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ABSTRACT: Cuprous fluoride (CuF), unstable in bulk, can be stabilized as a two-
dimensional lattice. Controlled adsorption of fluorine on the copper surface is achieved
by defluorination of a self-assembled submonolayer of CyF,s molecules, The detached
fluorine atoms diffuse on the Cu(001) surface and form a stable (2\/ 2 X
superstructure revealed by scanning tunneling microscopy. X-ray photoelectron
spectroscopy indicates a chemisorption state of F atoms and an absence of Cu(Il)
oxidation state of surface copper atoms. Modeling with density functional theory shows
that the unit cell contains three fluorine atoms corresponding to a missing row structure.

This study proves the existence of surface cuprous fluoride.

B INTRODUCTION

Two-dimensional (2D) metal halides have attracted a great
interest for their tunable electronic, magnetic, and topological
properties.”> Copper halides are mainly stable components
with a complex structure close to zinc blend. Copper(I)
fluoride, in contrast to other cuprous halides, is recognized as
unstable and nonisolable.” Although the synthesis of CuF was
reported in 1957, this result has never been reproduced.
Nevertheless, possible existence of Cu(I) fluoride continues to
be debated, especially in the theoretical literature.”® On the
basis of theoretical calculations, CuF has been predicted to
have a Weyl semimetal band structure, which is of interest in
physics and materials technology.” However, a reliable
experimental description of the material is still absent. Indeed,
CuF readily transforms into CuF, and Cu because of the
exothermicity of its disproportionation reaction.” It has been
shown that the single Cu—F bond in a solid state can be
stabilized solely by the presence of other ligands.® However,
standing alone CuF molecules and (CuF), (n = 3, 4) clusters
have been detected in gas phase after sublimation from a hot
polycrystalline Cu surface pre-exposed by fluorine beam.” This
suggests that CuF might be stabilized in low-dimensional
crystal structures. Nevertheless, only CuF, formation has been
observed during thin-film growth on the copper surface after
fluorination even by less aggressive XeF,."" Such a complex
behavior raises the study of fluorine atom adsorption on a
copper surface as extremely challenging to establish the
existence of CuF structures in the 2D case.

Moreover, even the interaction of single fluorine atoms with
the copper surface is very poorly understood in comparison
with other halogens.'”'” The lack of detailed experimental
studies of metal surface fluorination is partially caused by
difficulties to work with reactive fluoride compounds and to
dose a low concentration of fluorine atoms on the surface. It
has been established that a thickness of thin fluoride films
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depends on a precursor molecule.”’ Therefore, the amount of
adsorbed fluorine may be controlled by a suitable choice of the
precursor. Recently, the fluorinated fullerene molecules
(CeoF1s and CgoF,q) have been proposed as precursors for F-
induced surface structures on Cu(001)."*'> When adsorbed at
room temperature in submonolayer coverage, fluorinated
fullerene molecules (FFM) form self-assembled 2D islands.
Under the thermal effect, the FFM gradually lose their fluorine
atoms on a time scale of hours until bare Cy is reached.'*'®"”
After detachment from the FFM, the fluorine atoms diffuse on
the surface region not covered by fullerenes and form F/Cu
surface superstructures. The maximum amount of adsorbed
fluorine on the surface is determined by the coverage and
composition of the FFM precursor (CyoF5 or CgoFyg). In the
case of a submonolayer coverage of CyF 3 molecules adsorbed
at room temperature on Cu(001), F initially forms c¢(2 X 2)
and (\/17 X 4/17)R14° superstructures.'* The latter
structures are metastable and further transform into a (2\/ 2
X \/ 2)R4S° lattice, which is very stable and could be observed
by scanning tunneling microscopy (STM) for a week of
continuous experiment. The atomic and electronic structure of
the stable (2\/ 2 X \/ 2)R45° lattice has not yet been
established.

Here, we use a C¢F3 molecule as the precursor and study
the F-induced (2\/ 2 X \/ 2)R45° superstructure on Cu(001)
by scanning tunneling microscopy (STM), X-ray photo-
electron spectroscopy (XPS), and first-principles calculations
based on density functional theory (DFT).
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B EXPERIMENTAL AND THEORETICAL METHODS

The STM measurements were performed in an ultrahigh
vacuum (UHV) chamber with a base pressure of 4 X 107!
mbar at room temperature. W tips were used for scanning, and
image processing was done by WSxM software.'® The XPS
experiment was carried out in an UHV chamber with a base
pressure of 1 X 107'° mbar equipped with an Omicron EA 125
hemispherical analyzer and XR705 VG Microtech X-ray source
with a dual anode. The XPS spectra were obtained with Mg Ka
excitation and referenced to the Cu 2p;,, peak of the clean
copper surface at 932.7 eV of binding energy.'” All spectra
were acquired at the acceptance angle of 60° with respect to
the surface normal. The STM images and XPS spectra were
obtained at room temperature.

The clean surface of the Cu(001) crystal was prepared by
cycles of argon ion sputtering (0.8—1.2 keV, 20 min), followed
by annealing at 900 K. The cleaning cycles were repeated until
a sharp pattern of a well-ordered p(1 X 1) structure of the
surface was observed by a low-energy electron diffraction
technique (Omicron SpectaLEED) or by STM. The CFq
molecules were evaporated from a Knudsen cell on a clean
copper surface kept at room temperature. The deposition rate
0.03—0.05 ML/min was used in the experiment. The
submonolayer coverage of fluorinated fullerene close to 0.5
ML was principally examined. The defluorination process of
FFM can continue for a week at room temperature.'*

The XPS spectra acquisition at the angle of 60° with respect
to the surface normal improves the surface sensitivity. The
inelastic electron mean free path (IMFP) of Cu 2p
photoelectrons in copper in this case is 3.5 A according to
Tanuma, Powell, and Penn algorithm TPP2M.”° Hence, the
measured Cu 2p spectrum corresponds to photoelectrons
emitted from the two topmost atomic layers of the copper
surface not covered by FFM. The Cu 2p photoelectrons
emitted from the surface region covered by FFM islands are
strongly attenuated as Cu 2p electrons with kinetic energy E, <
321 €V have an IMFP of 6 A in fullerenes, which is less than
the diameter of a fullerene molecule.

Possible atomic structures of the observed (2\/2 X

2)R45°—F superstructure on Cu(001) were studied using
DFT calculations. The projector-augmented wave code VASP
was used with the PBE—GGA exchange—correlation func-
tional. The energy cutoff was set to 400 eV. The Cu(001)
substrate was modeled with a slab of six monolayers with a
calculated fcc lattice constant of 3.634 A (i.e., a Cu—Cu bond
length of 2.57 A). The lower copper layers were frozen in their
bulk position, and the upper two were relaxed until the forces
were below 0.01 eV/A. Repeated Cu slabs were separated by
21 A of vacuum. A T'-centered 8 X 16 X 1 k-point grid was
used for the (2\/ 2 X 4/2) cell. Total energies were corrected
for the spurious dipole interaction between repeated slabs.

B RESULTS AND DISCUSSION

The STM images with a (2 \/ 2 X \/ 2)R4S° structure in about
100 h after CyF,g deposition are shown in Figure 1. The
superstructure grows between the fullerene self-assembled
islands and covers a large area (>100 nm’) of the copper
crystal, as it can be seen in Figure la. The structure starts to
appear in 48 h after fluorinated fullerene deposition at room
temperature and has been traced by STM within 1 week of
continuous experiment.'* It has two domains with stripes
along the (110) directions. The high-resolution image of the

Figure 1. (a) STM images (V3 = =22V, I, = 18 pA) of (2\/2 X

2)R45° growth (blue color contrast) near the fullerene self-
assembled island (yellow—red color contrast); (b) high-resolution
STM topography image 9.2 X 9.2 nm* of (24/2 X \/2)R45° (Vg =
—60 mV, I, = 30 pA) with traced two domain orientation. A zoomed
image with the stressed contrast of the central part is shown in the
inset at the right bottom.

(2\/ 2 X \/ 2)R45°—F superstructure with two domain
orientation is shown in Figure 1b.

The XPS spectra of C 1s and F 1s lines and their time
evolution after the deposition of the FEM on copper are shown
in Figure 2. Previously, it has been shown that the C 1s XPS
spectrum of the intact C4F;3 molecule has a two-peak
structure with peak positions at 288.7 and 285.7 eV
correspondin§ to C atoms with and without a C—F bond,
respectively.”’ In the meantime, the C 1s spectrum of bare Cg
has only one line at 284.7 eV.”' The finding that the C 1s
binding energy associated with the C atoms without a C—F
bond differs by about 1 eV between FFM and pure Cg, can be
understood as follows. When a fluorine atom is attached to the
Cg a redistribution of the molecular electron density occurs in
the fullerene cage. This results in a chemical shift of the C—C
bond to a higher binding energy, which is a function of the
number of C—F bonds.>"**

The initial C 1s spectrum in Figure 2a has a complex
structure with a high binding energy peak at 288.7 eV
corresponding to C—F bonds and C—C states in Cqy and CgF,
at a lower binding energy of 284—286 eV. The FFM is not
stable on the copper surface. Therefore, the defluorination of
molecules starts immediately after the contact with the crystal
surface. So, the initial C 1s spectrum in Figure 2a, obtained in
2 tens of minutes after deposition, eliminates the presence of
both intact C4F,3 molecules and decomposed FFM. The
intensity of the C—F bond peak in Figure 2a decreases with
time, suggesting a significant loss of fluorine by fullerene
molecules after 44 h.

The large structure corresponding to the C—C bonds in
fullerene molecules with E;, = 284—286 eV develops with time
into one dominating peak at Ey, = 284.6 eV (FWHM = 1.5 V),
approaching with time the state of the C—C bonds of bare Cq,
on the Cu(001) (Figure 2a). The second component C—C
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Figure 2. XPS spectra behavior with time (in hours) after CqF g
deposition. (a) C 1s spectra are presented as obtained; dotted lines
show a peak fitting for initial and 168 h spectra by three components.
(b) F 1s spectra are normalized and shifted for clarity. See also the
text for the peak indication.

(CgoF,) of the structure decreases with time forming a high-
energy shoulder of the dominating peak. The shape of late C 1s
spectra indicates the presence of nondecomposed molecules
on the surface. The peak fitting of the C 1s spectrum after 168
h estimates near 15% of FFEM. A similar behavior of the C 1s
spectra has been described in the case of CyyF,5 decomposition
on the Cu(001) crystal.*” By decomposing the C 1s spectra
into three peaks, the degree of defluorination of FFM as a
function of time can be estimated. The analysis method has
been successfullg used for the CgyF,5 molecule and described
in detail before.”*

The STM images of the FFM islands after a significant
fluorine loss demonstrate a superstructure with the typical self-
assembling of bare Cg4, molecules on the Cu(001) surface."*
This suggests that most of the FFM decompose to bare Cqy.
Assuming complete defluorination, we can estimate the
number of fluorine atoms adsorbed on the copper surface.
The area of the copper unit cell Sy(Cu) equals to 6.6 A*/atom.
The surface area covered by one FFM in the self-assembled
islands Sy(CgF,) equals to 105 A*/molecule in the self-

assembled islands.'* The ratio 18Sy(Cu)/Sy(CyF,) ~ 1 is the
value of the fluorine surface concentration after 1 ML of FFM
coverage and complete defluorination of the molecules. This
allows us to estimate the final concentration of fluorine atoms
on the surface for 0.5 ML of initial FFM coverage close to 0.5
in the case of a homogeneous fluorine—copper surface
interaction. However, the STM image analysis shows that
the superstructure of self-assembled fullerene islands is close to
bare Cq4 on clean Cu(001) at the late stage of the
defluorination process."* This fact can be explained either by
an absence or by a reduced concentration of fluorine atoms
under decomposed FFM islands. Hence, the detached fluorine
atoms mainly interact with the noncovered copper surface. In
the case of 0.5 ML of initial FFM coverage and preferred
fluorination of noncovered copper surface, the fluorine
concentration in the formed F-induced superstructure becomes
greater than 0.5 and lower than 1.

The F 1s spectra of fluorinated fullerene molecules in Figure
2b have a complex structure and give an additional information
on the surface fluorination process. The energy position of the
F 1s line after FFM adsorption is 687.2 eV (FWHM = 1.9 eV),
which is close to the literature data for intact CyF,s.>" This
component of the spectra is marked as a F—C (C¢F;) line in
Figure 2b, and its intensity decreases with time. The other F—
C bond component with binding energy around 685 eV
appears in the spectra during the defluorination process. This
F—C (CgF,) line is tentatively assigned to fluorine atoms of
partially decomposed molecules CgF,, where n < 18, also
interacting with copper. In a sense, this state is an interface
state of fluorine between the fullerene cage and the substrate. A
small shoulder appearance at a lower binding energy (683 V)
for the initial F 1s spectrum in Figure 2b specifies a start of
surface-fluoride F—Cu bond formation. The intensity of the
F—Cu chemical state grows with time and forms the sharp
peak (FWHM = 1.3 eV) in the F 1s spectra at the late stage of
the decomposition process.

In the final F 1s spectrum after 168 h in Figure 2b and later,
only two components are present. The large line of F—C states
at 687 eV of binding energy characterizes a part of FEM is still
present on the surface and most probably passivated by defects
and/or having a particular orientation of the molecule. The
number of such molecules at the late stage of decomposition is
near 15% as shows the peak fitting analysis of C 1s spectra. It is
consistent with STM images of the previous study.'* The
lower binding energy 683 eV of the F 1s component
corresponds to the fluorine atoms bound to the copper
metal, i.e., forming a copper fluoride. It is worthwhile to note
that this value of F 1s binding energy is at least 1 eV lower than
that in the case of CuF,, alkali metal fluorides, and metal
fluoride glasses.”*™**

The Cu 2p spectra obtained at the same time do not show
any noticeable changes except the background inclination, see
Figure 3. It is worthwhile to note that the Cu 2p signal in the
chosen experimental conditions is mainly acquired from the
surface not covered by FFM islands (see the experimental
part). The Cu 2p;, peak located at 932.7 eV and the Cu 2p, ),
peak at 952.5 eV are always at the same position after molecule
decomposition similar to the clean copper. The phenomenon
of final-state splitting, typical in the case of CuF, formation, is
absent.””*® The spectra after molecule adsorption have only a
higher background impact in comparison with the Cu 2p
spectrum of the clean copper surface.
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Figure 3. XPS Cu 2p spectra after C4F,; deposition on Cu(001) with
time in comparison with the clean copper surface.

The spectra of other cuprous halides show the same
behavior of the Cu 2p line. The Cu 2p spectra of Cul, CuBr,
and CuCl have similar structure, and the Cu 2p binding ener
values are close to the spectrum of the metal copper.”>**™**
Evidently, the Cu 2p spectra in Figure 3 differ from the
spectrum of CuF, and resemble the spectra of other cuprous
halides. Therefore, we may conclude that the Cu(II) oxidation
state of surface copper atoms is absent and the oxidation state
formed on the copper surface after defluorination of 0.5 ML of
FFM is close to Cu(I). It is important to note that F,
formation can be excluded here. The F, dissociation energy
is 1.6 €V/atom,” which is much lower than those of the F—Cu
and F—C bond energies.

The model of the fluorine-induced superstructure (2\/ 2 X

2)R45° is based on the assumption that the first stage of the
halogen interaction with metal surfaces is the chemisorption of
halogen atoms.'"'**° The halogen—metal interaction is always
a strong intermediate bond between ionic and covalent. In the
case of fluorine, the interaction is rather ionic (charge between
—0.6 and —0.8lel).*" For such an electronegative adsorbate, a
direct repulsive dipole—dipole interaction plays a major role in
the surface structure formation, and adatom repulsion on the
surface is crucial."”?

The simplest model of the (2 \/ 2 X \/ 2)R45° superstructure
containing one adsorbed atom per unit cell corresponds to the
fluorine surface concentration of 0.25. This value is too low in
comparison with the estimation based on decomposition
analysis. This is still true for the concentration of 0.5 with two
fluorine atoms per unit cell. Moreover, any model with two F
atoms per unit cell does not fit well the contrast of obtained
STM images. An arrangement with three F atoms per (2 \/ 2 X
\/ 2)R45° cell gives a realistic fluorine surface concentration of
0.75. From DFT calculations with this concentration, the
structure in Figure 4a is found the most stable.

The superstructure in Figure 4a can be considered as a dense
p(1 % 1) fluorine atom monolayer where one out of four [110]
rows is missing. Other hypothetical superstructures with the
same fluorine concentration, in particular, p(2 X 2)—3F and
p(4 x 1)—3F structures, were found to be slightly less stable by
5—10 meV per F atom. This finding can be understood as
follows. In all cases, the F atoms occupy the hollow sites, so the

Figure 4. (a) Ball model of the (2 \/ 2 X \/ 2)R45°-3F superstructure.
Yellow balls, fluorine atoms; gray balls, copper atoms of the last layer;
and black balls, copper atoms of the near last layer. The unit cell is
shown by green lines. (b) Corresponding simulated STM image of the
superstructure (see also text). The image is lined with the atomic
model of panel (a).

F—Cu interaction is the same. However, the number of nearest
neighbor F—F pairs is different, and it is the lowest for the
(2 \/ 2 X 4/2)R45° structure. Since the ionic F—F interaction is
repulsive, the structure with the lowest number of F—F bonds
is most stable. The further increase of fluorine surface
concentration to 1, ie., formation of the p(1 X 1)-F
superstructure, seems impossible as the structure becomes
unstable with regard to a surface atom rearrangement and thin-
film growth as we have checked. In the DFT calculations, we
have considered various other overlayer structures, and their
systematic study will be published elsewhere. The proposed
model superstructure (24/2 X 1/2)R45°—3F is symmetrical
with respect to the (110) directions and can have two domains
similar to the domain orientation in the STM image in Figure
1b.

The calculated diffusion barrier of a single adsorbed fluorine
atom is 38 meV. As this value is close to the thermal energy at
room temperature, a high diffusion rate is expected, which
explains the difficulty to observe the atomic structure of
adsorbed fluorine at low coverage by STM at room
temperature.'* Adsorption energies are given in eV per F
atom with reference to a single F atom in the gas phase. The
calculated adsorption energy of the (24/2 X 1/2)R45°—3F
superstructure is 4.06 eV, which compares well with the value
4.22 eV, which was reported for F adsorption in the Cu(001)
with coverage 0.125.°" The literature adsorption energy for
similar systems slightly varies around these values depending
on coverage and copper crystal orientation.”*”

In the case of the (21/2 X 1/2)R45°—3F superstructure of
the present study, the four-fold hollow and near-hollow sites
are found as the most favorable adsorption positions. The F(1)
atom in the unit cell is placed in the hollow position, and F(2)
and F(3) are shifted by 0.3 A of the hollow site center, see
Figure 4a. This lateral shift results in a F(2)—F(3) distance of
3.01 A, ie, 17% less than the theoretical distance between the
corresponding hollow sites 3.63 A of the copper surface. The
F(1)—F(2) distance is 2.80 A, which is 9% larger than the
closest hollow site distance 2.57 A on the Cu(001). Because of
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strong repulsion with neighboring adsorbates, F(2) and F(3)
adatoms move to a more favorable location slightly higher
above the surface (0.1 A of vertical shift with respect to F(1)).
Two adsorption sites for fluorine result in different closest
distances with copper atoms. As the F(2) atom is displaced
from the exact hollow site by 0.3 A toward a top site and
upward by 0.1 A, the closest Cu—F(2) (and Cu—F(3))
distance 2.01 A becomes shorter than the Cu—F(1) distance
2.15 A

The calculations also show that the fluorine adsorption does
not result in significant structural changes of the metal
substrate (vertical displacement is less than 0.0S A for the
surface copper layer) in agreement with the theoretical
literature for lower F coverage and different copper crystal
orientation.”””” However, at submonolayer coverage, the
fluorine atoms repel each other and their interatomic distance
depends on the F atom concentration.

In the stimulated STM contrast in Figure 4b, the fluorine
atoms are seen like bright spots. The contrast of the constant
current scan is formed by integrating the states from Ep —0.1
eV to the Fermi level Ep. For the isodensity equal to 1 X 1075
e/A>, the black to white contrast in Figure 4b corresponds to
the corrugation of 1.0 A, which is in reasonable agreement with
experimental corrugation 0.3 A taking into account the tip
shape effect. The variation of isodensity in 1 order of
magnitude results in the same contrast of the image. So, the
calculated pattern contrast in Figure 4b is independent of the
tip height above the structure. Considering a possible thermal
noise influence on the experimental STM images, the
calculated pattern of Figure 4b describes well the observed
experimental structure in Figure 1.

B CONCLUSIONS

Upon decomposition of a Cy4,F;3 submonolayer on Cu(001), a
(2\/2 X \/2)R45° phase of F/Cu(001) is formed, which is
stable at room temperature. The atomic structure and chemical
and electronic states of this phase have been analyzed by STM,
XPS experiments, and DFT calculations. The fluorine coverage
on the copper crystal is between 0.5 and 1 F atoms per Cu
surface atom. The Cu 2p spectra analysis shows that the Cu
surface atoms are not in the Cu(Il) oxidation state but have a
low valence. The DFT calculations support the proposed
model of the surface superstructure (24/2 X \/ 2)R45°—3F
with a formal stoichiometry CuF;,s and describe well the
obtained STM images. The fluorine atoms of the structure are
chemisorbed on the surface with a high adsorption energy of
4.06 eV/atom. This superstructure can be identified as the
missing row cuprous fluoride structure. The results show that
the interatomic F—F repulsion at submonolayer coverage
stabilizes an ordered 2D structure on the copper monocrystal
and prevents the disproportionation reaction of cuprous
fluoride predicted in the bulk case.
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