slab,
which indicates that it is a result of the hybridization of the
phosphorus atoms with the gold atoms, as confirmed with the
following PDOS and charge transfer analysis.

Using the calculated Lowdin charges in Quantum
ESPRESSO, we find that after adsorption, each P atom has
5.475 valence electrons, which means that there is a transfer of
+0.475 electrons from the Au surface to each P atom. The
charge decomposition of the P atom (s = 1.8259, p = 3.6489, p,
= 1.2096, p, = 1.2196, p, = 1.2196) indicates that the charge
transfer primarily occurs in the p orbitals, with a slight loss in
the s orbital. This suggests an sp® hybridization of the P atoms
and a strong covalent interaction with the underlying Au

atoms, polarizing the Au—P bond. The four Au atoms
surrounding the P atom lose 0.31 electrons each, primarily
from their d orbitals with their s and p orbitals remaining
almost unchanged. The charge decomposition of the d orbital
of the topmost Au atoms is as follows: d> = 1.9479, d,, =
19195, d,, = 1.9195, d;_> = 1.9061, and d,, = 1.9238. The
most depleted orbitals are the d,>_p, d,. and d,..

The PDOS of the p(2X2) model was calculated for the
phosphorus atoms and the gold atoms. Similarly to a previous
study of the Hex-P monolayer on Au(111),”" it appears that
the peak at 3.2 eV (3.6 eV in the STS spectrum) is carried by
the s and p, orbitals of the phosphorus atoms (Figure 9b). The
peak can be seen in both the PDOS of the s and p, orbitals of
the phosphorus atoms and is very similar to the thin peak of
the STS spectrum.

The PDOS of the surface gold atoms (Figure 9a) shows
peaks around 3.2 eV in the d,, and d,, orbitals and to a lesser
extent in the d,, orbitals. This confirms the strong interaction

between the pﬁvosphorus atoms and surface gold atoms. We
must notice that this result explains the p(2Xx2) surface
structure but is not sufficient to explain the lifting of the Au-
hex surface reconstruction. This interaction between the
phosphorus atoms and the surface gold atoms generating a
flat band around 3.2 eV and its corresponding peak in the
LDOS is similar to what has been observed for the Hex-P
monolayer on Au(111).%°

Finally, an integrated LDOS calculation (ILDOS) has been
performed around the peak at 3.2 eV, with an energy window
from 2.90 to 3.40 eV. This ILDOS represents the spatial
distribution of electronic states in this energy window. The
results are shown in Figure 10. We can observe that the highest
intensity of the ILDOS is located just below the phosphorus
atoms, a location where the d,, and d,, orbitals of the surface
gold atoms point toward. This indicates that the peak at 3.2 eV
is carried notably by a mix of s and p, orbitals of the
phosphorus atoms and the d,, and d,, orbitals of the surface
gold atoms (similar to the results for the Hex-P monolayer on
Au(111)*°), which is consistent with the PDOS analysis.

In summary, we have characterized the surface structure of
phosphorus adsorbed on Au(100)-hex in the low-coverage
regime. The observed p(2X2) superstructure arises from a
strong modification of the initial reconstructed surface. We
have demonstrated that the formation of this structure is
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accompanied by the lifting of the surface reconstruction and a
quadrimerization of the gold atoms located beneath the
phosphorus adatoms. The P—Au(100) interaction leads to a
charge transfer from Au to P accompanied by a distinct peak
above the Fermi level and involves the s and p, orbitals of the
phosphorus atoms. We hypothesize that the subsurface atomic
strain, associated with this acceptor-like electronic state, will
play a critical role in the nucleation and subsequent growth of
phosphorus structures at higher coverages.
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