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T
ernary tungsten oxides, such as metal
tungstates (with general formula
MWO4), are a class of functional ma-

terials with fascinating properties at the
cutting edge of fundamental science as well
as with a high potential for a diverse set of
applications in optics, optoelectronics, low-
dimensional magnetism, photochemistry,
and photocatalysis.1�13 For example, Cu
tungstate (CuWO4), the title compound of
this work, displays low-dimensional antifer-
romagnetic behavior,6 is commonly used as
chemical sensor and scintillating material,
and has been advocated as a promising
photoanode for photoelectrocatalytic water
oxidation due to its band gap of 2.25 eV and
excellent visible-light harvesting capabi-
lity.8,12 However, for high level applications,
in view of shrinking dimensions in nano-
technology, thin film processing with nano-
scale control of the active materials going
beyond traditional fabrication techniques
such as reactive magnetron sputtering and
electrochemical deposition1,8,9 becomes
necessary, as well as a deeper understanding

and characterization of materials properties.
To address these issues, here we report the
fabrication of a two-dimensional (2-D) Cu
tungstate surface oxide with atomic control
using the novel approach of a 2-D solid state
chemical reaction, and its structural and spec-
troscopic complete characterization. The
thereby created model system is a suitable
platform for a detailed fundamental micro-
scopic understanding of the structure�
property relationship in complex low-dimen-
sional oxide systems via a close coupling of
experimental behavior and first-principles
theoretical modeling,14 and it is further
shown to exhibit peculiar structural and elec-
tronic properties which make it appealing for
photo- and electrocatalytic applications. The
method is illustrated for a 2-D CuWO4 mono-
layer supportedonCu(110), but the approach
is general and widely applicable to low-D
transition metal tungstate systems.15

RESULTS AND DISCUSSION

Figure 1 shows a schematic of the prepara-
tion procedure. A single crystalline Cu(110)
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ABSTRACT Metal tungstates (with general formula MWO4) are functional materials with a

high potential for a diverse set of applications ranging from low-dimensional magnetism to

chemical sensing and photoelectrocatalytic water oxidation. For high level applications,

nanoscale control of film growth is necessary, as well as a deeper understanding and

characterization of materials properties at reduced dimensionality. We succeeded in

fabricating and characterizing a two-dimensional (2-D) copper tungstate (CuWO4). For the

first time, the atomic structure of an ultrathin ternary oxide is fully unveiled. It corresponds to a CuWO4 monolayer arranged in three sublayers with

stacking O�W�O/Cu from the interface. The resulting bidimensional structure forms a robust framework with localized regions of anisotropic flexibility.

Electronically it displays a reduced band gap and increased density of states close to the Fermi level with respect to the bulk compound. These unique

features open a way for new applications in the field of photo- and electrocatalysis, while the proposed synthesis method represents a radically new and

general approach toward the fabrication of 2-D ternary oxides.
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surface oxide, prepared in situ under ultrahigh vacuum
conditions and displaying a well-characterized (2 � 1)
surface reconstruction16 (Figure 1, left), is covered with
a monolayer of (WO3)3 cluster molecules deposited
from the gas phase in a monodisperse cluster beam.17

At low temperature (<100 K), single (WO3)3 clusters
adsorb as stable entities on the Cu-(2 � 1)O surface,
displaying a slightly distorted triangular shape in
the scanning tunneling microscope (STM) image18

(Figure 1, middle). At one monolayer coverage and
by increasing the surface temperature to 600 K, a
surface chemical reaction is initiated: the (WO3)3 clus-
ters react with the Cu�O surface oxide and create a
morphologically flat, well ordered overlayer as illu-
strated in the STM images of Figure 1, right. As
discussed below, this 2-D phase corresponds to a strict
monolayer of a Cu�W�O tungstate surface phase,
with CuWO4 stoichiometry. It is noted parenthetically
that this procedure is loosely related to the traditional
fabrication process of metal tungstates in inorganic
chemistry, consisting of mixing the respective binary
oxide powders followed by high temperature solid
state chemical reaction,19 albeit it is executed here in
a low dimensional system under controlled ultrahigh
vacuum conditions with atomic precision. In the fol-
lowing, we present the structural, spectroscopic, and
theoretical characterization of this Cu�W�O tungstate
nanophase and draw a correlation between its struc-
tural features and unusual properties.
Structural characterization of the Cu�W�O/Cu(110)

layer is provided in Figures 2 and 3. Figure 2(a) shows
a low-energy electron diffraction (LEED) pattern, and
Figure 2(b) shows STM images with atomic resolution
of a surface covered with less than a full oxide mono-
layer, so that bare Cu-(2� 1)O areas are coexistent with
oxide islands (see upper left part of Figure 2(b)), thus
providing an internal calibration. The LEED pattern is

complex with sharp diffraction spots, indicative of a
well-ordered surface, and several structure elements
can be identified: the (2 � 1) unit cell of the Cu�O
substrate (white rectangle), a quasisquare unit cell of
the Cu�W�O overlayer (indicated in blue), and addi-
tional overlayer reflections running in a zigzag line
along (0,1) directions (indicated by circles along the
dotted line). These structure elements can also be
recognized in the Fast Fourier Transform (FFT) of the
STM image of Figure 2(b), shown in Figure 2(c). The
STM image in Figure 2(b) displays a complicated
pattern of atomic-size protrusions with a superim-
posed contrast modulation of weaker stripes along
the [001] direction. An STM line scan across a Cu�W�O
oxide island phase boundary to the Cu-(2� 1)O surface
in [110] direction is shown in Figure 2(d): the apparent
height of the oxide island is ∼1.1 Å. This is not the
true geometric height due to electronic effects in
STM imaging,20 but it is only compatible with a strictly
monolayer oxide phase. By combining LEED, STM and
FFT data, as discussed in detail in the Supporting
Information (SI, see Figure S1), the Cu�W�O oxide
layer is derived to possess a rhombic (“quasisquare”)
unit cell with unit cell vectors a ≈ 4.8 Å and an obtuse
angle of ∼97� in between them; the stripe contrast
modulation superimposed on the quasisquare lattice
is a Moiré-type interference effect. Though strictly
incommensurate to the Cu(110) substrate, the diago-
nal of the rhombic unit cell is very closely aligned to the
[001] surface direction, which together with a small
distortion of lattice vector lengths and angles allows
us to approximate this system by a simpler (5 � 2)
overlayer-substrate superlattice, very convenient in the
following theoretical simulations.
Further information on structural and electronic

properties of the Cu�W�O 2-D phase can be obtained
from photoelectron spectra and near-edge X-ray

Figure 1. Schematics of the preparation. A single crystalline Cu(110)-(2� 1)O surface oxide (left) is coveredwith amonolayer
of (WO3)3 cluster molecules deposited from the gas phase. At low temperature (<100 K), single (WO3)3 slightly distorted
triangular clusters are stable on the surface (middle), whereas at one monolayer coverage and by increasing the surface
temperature to T = 600 K, a morphologically flat well ordered oxide overlayer is obtained (right).
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absorption fine structure (NEXAFS) measurements.
Figure 3(a�c) displays X-ray photoelectron spectra
(XPS) of the W 4f, O 1s, and Cu 2p core levels,
respectively. In Figure 3(a), W 4f core level spectra of
a thick film of (WO3)3 clusters (∼17 monolayers), con-
densed on the Cu�O surface at 80 K, is compared to
the spectrum of the Cu�W�O monolayer. The W 4f7/2
core level emission peak of condensed (WO3)3 clusters
occurs at a binding energy of 35.9 eV, which is typical
for the 6þ oxidation state of the W atoms in the
cluster.21,22 In the Cu�W�O phase, the W 4f7/2 core
level peak is shifted to the lower binding energy of
34.5 eV, and the line shape is significantly modified.
The line shape in the tungstate phase is asymmetric
with a very narrow width: 0.26 eV at fwhm versus

1.05 eV fwhm in the (WO3)3 cluster film. Overall, the
4f core level spectra convey that the Cu�W�Ophase is
a verywell-defined new surface compound, but further
implications may be derived. The 4f line shape of the
Cu�W�O layer, in fact one of the narrowest core level
line widths measured for an oxide,23 indicates: (i) there
is only one type of W cations in the layer; i.e., all W
atoms have the same chemical surrounding and bond-
ing situation; (ii) the oxide layer is well ordered with

very few defects; (iii) there is no Franck�Condon
vibrational broadening in the photoelectron excitation
process;23 (iv) the asymmetric profile suggests metallic
screening in the photoemission final state.24 The O 1s
core level spectrum of Cu�W�O (Figure 3(b)) has an
asymmetric tail toward lower binding energy and
contains two O 1s spectral components at 529.9 and
530.6 eV binding energy,25 suggesting that two inequi-
valent oxygen species are present in the structure
(note that the O 1s binding energy of the Cu-(2 � 1)O
surface is at 529.7 eV). The Cu 2p XPS spectra
(Figure 3(c)) have been recorded in normal emission
(NE) and grazing emission (GE) geometry, increasing
the surface sensitivity and thus emphasizing surface
species in the latter geometry. The fitting of the spectral
curves requires two components, which are associated
with emission from Cu atoms in the surface region (1)
and from the bulk (2). The XPS signal of the Cu bulk
component (2) is stronger at normal emission (bottom
panel of Figure 3(c)) in accord with the respective
higher sensitivity in NE, whereas the surface compo-
nent is emphasized in grazing emission (top panel).
The latter is a clear indication that Cu atoms are
involved in the surface layer of the Cu�W�O phase.

Figure 2. Structure determination. (a) Low-energy electrondiffraction (LEED) pattern of the Cu�W�O/Cu(110) layer (electron
energy = 82 eV). Several structure elements are indicated; see text. (b) STM imageswith atomic resolution of a surface covered
with less than a full oxidemonolayer (200 Å� 200 Å; sample bias VS = 0.01 V; tunneling current IT = 0.1 nA; inset: 50 Å� 50 Å;
VS = 1 V, IT = 0.1 nA). Note the Cu-(2� 1)O substrate surface at the upper left. (c) Fast Fourier Transform (FFT) of the STM image
of panel (b); structure elements as in (a) can be recognized. (d) STM line scan across a Cu�W�O oxide island phase boundary
to the Cu-(2 � 1)O surface in [1�10] direction. (e) Top and middle panels: two views of the DFT-derived lowest-energy
structure of the CuWO4 2-Dphase corresponding to (NWO3,NCuO) = (4,4) (brown: Cu substrate, red: O, gray:W, yellow: Cu in top
surface layer). Bottom panel: ΔE1 values from eq 1 as a function of NWO3 and NCuO are displayed in form of a color plot.
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NEXAFS spectroscopy, which probes the empty elec-
tronic states and the chemical environment of the
absorbing atom via symmetry and crystal field effects,
provides a sensitive and characteristic fingerprint of
oxide phases.26 TheO K-edgeNEXAFS fingerprint of the
Cu�W�O is distinctly different from those of the W
oxide cluster film or of the Cu(2 � 1)O surface (see
Figure S3 in the SI), and this confirms that the Cu�W�O
layer is a defined new compound phase.
The complete atomistic structure of the Cu�W�O

phase is then derived from first-principles density-
functional theory (DFT) simulations (see the SI for
technical details). Assuming a (5 � 2) superlattice,
a slab periodic model of a Cu(110) surface is set up,
several Cu�W�O phases with selected CuxWyOz com-
position adsorbed on one side of the slab are consid-
ered, and for each of them the structure of the putative
global minimum at the given composition is searched
for via a DFT biased search based on high temperature
ab initio molecular dynamics followed by geometry
optimizations (see the SI for more details).27 To com-
pare formation energies of different phases, when the
stoichiometry can be expressed as a linear combina-
tion of NWO3 WO3 and NCuO CuO units, we use the
following formula:

ΔE1 ¼ Etotal � NCuOECuO � NWO3EWO3 � ECu110 (1)

where Etotal is the total energy of the given configura-
tion, ECuO is the energy needed to remove a CuO pair

from the Cu(110)-(2 � 1)O phase, EWO3 is one-third of
the energy of a (WO3)3 cluster in the gas phase, and
ECu110 is the energy of the Cu(110) slab. For a general
CuxOz(WO3)y stoichiometry, eq 1 is slightly modified as
follows:

ΔE2 ¼ Etotal � zEO(2�1) � xECu � yEWO3 � ECu110

(2)

where EO(2�1) is the energy needed to remove a CuO
pair from the Cu(110)-(2 � 1)O phase, and ECu is the
energy of a bulk Cu atom. Eqs 1 and 2 assume that the
WO3 component comes from deposited W oxide tri-
mers, and oxygen under UHV conditions is provided by
the Cu(110)-(2 � 1)O phase, while Cu can either come
from the same Cu�O phase or from the bulk of the Cu
support (ΔE values do not change qualitatively with
either choice). The results of these simulations in the
case that the Cu�W�O stoichiometry is a linear com-
bination of NWO3 WO3 and NCuO CuO units are sum-
marized at the bottom of Figure 2(e), in which ΔE1
values are reported as a function of NWO3 and NCuO.
From this figure it is apparent that ΔE1 has a clear
minimumat (NWO3,NCuO) = (4,4). That this is aminimum
also with respect to oxygen stoichiometry is demon-
strated by Figure S4 of the SI, in which ΔE2 at y = x = 4
is plotted as a function of z, and again is found to be
minimal at z = 4. The global minimum configuration
is depicted in Figure 2(e) top and middle panels
and corresponds to a monolayer of the CuWO4 ternary

Figure 3. Core level and valence band photoelectron spectroscopy. (a�c) X-ray photoelectron spectra (XPS) of theW 4f, O 1s,
andCu 2p core levels, respectively. TheCu 2p spectra in (c) havebeenmeasured at normal emission (NE) andgrazing emission
(GE) angles. (d) Experimental angle-resolved photoemission difference spectra [CuWO4 � Cu(110)] measured in the [1�10]
azimuth, corresponding to the Γh � X substrate surface Brillouin zone direction. The spectra have been recorded at 0.5�
intervals from �5.3� to þ35.2� with respect to the surface normal (photon energy hν = 30 eV). (e) Experimental angle-
integrated photoemission spectrumof CuWO4, compared to the clean Cu(110) spectrum at hν= 30 eV. (f) Projected density of
states (PDOS) onto Cu(3d), O(2p), and W(5d) atomic orbitals. In (d�f) the Fermi energy is at 0 eV.
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oxide with an atomic arrangement in three sublayers
from the surface. In this arrangement, WO4 tetrahedra
rest on the Cu(110) substrate with 2 oxygen atoms
interacting directly with Cu, while 2 oxygens on the
opposite side of the W-centered tetrahedron reach the
topmost level and are interconnected by [1�10] lines
of Cu ions. It can be noted that tungsten is tetrahedrally
coordinated as in CaWO4 bulk scheelite (a common
example of metal tungstate), while the Cu�O�W�
O/Cu stacking sequence is vaguely related to CuWO4

bulk wolframite, in which however W has octahedral
coordination.2,19 The Cu atoms in the oxide have two
oxygen atoms aligned in a 1-D line and are stabilized at
such low coordination by an electron donation from
the support, which reduces their positive charge (see
below). Such a highly symmetrical configuration, ex-
hibiting only one type of W and Cu cations and two
types of O anions, withWburied in the subsurface layer
close to the metal support and Cu and half of the
O atoms at the topmost level, is perfectly in tune and
rationalizes the experimental data discussed above. It
should be added in passing that although the global
minimum structure appears highly symmetric, a closer
inspection reveals that there is a residual mismatch
in atomic positions with respect to the underlying
Cu(110) support, and a perfect epitaxy can never be
reached, thus justifying the incommensurate character
of the phase. This combination of robustness and
geometrical frustration endows the system with a
great, yet precisely localized, structural flexibility (see
the floppy vibrational modes discussed in the next
paragraph and the existence of closely lying isomeric
structures reported in the SI), and may be a common
feature of ternary oxide-on-metal systems.
To complete comparison with experiment, we have

also calculated the XPS binding energies of the various
atoms and found 35.5( 0.1, 539.15( 0.15, 538.8( 0.2,
938.7( 0.1, and 938.1( 0.1 eV, for W 4f, O 1s top layer,
O 1s interface layer, Cu 2p top layer, and Cu 2p interface
layer core levels, respectively. Note that we use a scalar
relativistic Hamiltonian, so that the predicted value
for W should be compared with an average of 4f7/2 and
4f5/2 experimental peaks (see the SI for technical
details) and that the reported uncertainties relate to
the scattering of values on the differently located
atoms. The W XPS core level binding energy is in
quantitative agreement with experimental data in
Figure 3, while for O and Cu our theoretical approach
is less precise in absolute value but is able to correctly
predict the ordering between topmost and buried
atoms, further confirming the proposed structural
assignment.
The peculiar structure of 2-D CuWO4 presents un-

common phonon properties and features. In bulk WO3

W�O�W vibrational stretching modes give rise to
characteristic bands at 711 and 806 cm�1, whereas a
phonon peak at higher frequency (987 cm�1) only

appears after partial breaking of theW�O�Wbonding
network due to doping and corresponding formation
of WdO tungstyl groups,28 so that vibrational absorp-
tion above 950 cm�1 is usually assumed to be experi-
mental proof of the presence of tungstyls. The CuWO4

2-D phase does indeed present a strong band at
960 cm�1 in the high-resolution electron energy loss
spectrum (HREELS) (see Figure 4(a)), but contrary to
usual expectations this is explained by DFT phonon
simulations as aW�O stretching of theWO4 tetrahedra
rather than as tungstyl vibrational modes, as depicted
in Figure 4(b) (the DFT-predicted frequency is
935 cm�1 and is thehighest one in the system). Another
peculiar feature of the 2-D CuWO4 phase singled out
byDFT calculations is the presenceof vibrationalmodes
at very low frequencies (below 30 cm�1, too low to be
detected in the HREELS spectrum), the lowest of which
mostly consists of oscillations along the [001] direction
and involves one row of Cu, W, and O atoms every four
in the unit cell; see Figure 5(b). This strongly anisotropic
soft mode has visible consequences in STM images.
From Figure 2(b), it can be seen that the experimental
STM bright maxima are elongated along the [001]
direction and nearly merge into a continuous line
roughly one every four rows, which is interpreted in

Figure 4. Phonons. (a) High-resolution electron energy loss
spectrum (HREELS) of the 2-D CuWO4 system (Cu�W�O, in
red), compared to the Cu-(2 � 1)O bare substrate (in blue)
and to a thick film of (WO3)3 clusters (in green). (b) Top and
side views of the high-frequency vibrational mode at
935 cm�1 as predicted at the DFT level. The green arrows
indicate the direction of atomic displacements.
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the light of the DFT phonon analysis as due to the zero-
point motions connected with the lowest-frequency
mode. Figure 5(a) reports a close-up of an experimental
STM image at 1 V bias (right) and the corresponding
simulated image (left). We are unable to introduce the
vibrational broadening effect into our STM simulations,
which thus show only well-separated bright protru-
sions: topmost Cu atoms are predicted to be mostly
visible, although side maxima are also present due to
topmost oxygens. Considering the limitation due to
neglecting zero-point motions, we find a reasonable
comparison between experimental and simulated STM
images in Figure 5(a); see the SI for a more detailed
discussion.
A fair agreement is also found between the experi-

mentally measured and predicted values of the 2-D
CuWO4 work function, of 5.2 ( 0.1 and 5.05 eV,
respectively. Note that a similar agreement between
experiment and theory is also found for the precursor
systems: Cu(110), whose work function values are
4.6 (experiment) and 4.4 eV (prediction), respectively,
and the Cu(110)-(2 � 1)O surface oxide phase, whose
values are 5.1 and 4.7 eV, respectively. The work

function is a basic electronic quantity, important
among other things because it is connected to the
charge transfer between the Cu(110) support and the
2-D CuWO4 phase. The reasonable agreement be-
tween theory and experiment makes us confident in
amore detailed analysis of the system electron density.
A plot of the electron density difference between the
2-D CuWO4 phase and its constituting fragments, an
isolated CuWO4 monolayer and the Cu(110) support
(both geometries frozen in the interacting configura-
tion), is shown in Figure 5(c), from which it is apparent
that Cu transfers a significant amount of charge (about
2�3 electrons per unit cell from a Bader analysis, see
the SI) to the CuWO4 phase. Both Cu and W atoms
receive this charge donation, reducing their oxidation
state by ∼0.5 elementary charge unit with respect to
bulk CuWO4 (the Bader charges read∼0.7 and∼2.9 for
Cu and W, respectively), while the O atoms result
somewhat less negativewith respect to the bulk phase.
It should be noted parenthetically that the XPS core
level shifts do not simply correlate with charge state of
the corresponding atom.
To further deepen the analysis of the system elec-

tronic structure, we plot in Figure 3(f) the projected
density of states (PDOS) onto Cu(3d), O(2p), and
W(5d) atomic orbitals and compare it to experimental
angle-resolved and angle-integrated photoemission
spectra: Figure 3(d,e), respectively. Note that the angle-
resolved photoemission spectra in Figure 3(d) are
difference spectra [CuWO4 minus clean Cu(110)]; see
the SI for further details. A good agreement between
theory and experiment is again observed. The non-
dispersive peak at ∼2 eV below the Fermi energy can
be put in correspondence with the nonbonding Cu 3d
peak of the surface layer in the PDOS, while the weakly
dispersive structures at 4.5�8 eV below the Fermi
energy may be associated with oxygen 2p bonding
states, hybridized with W and Cu states. The flat band
at ∼3�4 eV is presumably related to the Cu 3d states
in the second layer at the interface; see the high DOS
feature at that energy in Figure 3(f). A band gap of
∼1.2 eV is predicted by theory, and low-energy excita-
tions correspond to promoting electrons from inter-
facial Cu atoms into W 5d and O 2p states, as well as
interfacial Cu ones, being thus different from those of
bulk CuWO4,

7 while at excitation energies of about 2 eV
O-to-W transitions should also arise. The most striking
feature of the angle-integrated photoemission spec-
trum is a significant intensity over a much broader
interval of binding energies with respect to the Cu(110)
surface: this, combinedwith the small band gap,makes
this phase promising in terms of photoelectrocatalytic
properties.8

CONCLUSION

In summary, the preparation here reported of
well-ordered 2-D ternary Cu�W oxide material via a

Figure 5. STM and charge distribution. (a) Close-up of an
experimental STM image at 1 V bias (right) and the corre-
sponding simulated image (left). (b) Top and side views of
the low-frequency (soft) vibrational mode (at <30 cm�1) as
predicted at the DFT level (green arrows indicate the direc-
tion of atomic displacements). (c) Plot of the difference in
electron density between the 2-D CuWO4 phase and its
constituting fragments (red: charge density increase, blue:
charge density depletion).
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controlled solid state reaction using a binary surface
oxide and molecular oxide clusters from the gas phase
represents an unconventional fabrication route that
exploits the atomic scale precision capabilities of ultra-
high vacuum surface science methodology, and it can
be easily generalized to a wide class of oxide materials.
The resulting stoichiometric, near-defect-free 2-D
CuWO4 oxide is an ideal model laboratory for under-
standing structure�property relationships in complex
low-dimensional oxide systems as it allows a synergistic
experimental and theoretical unprecedented level of char-
acterization. It turnsout that thepresent2-DCuWO4phase
exhibits peculiar electronic and vibrational properties,

combining a robust frameworkwith localized regions of
flexibility in structure and stoichiometry, and displaying
a reduced band gap and increased density of states
close to the Fermi level with respect to the bulk.
Although its chemical properties are yet to be explored
and will be the subject of future investigations, these
unique features enroll it with promising perspectives
into the class of novel monolayer catalysts, consisting
of a 2-D oxide material in combination with a suitable
substrate that have been shown to possess great
potential for nanocatalysis,29�31 with the additional
benefit in the present case of possible coupling with
significant optical response in the visible region.

METHODS
The experiments have been performed in several UHV sys-

tems, all with base pressures e1 � 10�10 mbar. STM measure-
ments were carried out in a low-temperature (5 K) STM system
(Createc, Germany) using electrochemically etched W tips in a
constant current mode. Vibrational surface spectra were mea-
sured with high-resolution electron energy loss spectroscopy
in a custom-designed Delta 0.5 HREELS spectrometer (SPECS,
Germany). Photoemission spectra and X-ray absorption spectra
were obtained with use of synchrotron radiation at beamline
I311 in the Swedish synchrotron radiation laboratory Maxlab
(XPS) and at the APE beamline at the Italian Sincrotrone Trieste
ELETTRA (angle- integrated and angle-resolved valence band
photoemission). All UHV systems were equipped with LEED
optics facilities, which provided the link between the surface
preparations in the different systems and ensured the same
surface phases in situ prepared being measured. The Cu(110)-
(2� 1)O surface reconstruction has been prepared by exposing
the clean Cu(110) surface to 15L (1 Langmuir (L) = 1� 10�6 Torr
sec) O2 at 600 K. The (WO3)3 cluster beam was generated
by thermal sublimation of WO3 powder at 1300 K in a thermal
evaporator; the evaporation flux was monitored by quartz
microbalance.
Density-functional calculations were performed using the

plane-wave Quantum Espresso (QE) package32 and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional.33Ab initio
molecular dynamics (AIMD) simulations were performed in a
(5� 2) rectangular cell of a Cu(110) slabwithoneCuxWyOz layer at
the top varying the (x,y,z) composition and the initial configura-
tion. A structural search for the optimal system stoichiometry is
performed as described in the SI. STM images, charge analysis, and
core�electron shifts are evaluated using the same DFT approach
and QE code. Full technical details are provided in the SI.
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