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Despite numerous experimental and theoretical studies on the highly miscible Sn/Cu(001) system, a
conclusive detailed atomic picture of this rich alloy surface phase diagram is still warranted. Depending of
the surface coverage of Sn, a rich variety of Sn/Cu(001) surface structures may be expected, ranging from
the so-called phase I to phase IV. An extreme lack of atomic details about them hinders the overall
comprehension of this alloy system. We focus on examining the surface energetics and thermodynamics
of the Sn/Cu(001) structures to identify the low-energy structures for the experimentally observed phases
I-TV. We also discuss the surface electronic structure of these low-energy Sn/Cu(001) structures in terms
of their surface work functions and surface dipole moments. Finally, we compare the simulated scanning-
tunneling-microscopy (STM) images of these Sn/Cu(001) phases with available experimental STM
measurements. We believe this work sets a good theoretical platform for an accurate further investigation
of the Sn/Cu bimetallic surface-alloy system for surface-sensitive applications in, e.g., heterogeneous

nanocatalysis.
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I. INTRODUCTION

Despite numerous experimental and theoretical studies
on metal alloys and their surfaces, much is left to explore
with regards to their structure-property relations for modern
technology applications in, e.g., the areas of lithium-ion
batteries [1,2], surface functionalization for molecular
detection [3], electronic devices [4], and technical hetero-
geneous catalysis [5-8]. Metal alloys (especially at their
surfaces) can exhibit a wide range of interesting and unique
atomic structures depending greatly on their miscibility.
For low-miscibility systems, both homogeneous and
heterogeneous adatom-substrate surface structures have
been reported [9], while those with high miscibility and
more complex and complicated surface structures may
arise, forming anywhere between sandwichlike multilayers
and heavily reconstructed pseudomorphic surface-alloy
structures [9,10].

In this regard, Sn/Cu(001)—a bimetallic alloy system
with a high miscibility—shows a rather rich (and complex)
surface phase space in terms of both atomic and electronic
structures, where their surface chemistry can be exploited
for specific applications. For instance, the addition of Sn to
the Cu surface was found to be crucial in the self-formation
of two-dimensional supramolecular nanostructures [3].
Here, the introduction of Sn to Cu(001) plays a key role
in the inhibition of the (unwanted) deprotonation reaction
on this surface. This Sn/Cu system was also recently
proposed as a promising selective catalyst for the electro-
reduction of CO, where the pristine metals (i.e., Cu and Sn)
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fail to reduce CO, selectively [11,12]. The surface-
modified Sn/Cu nanocatalyst shows superior selectivity
and activity, as well as high durability—behaving rather
similarly to that of some noble-metal catalysts [11]. It was
further suggested that the performance of this Sn/Cu
nanocatalyst was sensitive to the amount of Sn deposited
on the Cu electrode surface [12].

To date, many experimental [13—17] and theoretical
[17-24] studies have been performed on this alloy system.
However, a conclusive detailed picture of this rich surface-
alloy phase diagram is still warranted. For less than a
monolayer (ML) surface coverage of Sn on Cu(001), four
different dominant surface phases have been suggested via
scanning-tunneling-microscopy (STM) and low-energy-
electron-diffraction (LEED) experiments: phases -1V
[15,16]. Namely, at approximately 0.2 ML of Sn, STM
and LEED patterns suggest a phase-I structure which
consists of an antiphase domain surface structure with a
local p(2 x2) surface periodicity coexisting with clean
Cu(001), yielding a surface matrix notation of (' !)
[14,23,25]. Increasing the surface coverage of Sn to
0.333 ML, the coexistence of Sn/Cu(001) surface struc-
tures with periodicities of p(6 x 2) and p(2 x 2) has been
identified and designated as phase II [13,15,24].

With Sn surface coverages of approximately 0.4 ML,
Sn/Cu(001) surface structures with the notation of (' %)
have been reported and are eventually reconstructed to the
p(2 x 2) structure upon annealing at higher temperatures
[26,27]. Now, as half of a monolayer of Sn adatoms is
deposited on Cu(001), LEED, STM, and surface x-ray-
diffraction analyses seem to suggest the onset of phase III,

i.e., ordered surface structures of p(3\/§ X \/E)R45° and
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p(2\/§ X 2\/§)R45° simultaneously observed at 360 K
[15,16,20,28]. This observation is sometimes followed by
the transformation of the p(2\/§ X 2\/§)R45° structure to
P(3v/2 x \/2)R45° or ¢(4 x 4) when the surface Sn cover-
age goes slightly beyond 0.5 ML [16,19-22].

Lastly, with increasing surface coverages of Sn from 0.5
ML to a full monolayer, new surface models have been
proposed and suggested as likely structural candidates
when compared to the known c¢(4 x4) LEED patterns
[22]. For example, the concurrence of phase III and a newer
phase IV (which is suggested as phase III with additional
Sn adatoms at approximately 0.63 ML of Sn) has been
reported [17,22], but its definitive surface atomic structure
and thermodynamic (meta)stability are clearly lacking.

Interestingly, the complexity of this Sn/Cu(001) surface
system grows even more as one goes beyond the full-
monolayer surface Sn coverage. Again, with STM and
LEED data collected, yet another surface structure—phase
V (which is a combination of the so-called phase D and
phase T) has been suggested [16]. Starting with a Sn
surface coverage of more than 0.625 ML, annealing the
Sn/Cu(001) surface at 410 K generates a puzzling coex-
istence of phase III, phase D (“disordered” phase), and a
periodic phase 7' [which has the surface notation (_43 i) and
where the surface Sn coverage is speculated to reach as
high as 2 ML]. Depending on the amount of Sn introduced
to the surface, phase Il may place a lesser role, while phase
T dominates at higher Sn surface coverage [16].

In this work, through a systematic first-principles study
of various chemisorbed, surface-substituted, and surface-
alloy structures, we examine previous experimentally
suggested Sn/Cu(001) phases (i.e., from phase I to phase
IV) and discuss their relative thermodynamic stability
within the ab initio thermodynamics framework as a
function of the Sn surface coverage. The surface electronic
structure of these low-energy Sn/Cu(001) surface struc-
tures is analyzed via their surface work functions and
surface dipole moments with varying surface coverages of
Sn. Our simulated STM images are then compared to
experimentally available ones.

II. METHODOLOGY

All density-functional-theory (DFT) calculations are
performed using the Vienna ab initio simulation package
code [29,30]. We employ the projector-augmented-wave
[31,32] method and the generalized-gradient approxima-
tion to the exchange-correlation functional due to Perdew,
Burke, and Ermnzerhof (PBE) [33]. The wave functions are
expanded in a plane-wave basis set with a kinetic cutoff
energy of 500 eV. The total energy differences and forces
acting on each atom are converged to within 20 meV/atom
and 0.02 eV/A, respectively.

For the Brillouin-zone integrations, Monkhorst-Pack
k-point grids of (9 x 9 x 9) and (6 x 6 x 6) are used for

bulk Cu (Fm3m) and a-Sn (Fd3m), respectively [34]. For
the surface structures, the (12 x 12 x 1) k-point grid is used
for the Cu(001) p(1 x 1) surface and, thereafter, equivalent
k-point density has been ensured for the larger surface cells
(where the details are tabulated in the Supplemental
Material [35]).

Asymmetric surface slab models containing four atomic
layers of Cu are used while fixing the bottommost two
layers to mimic bulk-atom positions and ensuring a vacuum
region of approximately 18 A. Here, adatoms of Sn atoms
on Cu(001) are adsorbed on the surface of the slab where
the common binding sites (bridge and hollow), surface or
subsurface substitution, and several surface-alloy structures
are considered for various surface monolayer coverages
of Sn. Here, we define the surface coverage of Sn (®g,) as
the ratio of the number of adsorbed Sn atoms to the number
of atoms in an ideal Cu(001) p(1 x 1) substrate layer.

The average adsorption energy of Sn adatoms on
Cu(001) as a function of its surface coverage, Eiﬁ‘, is
calculated as

Eas(ril =X (Etotal - E%ﬁb - NCuECu - NSnESn)' (1)

NSn

Here, E and EZ® represent the total energy of Sn on
Cu(001) and the clean surface of Cu(001), respectively.
Ecy, Esn, Ncy, and Ng, are then taken as the total energies
of bulk a-Sn and Cu, and the total numbers of Sn adatoms
and of excess Cu atoms, accordingly. A negative value here
will indicate a thermodynamically stable (i.e., exothermic)
adsorption structure.

Next, to compare the relative thermodynamic stability
amongst the considered Sn/Cu(001) surface systems in
this work, we proceed to calculate the change in the Gibbs
free energy of adsorption, AG*, as a function of both
chemical potential changes in Sn and Cu, using

1
AGy = A (NSnEi;‘ — NgnAug, — NCuA,“Cu)’ (2)

where A and Egg [see Eq. (1)] are the surface area of the
surface-slab model and the average adsorption energy of
Sn adatoms on Cu(001), respectively. Accordingly, Aug,
and Apc, are taken as the change of the atomic chemical
potentials of Sn and Cu with respect to the standard
reference states of bulk @-Sn and Cu, respectively. Here,
we neglect other contributing terms (e.g., vibrational or
configurational entropy) [8,36] to the calculated free energy
of adsorption. Instead, we simply use an approximation of
+0.1 eV to account for this possible uncertainty in the
determination of Auc, (see Fig. 5).

To analyze and discuss the electronic structure of the
Sn/Cu(001) systems, it is useful to define some quantities
which we calculate and use in this work. We evaluate the
surface work function (®) by taking the difference between
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the electrostatic potential, U, in the middle of the vacuum
region and the Fermi energy, ep, of the system (i.e.,
® = U —¢p) [36,37]. The surface dipole moment (uSP
in units of debye) is calculated using the Helmholtz
equation

AD ouSP
e n =)

; (3)

where A® is a change in the surface work function [taken
with respect to the clean Cu(001) surface], o is the surface
atom density (©/A, where A is the unit surface area), and &,
is the vacuum permittivity. Here, we derive 5P [in debye
(D)] as a function of Sn coverage (Qg,),

o AAD
127{®Sn ’

4)

where A is taken to be the unit area of a p(1 x 1) surface
unit of Cu(001), By, is the surface monolayer coverage of
Sn on Cu(001) [36,38]. Details of the derivation of Eq. (4)
are provided in the Supplemental Material [35].

To examine the nature of bonding between the Sn
adlayers on Cu(001), we calculate the difference electron
density (Ap), where

Ap = PSn/Cu ~ PCu ~ Psn- (5)

Here, ps,/cy 1s the total electron density of the Sn on a
Cu(001) system from which the electron density of both
clean Cu(001), pc,, and that of the isolated Sn adlayer, pg;,,
are subtracted, while we restrict their respective atomic
positions to those of the corresponding geometry-relaxed
system. We also further compare the planar-averaged
difference electron densities [Ap,..(z), projected in one
dimension along the z axis] to rationalize the trends for both
A(I)(@)Sn) and ﬂSD(GSn)'

In addition, we employ the Tersoff-Hamann approach
[39], as implemented in the HIVE code [40], to simulate
and visualize the STM images of Sn on Cu(001). Here, to
mimic the applied bias voltage in experiments, we perform
the integration of the local density of states to obtain the
partial charge densities, within an energy window of 0.5 eV
below the Fermi level to the Fermi level, while keeping a
constant height of 2.5 A above the surface.

III. RESULTS AND DISCUSSION

A. Bulk Cu, @-Sn, -Sn, and Sn,Cu, alloys

The calculated bulk properties of bulk Cu, a-Sn, and
/-Sn are close to the previously reported theoretical and
experimental values. For bulk Cu, our calculated lattice
constant, ay, is 3.64 A, agreeing well with the established
theoretical and experimental values of 3.64 and 3.61 A,
respectively [41-43].

For bulk Sn, the various allotropic phases of Sn are
considered, and we fit our calculated PBE energy-volume

curves to the third-order Birch-Murnaghan equation of state
(Fig. S2 of the Supplemental Material [35]). For the most
stable a-Sn, the calculated a, value is 6.65 A, while the
next most stable $-Sn, ay, is found to be 5.99 A withac /a
ratio of 0.53. These calculated values for both a@-Sn and
/-Sn agree well with the available experimental findings,
namely, as, = 6.49 A for a-Sn [44], and 5.83 A and 0.55
for ay and the c¢/a ratio of f-Sn [45], respectively. The
reported theoretical values for a; for @-Sn and f-Sn are
6.65 and 5.97 A, respectively, with the ¢/a ratio of #-Sn
being 0.53 [46] (See Table S1 of the Supplemental Material
[35] and Refs. [44,45,47-52]).

In addition, the lattice parameters of various Sn,Cu,
alloys are considered and optimized. Their relative thermo-
dynamic stability, with the hexagonal SnCu (4-SnCu) being
the most stable phase at 50:50 composition, is reported in
Fig. S1 of the Supplemental Material [35].

B. Surface structures of Sn/Cu(001)

The adsorption of Sn on Cu(001) is known to result in a
variety of surface structures, ranging from simple chemi-
sorption phases to complex surface alloys, as reported in
previous literature [13-17,21,22,24]. Using surface char-
acterization techniques like LEED and STM, and also
from earlier DFT studies, various authors have proposed
Sn/Cu(001) surface structures that may be broadly clas-
sified into three main categories: simple chemisorption
[Fig. 1(a)], surface substitution [Fig. 1(b)], and surface
alloys [Fig. 1(c)].

1. Chemisorption and surface substitution

As shown in Fig. 1(a), we consider the fourfold hollow
(H) and twofold bridge (B) sites at various surface cover-
ages of Sn on Cu(001) ranging from 0.125 to 1.0 ML. The
on-top site is not found to be favorable. For the family of
surface-substituted (§) structures, we generate 13 S models
at various surface coverages of Sn, as depicted in Fig. 2. As
inspired by some structures reported in previous literature
[13,14,16,17,19,21,24], selected surface Cu atoms are
replaced by Sn atoms, yielding surface coverages of Sn
from 0.125 to 0.6 ML.

More specifically, an antiphase domain structure—phase
I [14,23,27] with a local p(2 x 2) surface periodicity—is
identified. Here, to model this phase I, we construct a fairly
large surface structure, with a matrix notation of (' ;) and
a total of almost 400 atoms in this model [Fig. 2(b)]. We
also consider other possible local p(2 x 2) surface periodic
models such as those shown in Figs. 2(d) (with @g, = 0.25
ML) and 2(1) (with ®g, = 0.5 ML).

Another commonly reported phase, phase II [16] is
modeled using a p(6 x2) surface cell. However, it is
known that phase II may coexist with the p(2 x 2) phase
[15] or the (7*2) structure (with ®g, =0.375 ML)

04
[15,17,27], as shown in Fig. 2(g). In Fig. 2(j), another
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(b)

FIG. 1. Top and side views of the atomic surface structures of
Sn/Cu(001) systems. (a) Simple chemisorption of Sn adatoms at
the bridge (labeled B, shown in darker orange) and the hollow
(labeled H, shown in lighter orange) sites on the Cu(001) surface.
(b) Surface-substituted Sn adatoms (shown in blue) in the
outermost Cu layer. This group of surface structures is labeled
S in the text. (c) Complex surface-alloy formation via a mixture or
combination of additional Sn adatoms or adlayers (shown in
orange) and surface-substituted Sn atoms (shown in blue) on top
of the Cu(001) surface, and they are denoted as SA surface
structures in the text. The Cu(001) surface atoms are shaded from
black to white, with the innermost bulklike atoms in black.

frequently observed Sn/Cu(001) surface phase (phase III)
[13,16,17,19,21] is constructed with a surface supercell

p(3v/2 x \/2)R45°. For comparison, we also generate a

smaller p(1v/2 x v/2)R45° supercell [in Fig. 2(k)] where the
missing-row reconstruction in phase III is lifted.

2. Surface alloys

A total of 14 Sn/Cu surface alloys (SAs) are considered
in this work and these SA surface models yield Sn surface
coverages ranging from 0.333 to 1.0 ML (See Fig. 3). Many
of these SA surface models have been derived from
reported experiments and earlier theoretical studies
[17,22,24]. A newer phase V has been suggested, but a
severe lack of atomic details hinders the overall compre-
hension of this alloy system.

Namely, a higher-surface-coverage (i.e., 0.6 ML)
Sn/Cu(001) phase—phase IV [16,22]—has been suggested
and is represented by a surface supercell ¢(4 x 4) in this
work. As guided by STM and LEED simulation data [16,22],
various possible configurations for this phase are constructed
and depicted in Figs. 3(b)-3(g), 3(j)-3(1), and 3(n). We note
that phase IV has been reported to coexist with phase III.

C. Surface energetics and thermodynamics
of Sn/Cu(001)

1. Adsorption energetics

Using Eq. (1), we calculate the average adsorption
energy, ES(‘I‘, of Sn adatoms on Cu(001) as a function
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FIG. 2. The S family of surface-substituted Sn/Cu(001) sur-
face structures [see Fig. 1(b) for the atom color scheme]. Here,
both the top and side views of the optimized atomic surface
structures are shown, with the corresponding ®g, value listed
below each structure. Specifically, for the following S surface
structures, we adapt their surface geometries from previous
literature: (b) from Refs. [13,14], (d) from Refs. [14,23], () from
Ref. [17], (f) from Refs. [17,24], (g) from Ref. [27], (i) from
Ref. [17], and (j) from Refs. [13,16,17,19,21]. All other surface
structures are newly constructed for comparison and discussion in
the main text.

of its surface coverage, ®g,, presented in Fig. 4. Here,
Egg is computed with respect to the total energy of bulk
a-Sn, and their numerical values (—0.93 to 0.90 eV)
are tabulated in Tables S2-S4 of the Supplemental
Material [35].
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FIG. 3. The SA family of surface-substituted Sn/Cu(001)

surface structures [see Fig. 1(c) for the atom color scheme].
Here, both the top and side views of the optimized atomic surface
structures are shown, with the corresponding g, value listed
below each structure. Specifically, for the following SA surface
structures, we adapt their surface geometries from previous
literature: (a) from Refs. [17,24], and (b)—(g) and (j)—(n) from
Ref. [22]. All other surface structures are newly constructed for
comparison and discussion in the main text.

However, if one were to compute ES? with respect to the
atomic state of Sn (note that the cohesive energy of bulk
a-Sn is calculated to be —3.18 eV), the calculated values
for ESY now span over a range of —4.11 to —2.29 eV. These
values will ease our discussion when comparing the
adsorption energies reported for other bimetallic adsorb-
ate-substrate systems: from -3.8 to -2.7eV for
Co/Cu(001) [53], —4.1 to —2.9 eV for Sb/Cu(001)

)
-0 @) ) © .
1 1 1

1 1
000 025 050 0.75 1.00

)
=t

QX
) Al

Bl Bl

FIG. 4. Calculated average adsorption energy, ES, of Sn
adatoms on Cu(001) as a function of its surface coverage,
Os,, with respect to the energy of bulk a-Sn [see Eq. (1)].
The average adsorption-energy values for Sn chemisorbed at
the bridge (B) and hollow (H) sites are shown as gray and black
open circles, respectively, while those for the S and SA structures
are shown as blue and red open circles. For those structures
with the most negative Efc‘l‘ values, they are represented by the
corresponding filled (blue or red) circle and connected by solid
lines to aid viewing. Atomic details of these low-energy surface
structures are also shown as inserts (a)—(g), respectively (see
Fig. 1 for the atom color scheme).

[54], —4.7 to =3.7 eV for Sn/Ni(001) [55], and —4.5 to
—3.4 eV for Sn/Au(111) [56].

Comparing the surface structures within the p(6 x 2)
family, i.e., for § and SA structures with Og, = 0.333 and
0.416 ML [see Figs. 2(e), 2(f), 2(i), and 3(a)], we find that
the SA Sn/Cu(001) surface structure with a less coordi-
nated Sn atom [Fig. 3(a)] has a less exothermic adsorption
energy (—0.562 eV). This value is in contrast to former
S surface structures [shown in Figs. 2(e), 2(f), and 2(i)]
where a more favorable adsorption energy is obtained (i.e.,
—0.778, —0.793, and —0.778 eV, respectively).

Upon increasing Og, to 0.5 ML, we observe a more
negative adsorption energy amongst the chemisorption
phases (both B and H) at this surface coverage. Also, at
Bg, = 0.5 ML, the missing-row reconstruction for the §
structure is deemed the most stable [p(3\/§ X \/Z)R45°
with ESS = —0.764 eV; see Figs. 2(j) and 4(d)] when
compared to the one without [p(\/§ X \/§)R45° with
EE‘(‘; = —0.621 eV; see Fig. 2(k)]. In the former, surface
relaxation is encouraged so as to accommodate the larger-
sized Sn adatoms and displacing the Sn adatoms near the
missing row to a smaller Sn-Sn distance (from 3.636 to
3.124 A). This adsorbate-induced reconstruction involves
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the neighboring Cu atoms, and a strong electronic coupling
is found via the difference-electron-density plots (which are
addressed below; see Fig. 8).

When 0.5 < Bg, < 1.0 ML, we find a general repulsive
adsorption behavior for most Sn/Cu(001) surface struc-
tures. This behavior is especially obvious when one
inspects the adsorption values for the chemisorption H
and B series. Taking the full monolayer coverage (i.e.,
0s, = 1.0 ML) as an extreme example where the value of
Ei’f; becomes positive, the Sn-Sn distance is measured to be
2.57 A, which is shorter than that normally found in bulk
Sn (3.10 A in £-Sn and 2.88 A in a-Sn). On the flip side, in
the case where the substrate has a larger lattice constant
than Cu, this Sn-Sn repulsive behavior is not found. For
instance, in the Sn/Au(111) system [56], this Sn-Sn
repulsion is reported to be greatly minimized on
Au(111) at higher surface coverages of Sn.

Besides taking the size and distance of Sn into account,
we also find a strong correlation between the number of
neighboring atoms (i.e., the effective coordination number)
of Sn and its adsorption strength. This correlation is more
apparent for the S and SA family of surface structures
where the substituted Sn atom with the highest effective
coordination number (a maximum of eight neighbors)
shows the most exothermic ES. This dependence has also
been observed for other bimetallic adsorbate-substrate
systems [53,56], where the effective coordination number
of the substituted adsorbate is known to influence its
bonding strength significantly. This correlation has been
rationalized by the up-shifting and broadening of the
adatom’s electronic bands, favoring a strong substitu-
tional-adsorption process.

For example, in the case of Co/Cu(001), the valence 3d
bands of the substituted Co are reported to be more broad
and shifted towards the Fermi level, relating to a stronger
bonding at the substitutional geometry [53]. For specific
cases where the difference in electronegativity between
the adsorbate and the substrate is very high [e.g., in the
O/Cu(001) [37] and N/Cu(001) systems [57]], a more
drastic shift may be expected.

Collectively, from Fig. 4, we clearly show that simple
chemisorption phases (both H and B, indicated by
black and gray markers, respectively) are less favorable
than the S and SA Sn/Cu surface structures (which are
denoted by blue and red markers, respectively). This
finding corroborates well with the experimental findings
that Sn-substituted structures are preferred to on-surface
chemisorption on Cu surfaces [53,54,58-61]. Referring
to Fig. 4, we aid the discussion of the preferred
adsorption structures by considering those structures with
the lowest ES? connected with solid blue or red lines, and
we proceed to examine their relative thermodynamic
stability as a function of the constituent atomic chemical
potentials.

~
=
~

Apicu (V)
AG,q (meV/A?)

|
=)
(=]

T T T T =
-1.2-09 -06 -03 00

Apisa (eV) Ehen (5)

FIG. 5. (a) Calculated Gibbs free energy of Sn adsorption on
Cu(001), AG,q, as a function of the change in both the Sn and
Cu chemical potentials (i.e., Ay; = p; — p'*, where i represents
Sn or Cu and their elemental bulk energies are taken as the
reference states). Considering possible uncertainty (e.g., from
temperature or entropic effects) in the theoretically well-defined
(but appropriate) reference states for both Sn and Cu, the
dependence of AG,4 outside these reference limits is also plotted
(and made hazy). Specifically, for Apc,, an uncertainty of
approximately £0.1 eV is assumed. (b) AG,y with varying Sn
chemical potentials, Aug, (taking Apc, = 0 eV). For both plots,
regions of stability are color coded, with the corresponding
surface structure (the top view) illustrated nearby: Olive, green,
lime, blue, and red lines (or planes) represent ¢(4 x 4)-0.125 ML
[see Fig. 2(a)], (3)-0.2 ML [see Fig. 2(c)], p(2 x 2)-0.25 ML
[see Fig. 2(d)], p(3v/2 x v/2)R45°-0.5 ML [see Fig. 2(j)], and
¢(4 x 4)-0.625 ML [see Fig. 3(c)], respectively. Other metastable
structures are color coded in (b): Black, orange, and brown lines
represent (' 1)-0.162 ML [see Fig. 2(b)], p(6 x 2)-0.333 ML
[see Fig. 2()], and (,7)-0.375 ML [see Fig. 2(g)], respectively.
The bulk 4#-SnCu alloy formation is then depicted by the dark-
brown shaded regions.

2. Thermodynamic surface phase diagram

Using Eq. (2) with the ab initio atomistic thermody-
namics framework [8,38,62-64], we calculate the Gibbs
free energy of adsorption of Sn on Cu(001), AG,q4, as a
function of the change in both the Sn and Cu chemical
potentials (Aug, and Apc,, respectively). We define this
change in the atomic chemical potential with respect to
the ground-state bulk metal, i.e., bulk Cu and bulk @-Sn,
accordingly. The result is presented in Fig. 5, where
vibrational and configurational entropy terms are first
neglected.

To account for possible uncertainty (e.g., from temper-
ature or entropic effects, etc.) in the theoretically well-
defined (but appropriate) reference bulk states for both Sn
and Cu, the dependence of AG,y outside these reference
limits is also considered. Specifically, for Ayuc,, an uncer-
tainty of approximately 0.1 eV is assumed [as indicated
by the hazy region in Fig. 5(a)]. We find that the overall
conclusions drawn in this work are not greatly affected
by the uncertainty in the reference limits. For instance,
if Auc, happens to take a slightly positive value, the
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predicted phases ¢(4 x 4)-0.125 ML (shown in olive) and
c(4 x 4)-0.625 ML (shown in red) will occupy only a
slightly larger area in the stability phase space.

Thus, we focus our discussion on the overall surface
thermodynamics of Sn/Cu(001) where Auc, is taken to be
an absolute 0 eV [Fig. 5(b)]. For very low values of Aug,,
the clean Cu(001) surface is the most stable. With increas-
ing Sn content on the Cu(001) surface, we find that the
(4 x 4)-0.125 ML and (?})-0.2 ML surface structures are
marginally stable, before the onset of p(2 x 2)-0.25 ML
with a slightly wider energy window of stability. Next, the
p(3\/§ X \/E)R45°-O.5 ML surface structure dominates for
much higher values of Aug,, followed by c(4 x 4)-0.625
ML before the formation of bulk #-SnCu commences.

Within the accuracy of our calculations, we deem
structures predicted at lower values of Aug, to be almost
degenerate (i.e., showing minimal energy differences).
This argument may also extend to the DFT-predicted
metastable structures: ('’ })-0.162 ML [the black line in
Fig. 5(b)] and p(6 x2)-0.333 ML [the orange line in
Fig. 5(b)]. As discussed in our previous study of metastable
O/Cu(111) surfaces [64], coexistence of almost degenerate
(meta)stable structures may well be possible for the
Sn/Cu(001) system, supporting the observation of phase
I [with a local p(2 x 2) surface periodicity] [14,23,27] and
phase II [16].

For higher values of Aug,, the predicted stable surface
structure is p(3v/2 x v/2)R45°-0.5 ML, agreeing well with
the experimental observation of phase III [17,22]. We argue
that if the formation of bulk 4#-SnCu alloy is kinetically
hindered in experiments, the energy window of stability for
the experimentally suggested phase IV [16,22], ¢(4 x 4)-
0.625 ML may be enlarged. To date, the formation of the
bulk-alloy phase on Sn/Cu(001) has not been reported in
experiments.

D. Surface electronic structure of Sn/Cu(001)
1. Work functions and surface dipole moments

Now, turning to the electronic structure of these
Sn/Cu(001) surface structures, we first examine the
calculated surface work functions and surface dipole
moments with varying Og,’s [using Eq. (4)], as shown
in Fig. 6 and listed in Tables S2-S4 in the Supplemental
Material [35]. With increasing values of Og, up to 1.0 ML,
the surface work function of Sn/Cu(001) generally show a
decreasing trend when compared to that of pristine
Cu(001). The work function of the pristine Cu(001) surface
is calculated to be 4.48 eV, and the largest change in the
work function (0.78 eV) is observed for the 1-ML surface
coverage of Sn at the H site. Here, the change in the
magnitude of the surface work function is considerably
less than in the cases of alkali-metal adsorption [65],
but of similar magnitude for other transition-metal
adsorbates [53].

(a) T T T T I— (b) T T T T T
47 Y B N |
_.Cu(00T)
44r . -0.1} e
~ —
oanf {1 8 -02t .
ey o o
B 6 le) mi B
38 —O—H 4 -03F —O—H
o S o S
55 O SA i -04t O SA A

1 1 1 1 1
0.00 0.25 0.50 0.75 1.00
Osn (ML)

1 L 1 1 1
0.00 0.25 0.50 0.75 1.00
Os, (ML)

FIG. 6. Calculated (a) work function, ®, and (b) surface
dipole moment, P [in debye (D); see Eq. (4)], as a function of
the surface coverage of Sn, ®g,. The work function of the
pristine Cu(001) surface is calculated to be 4.48 eV, and it is
indicated by the dotted-dashed line in (a). Values for Sn
chemisorbed at the bridge (B) and hollow (H) sites are shown
as gray and black open circles, respectively, while those for the
S and SA structures are shown as blue and red open circles.
Filled (blue and red) circles connected by solid lines represent
the most energetically stable S and SA structures, and they
serve as a guide for the eye.

More specifically, in comparison to the trends seen
for the B and H chemisorption phases of Sn/Cu(001) in
this work, a rather similar inverted-parabola behavior is
reported for Co/Cu(001) (up to 0.5 ML). Beyond half a
monolayer, we find a monotonic decrease in the work
function for Sn/Cu(001), while the opposite is found
for the Co/Cu(001) system [53]. This observation
seems to correlate well with our calculated ESY value
(in Fig. 4), as rationalized via the highly compressed Sn
adatoms in the lateral direction for very high surface
coverages.

With this correlation noted, it has been further indicated
that a reduction in the surface dipole moment for a highly
compressed metal adlayer could be a natural consequence
of lowering the repulsive interaction between the metal
adatoms [53]. From our study [see Fig. 6(b)], we find that
the Helmholtz relation (i.e., 5P  A®/®) between the
change in the surface work function and the calculated
surface dipole moment for the Sn/Cu(001) system is
obeyed. The observed decrease in the surface work function
with increasing ®g, can be explained in terms of the
formation of a small inward-pointing surface dipole
moment (i.e., <0.3 D in magnitude, noting that the
difference in electronegativity between Sn and Cu is very
marginal). The highly compressed Sn adlayer in the
chemisorption phases at higher surface Sn coverages then
encounters a competition between surface depolarization
and surface stress or tension due to very short Sn-Sn bond
distances. Unlike the chemisorption phases, the S and SA
family of Sn/Cu(001) structures benefit from large surface
relaxations and reconstructions to relieve the compression,
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TABLE I. List of the averaged adsorption energy of Sn, Ei’i’ [see Eq. (1)]; work function, ®; and surface dipole
moment, ;5P [see Eq. (4)], for various low-energy Sn/Cu(001) surface structures at the corresponding Sn surface
coverage, Og,. The work function of pristine Cu(001) is calculated to be 4.48 eV.

Surface structure O, (ML) ES? (eV/Sn atom) D (eV) uSP (D)
Fig. 2(a) c(4x4) 0.125 —-0.925 4.49 0.02
Fig. 2(c) (% ;) 0.2 —-0.901 4.46 -0.01
Fig. 2(d) p(2x2) 0.25 —0.887 4.42 -0.04
Fig. 2(f) p(6x2) 0.333 —-0.793 4.32 —-0.08
Fig. 2(j) p(3v/2 x V2 R4S 0.5 ~0.764 426 ~0.07
Fig. 3(c) c(4x4) 0.625 —-0.636 4.09 -0.11

as reflected in the moderate variations in the surface dipole
moments with Og,. The corresponding values of ES, @,
and 5P for the low-energy Sn/Cu(001) surface structures
are tabulated in Table .

2. Electron density differences

The surface dipole moment of adsorbate or adlayer
moment is a direct consequence of the redistribution of
surface electron density upon adsorption [36]. To gain
further insight into the surface electronic structure of
Sn/Cu(001), we examine the difference-electron-density
plots, Ap [see Eq. (5)], for some low-energy surface
structures, as shown in Fig. 7. The corresponding pla-
nar-averaged Ap,..(z) as projected along the z axis is also
depicted.

Here, we choose to compare the electron density
reorganization for the low-energy surface structures with
the smallest work function change, i.e., ¢(4 x 4)-0.125 ML
[Fig. 7(a)] and p(2 x 2)-0.25 ML [Fig. 7(b)], versus those

with the largest (albeit still small in terms of the magnitude)

change in work function: p(3\/§ X \/Q)R45°—0.5 ML
[Fig. 7(c)] and c(4 x 4)-0.625 ML [Fig. 7(d)].

From Fig. 7, at first glance, we measure a relatively
larger change in the electron density redistributions for
structures with a higher work function change than those
with a smaller variation. As discussed above, this redis-
tribution lends support to the close correlation between the
work-function changes and a small negative surface dipole
moment induced by the electron density redistribution
between the Sn and Cu atoms, as inferred from the
integration
of the Ap,.(z) graphs. Both ¢(4 x4)-0.125 ML and
p(2x2)-0.25 ML (with A® =0.01 and -0.01 eV,
respectively) show an almost negligible electron accumu-
lation towards the Sn atoms, while p(3v/2 x v/2)R45°-0.5
ML and c¢(4 x4)-0.625 ML (with A® = —-0.22 and
—0.62 eV, respectively) display a much larger electron
depletion in the outermost Sn atoms. The examination of

o9
@ [ b [ oo ? © '
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20+ 20+ ° 20+ -
15 15+ - 15 . 15F
= = = =
< jof < 10} - < 10} - < 1o <>
—
<> = %o ¢ <> ‘
sk sk o {0 o 5 sk
® o
o o
0 1 1 1 O 1
2xi0” 02 2x10° 0 2 2x10° 0 2 2x10° 02
Apave(2) (e/bohr?) Apave(2) (e/bohr?) Apave(2) (e/bohr?) Apave(2) (e/bohr?)
FIG. 7. Difference-electron-density plot [Ap; see Eq. (5), right-hand side] and the planar-averaged Ap,,.(z) value as projected along

the z axis (left) for (a) c(4 x 4)-0.125 ML [see. Fig. 2(a)], (b) p(2 x 2)-0.25 ML [see Fig. 2(d)], (c) p(3v/2 x V/2)R45°-0.5 ML [see
Fig. 2(j)], and (d) ¢(4 x 4)-0.625 ML [see Fig. 2(d)]. Here, the atom coloring scheme follows Fig. 1. The isosurface level used is
+0.001 e/bohr?, and the accumulation and the depletion of electron densities are indicated by the yellow and light-blue regions,

respectively.
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FIG. 8. DFT-derived simulated Tersoff-Hamann STM images
(with the corresponding top view of the atomic structures) of
(1) c(4x4)-0.125 ML [see Fig. 2(a)], (b) ('’ })-0.162 ML
[phase I, see Fig. 2(b)], (c) (% ;)—0.2 ML [see Fig. 2(c)],
(d) p(2x2)-0.25 ML [see Fig. 2(d)], (e) p(6 x2)-0.333 ML
[Fig. 2(f)], ) ( ) 0.375 ML [phase II; see Fig. 2(g)],
(2) p(3v/2 x V/2)R45° — 0.5 ML [phase III; see Fig. 2(j)], and
(h) c(4 x 4)-0.625 ML [phase IV; see Fig. 3(c)]. Here, the atom
coloring scheme follows Fig. 1. For each Sn/Cu(001) surface
structure, the surface unit cell is shown as lime-green lines. A
more detailed comparison with the experimental STM images can
be found in Fig. S3 of the Supplemental Material [35].

the difference-electron-density plots corroborates well
with our calculated surface work-function and dipole-
moment trend studies.

3. Scanning tunneling microscopy

To reconcile our first-principles-calculated atomic-
and electronic-structure results with previous experiments

(namely, STM measurements [15,17,22,27]), we calculate
and generate the DFT-derived simulated Tersoff-Hamann
STM images for the occupied states by integrating the
local density of states from 0.5 eV below the Fermi energy
to the Fermi level. Within the constant-mode approach (of
approximately 2.5 A above the surface), we present the
simulated STM images for the c(4 x4)-0.125 ML,
("0 1)-0.162 ML (phase 1), (3))-0.2 ML, p(2 x 2)-0.25
ML, p(6 x2)-0.333 ML, (5 4) -0.375 ML (phase II),
p(3v2 x V/2)R45°-0.5 ML (phase III), and c(4 x 4)-
0.625 ML (phase 1V) in Fig. 8.

Overall, the simulated STM images of our DFT pre-
dicted stable and metastable Sn/Cu(001) values agree very
well with previous experimental STM reports (with the
detailed STM comparison between experiments and our
theoretical results shown in Fig. S3 of the Supplemental
Material [35]). The bright spots are identified as the
outermost Sn atoms [the blue Sn atoms in Figs. 8(a)-8(g)
and the orange Sn atoms in Fig. 8(h)], while the strong
contrast in the dark regions reflects the substrate Cu atoms or
surface vacancies. We rationalize this finding by referring to
the projected density of states of, e.g., ¢(4 x 4)-0.125 ML,
as shown in Fig. S4 of the Supplemental Material [35],
where the dominance of occupied 5 p states of Sn below the
Fermi level is demonstrated.

IV. CONCLUSION

In this work, we examine the rich variety of Sn/Cu(001)
surface structures and have calculated the surface ener-
getics and thermodynamics of this system as a function of
the surface coverage of Sn, identifying the low-energy
structures for phases I-1V, as speculated from experimental
STM measurements. Our results indeed show that, at low
Sn surface coverages (or lower chemical potentials of Sn),
many energetically competitive surface structures are
identified. They contain local p(2 x 2) surface motifs in
phase T and the p(6 x 2) motif in phase II, as correctly
suggested by experimental STM images. Moving to higher
Sn surface coverages, the dominant surface structure is

p(3v/2 x v/2)R45° and is assigned to phase III, while the
c(4 x 4) structure is designated as phase IV.

The surface electronic structure is analyzed via the
computed surface work functions and dipole moments with
varying Sn surface coverage. In comparison to other
bimetallic adsorbate-substrate systems like Co/Cu(001),
we find a complex mechanism of electron transfer between
the Sn adlayers and Cu(001) where, especially at higher
surface coverages of Sn, repulsive lateral interactions
between the highly compressed Sn adatoms in the chemi-
sorption phases invert the trends. Surface alloys and surface-
substitution Sn/Cu(001) structures relieve this compressive
interaction via strong surface relaxations and reconstruc-
tions. To reconcile our DFT-identified Sn/Cu(001) struc-
tures with the various experimentally observed phases -1V,
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our DFT-derived simulated Tersoff-Hamann STM images of
these low-energy structures concur very well with exper-
imental STM measurements.

With a better understanding of the complex surface
phase diagram of Sn/Cu(001), we now have a more
complete picture of possible Sn/Cu surface structures
for different Sn compositions. This provides a good basis
for future studies in surface-sensitive applications (e.g., in
selective CO, reduction and surface self-assembly mech-
anisms), where the surface electronic structure of this alloy
system will come in handy.
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