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ABSTRACT: Copper oxides play a crucial role in a wide range of Non-Magnetic
research areas, such as catalysis, photocatalysis, sensing, energy
storage, biomedicine, and spintronics. However, further insights
into the surface structure and the related magnetic properties of
copper oxides are required to improve their performance. Here, we
present a computational study on the structural and magnetic
properties of low-index Cu,O and CuO surfaces including their
bulk oxides based on spin-polarized density functional theory
(DFT) via DFT + U and the ab initio atomistic thermodynamics
approach. We found that Cu,O surfaces with an excess of oxygen
atoms show surface ferromagnetism, while CuO surfaces with an
excess of copper atoms exhibit surface atoms without a magnetic
moment. By analyzing the density of states and the Bader charges of the surface atoms, we discuss the electronic properties of the
copper oxide surfaces and the origin of the observed magnetism. Finally, we derive a correlation between the structure and the
magnetic properties of copper oxide surfaces and suggest a possible explanation for the observed magnetism within a simplified
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B INTRODUCTION

The remarkable electrical, optical, thermal, antimicrobial, and
magnetic properties, as well as the nontoxicity and low cost
establish copper oxides as crucial materials in a wide range of
fields, including catalysis, photocatalysis, sensing, energy
storage, biomedicine, and spintronics.'~® Due to these proper-
ties and the broad range of applications, copper oxides are
among the most intensively studied binary oxides.” Accordingly,
several overviews on the vast field of research on copper oxides
have been published and can be found elsewhere.' "' In the
present work, we focus on the relationship between the surface
structure and magnetic behavior of copper oxide surfaces and
aim to provide a foundation for future investigations of catalytic
reactions on these surfaces.

Cu,0 and CuO are p-type semiconductors with relatively
narrow band gap energies (2.0—2.2 eV for Cu,0 and 1.2—1.9 eV
for CuO),'"” which makes them particularly interesting as
catalysts in photoelectrochemical reduction reactions, such as
the CO, reduction reaction (CO,RR) and the nitrogen
reduction reaction (NRR).”"® Furthermore, Cu,0 and CuO
are 3d transition metal oxides and as such have unique magnetic
properties. While Cu,O has a diamagnetic (DM) and CuO an
antiferromagnetic (AFM) ground state, their surfaces exhibit
different types of magnetism.'*>* For example, room-temper-
ature ferromagnetic (FM) properties of Cu,O microcrystals,"
room-temperature ferromagnetism in pure CuO nanopar-
ticles,"® and size effects on the magnetic properties of Cu,O
and CuO nanoparticles have been reported experimentally.'**'

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

Although several studies have identified different types of
magnetism in copper oxide nanoparticles, the origin of the
observed surface magnetism is still not fully understood.
Experimental and theoretical reports suggested that the wide
spectrum of magnetic properties may originate from defects
such as cation and/or oxygen vacancies.'>'®'®*"** In contrast, a
theoretical study by Yu et al. revealed that some terminations of
low-index Cu,O surfaces exhibit surface ferromagnetism
without the presence of defects.'” According to their work, the
origin of the surface ferromagnetism of Cu,O can be understood
within the framework of Stoner’s theory and may be due to the
more pronounced 2p-3d hybridization of surface Cu and O
atoms compared with atoms underneath.'” However, it remains
unclear why some terminations of the low-index Cu,O surfaces
exhibit surface ferromagnetism while others do not and how the
surface magnetism of copper oxides relates to their surface
structure in general.

The structure and stability of different terminated stoichio-
metric Cu,O and CuO surfaces and nonstoichiometric Cu,O
surfaces have previously been investigated.”>>*™** Soon et al.
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Table 1. Lattice Parameters (a, b, ¢, and §§), Energy of Formation A;G° (T = 0 K), Magnetic Moment my of the Cu Atoms, and
Band Gap Eg for Cu,0 and CuO from PBE + U Calculations Compared to Experimental Data

a b c
oxide method [A] [A] [A]
Cu,0 PBE + U 428 4.28 4.28
Exp.'>* 427 427 427
CuO PBE + U 4.66 3.48 5.15
Exp.'>* 4.68 3.42 5.13

B AG® mp Eg
[°] [eV atom™'] [ps] [eV]
90.0 —0.58 0.00 (DM) 0.8
90.0 -0.58 0.00 (DM) 20-22
97.8 —0.81 0.69 (AFM) 1.7
99.5 —0.80 0.68 (AFM) 12-19

and Bendavid et al. described the surface structure of different
terminated low-index Cu,O surfaces and calculated their surface
energies as a function of the oxygen chemical potential.*****’
They found that the Cu,0(110) surface, terminated with both
Cu and O atoms (Cu,O(110):Cu/0O), and the Cu,O(111)
surface, containing a surface Cu vacancy (Cu,O(111)-Cu),
are energetically most favorable.”>*%*’

In the case of CuO, the stoichiometric CuO(111):Cu/O
surface has been identified as the most stable CuO surface by Hu
et al. and Mishra et al.”**® To our knowledge, there are no
theoretical reports on the structure and stability of polar
nonstoichiometric CuO surfaces.

Although the surface structure appears to have a significant
influence on the magnetic behavior of copper oxide surfaces, the
precise nature of this relationship is not yet fully under-
stood.'”**** Especially in the field of spintronics, it is of great
interest to understand the magnetic properties of nanocrystal-
line magnetic semiconductors, such as nanosized copper
oxides.>® Therefore, further insights into the surface structure
and the associated magnetism of copper oxides are needed to
improve their performance for many applications.

In this systematic study, we present detailed insights into the
structural and magnetic properties of different terminated low-
index Cu,O and CuO surfaces and derive a correlation between
their surface structure and magnetic behavior. Furthermore, we
analyze the electronic properties of these surfaces through spin-
polarized density of states (DOS) calculations and a Bader
charge analysis to investigate the origin of the observed surface
magnetism. Within the framework of a simplified model, we
discuss why some terminations of the low-index Cu,O surfaces
exhibit surface ferromagnetism while others do not and how the
surface magnetism of copper oxides relates to their surface
structure in general.

B METHODS

All calculations were performed using density functional theory
(DFT) implemented in the plane-wave-based Vienna ab initio
simulation package (VASP).>"*? Electron—core interactions
were described by the projector augmented wave (PAW)****
method. The generalized gradient approximation (GGA)
according to Perdew, Burke, and Ernzerhof (PBE)” was
employed as the exchange—correlation functional. In order to
describe the magnetic properties of Cu,O and CuO, spin
polarization was included for all cases, and the Hubbard
parameter, U, was applied to all Cu 3d electrons according to
Dudarev et al.*® Using this PBE + U method, the lattice
parameter, energy of formation, magnetic moment, and band
gap of Cu,O and CuO were investigated for various values of the
Hubbard U parameter and compared to experimental data, as
shown in the Supporting Information (Table S1). The closest
representation of the experimental results shown in Tables 1 and
S1 was obtained for a common U value of 8 €V, and therefore
this value was used for all subsequent calculations. The same

value was obtained by Zivkovic et al., who also performed a
systematic study to determine the U value for copper oxides.’”

For the Cu,O and CuO bulk phases, a plane-wave cutoff
energy of 550 eV was applied using Gaussian smearing with a
width of 0.05 eV. The Brillouin zone was sampled using a 12 X
12 X 12 Monkhorst—Pack™® k-point grid for Cu,O and a 10 X 14
X 10 grid for CuO. The structure relaxations were assumed to be
converged when the energy differences of the electronic self-
consistent field (SCF) were smaller than 10™° ¢V and all forces
were at least smaller than 1.0 meV A™".

Based on the optimized bulk structures, symmetric slabs with
two identical surfaces were modeled for all possible terminations
of the low-index (100), (110), and (111) surfaces of Cu,O and
CuO. For all surfaces, the surface energy was calculated for slabs
with different thicknesses and was assumed to be converged
when the difference in surface energy was smaller than 1.0 meV
A2 Based on these results, we chose a slab thickness between 17
and 21 A, depending on the respective surface. In order to avoid
interactions between the periodic slabs in the z direction, a
vacuum region of 20 A was added in all cases. For the surface
calculations, the plane-wave cutoff energy was set to 500 eV, and
Gaussian smearing was applied with a width of 0.05 eV. The
atomic position of every atom was fully relaxed until the
Hellmann—Feynman forces were smaller than 1.0 meV A~ and
the energy difference of consecutive SCF cycles was smaller than
107° eV. The Brillouin zone was sampled using I'-centered
Monkhorst—Pack®® k-point grids of 9 X9 X 1,9 X 7X 1,7 X7 X
I, 11 Xx7x1,7x7x1,and 7 X 7 X 1 for Cu,0(100),
Cu,0(110), Cu,0(111), CuO(100), CuO(110), and
CuO(111), respectively.

To achieve high precision DOS calculations, the convergence
criterion for the SCF cycle was decreased to 10™® eV and the
density of the k-point mesh was increased significantly (at least
doubled). The VASPKIT* package was used to postprocess the
DOS calculations. The charge on atoms was calculated using the
Bader charge analysis,*”*' and crystal structure drawings were
visualized using VESTA.*

B RESULTS AND DISCUSSION

Bulk Properties. Cuprous oxide (Cu,0O) crystallizes in a
primitive cubic Bravais lattice (space group Pn3m). The unit
cell, shown in Figure 1 (left), consists of two formula units, i.e.,
four Cu and two O atoms. The Cu atoms (large dark gray
spheres) are linearly coordinated to two O atoms (small light
gray spheres) and arranged in a face-centered cubic (fcc)
sublattice, while each O atom is tetrahedrally coordinated with
four Cu atoms, forming a body-centered cubic (bcc) sublattice.
Both types of atoms in Cu,O have no local magnetic moment.
Thus, the material is DM.

As shown in Table 1, the calculated lattice parameters, energy
of formation A;G°, and magnetic structure (DM) are in excellent
agreement with the experimental results.'”** However, the band
gap Eg of Cu,O is underestimated, which is well-known for
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Figure 1. Crystal structure of cuprous oxide, Cu,O (left), and cupric
oxide, CuO (right). Oxygen and copper atoms without a magnetic
moment are shown in light and dark gray, respectively. Copper atoms
with a magnetic moment are illustrated in red (up) or blue (down)
depending on the orientation of the local magnetic moments.

standard DFT and has already been discussed elsewhere.'>**

The calculated Cu—O bond length, d¢,_ o, and Cu—Cu distance,
deu_co are 1.853 A [expt. 1.849 A]™ and 3.027 A [expt. 3.012
A],® respectively. These values deviate by less than 0.5% from
the experimental values.

In contrast, cupric oxide, CuO, crystallizes in a base-centered
monoclinic Bravais lattice (space group C2/c). The CuO unit
cell contains eight atoms: four Cu and four O atoms. As shown
in Figure 1 (right), each Cu atom (large blue or red spheres) is
coordinated with four O atoms (small light gray spheres) in an
approximately square planar configuration, and each O atom
forms a distorted tetrahedron with four Cu atoms. Below the
Neéel temperature of 230 K, CuO is AFM, and the local magnetic
moments of the Cu atoms are aligned parallel to the monoclinic
b axis,*® as shown in Figure 1. Additional AFM configurations
with different arrangements of the magnetic moments were
investigated and are shown in the Supporting Information
(Figure S1). Although the energies of formation of these AFM
configurations are very similar, the magnetic structure observed
experimentally (Figure 1) is also the most stable in our study.
Therefore, this configuration was subsequently considered in
more detail.

Similar to Cu,0O, the calculated lattice parameters, energy of
formation A¢G°, magnetic moment my of the Cu atoms, and the
magnetic structure (AFM) for CuO are in good agreement with
the experimental results, as summarized in Table 1. Only the
lattice angle 8 of CuO is slightly underestimated compared to
the experimental value. Furthermore, the calculated distances of
1.96 A [expt. 1.96 A]™® for dcy—o and 2.91 A [expt. 2.90 A]™® for
dcy_cu deviate by less than 0.4% from the experimental values. In
contrast to Cu,O, the calculated band gap E; of 1.7 eV for CuO
is in excellent agreement with the experimental results, which
vary between 12 and 1.9 eV, depending on the sample
preparation and the employed measurement techniques.”

Comparing the bulk structures of the two copper oxides, the
question arises: How can the different magnetic structures of
Cu,0 and CuO be explained? Assuming an ionic nature of the
Cu—O0 bonds, in Cu,O, each Cu atom has an oxidation state of
+1 with an electron configuration of [Ar]3d"’. Thus, the Cu ions
have no unpaired 3d electrons and, therefore, have no local
magnetic moments. In turn, in CuO, the Cu atoms have an
oxidation state of +2 with an electron configuration of [Ar]3d°.
Thus, these Cu ions have unpaired 3d electrons, leading to local
magnetic moments. Based on this assumption (the ionic nature
of the Cu—O bonds), it can therefore be deduced why Cu,O is
DM and CuO is not. Furthermore, we expect that the
phenomenon of antiferromagnetism in CuO can be explained
by the so-called superexchange interaction. Here, the unpaired

Cu-3d electrons interact with O-2p electrons, which leads to a
spin correlation between neighboring Cu®* ions. This indirect
interaction between neighboring Cu ions via the interjacent O
ion leads to an AFM arrangement of the local magnetic
moments and is also observed in other transition metal oxides."”
These assumptions agree with the performed DOS calculations
and the Bader charge analysis, which are shown in the
Supporting Information (Figure S2 and Table S2). While the
DOS calculations indicate a 2p-3d hybridization between the O
and Cu atoms, the Bader charge analysis suggests that the Cu—O
bond has both an ionic and a covalent character.

Low-Index Cu,O Surfaces. Surface Structures. The low-
index (100), (110), and (111) surfaces of Cu,O were
investigated, considering all possible surface terminations. The
fully relaxed surfaces are shown in Figure 2 and, in addition, in a
slightly different perspective in the Supporting Information
(Figure S3).
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Figure 2. Side views of the calculated low-index Cu,O surfaces in their
corresponding most stable magnetic structure. (a) Cu,0(100):Cu, (b)
Cu,0(100):0, (c) Cu,0(110):Cu, (d) Cu,0(110):Cu/0O, (e)
Cu,0(111):Cu, (f) Cu,O(111):Cu/O, and (g) Cu,0(111):0.
Oxygen and copper atoms without a magnetic moment are shown in
light and dark gray, respectively. Oxygen and copper atoms with local
magnetic moments in the same direction (up) are shown in light and

dark red.

For the (100) surface, the outermost atomic layer can consist
of either Cu or O atoms. On the Cu-terminated Cu,0(100):Cu
surface, shown in Figure 2a, the outermost Cu atoms are only
coordinated with one O atom instead of two as in the bulk phase.
These coordinatively unsaturated Cu atoms form Cu—Cu
dimers at the surface, where the Cu—Cu distance d¢,_c, is
reduced by 20% (2.41 A) compared to the bulk distance. In turn,
the Cu—O bond is elongated by 4% (1.93 A) compared to the
Cu—0 bonds in the bulk. On the O-terminated Cu,0(100):0
surface, the O atoms on the surface are coordinated with only
two Cu atoms, which is shown in Figure 2b. The coordinatively
unsaturated O atoms are located closer to the neighboring Cu
atoms, which leads to a shortening of the Cu—O bond by 6%
(1.75 A) compared to those in the Cu,O bulk. In comparison to
the Cu-terminated surface, only moderate relaxation effects were
observed for the O-terminated surface.

The (110) surface of Cu,O consists of alternating CuO and
Cu layers. Therefore, there are two possible surface
terminations: the Cu-terminated Cu,0(110):Cu surface and
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the Cu/O-terminated Cu,0(110):Cu/O surface. Similar to the
Cu,0(100):Cu surface, the outermost Cu atoms on the
Cu,0(110):Cu surface are bound to only one O atom and
are, therefore, coordinatively unsaturated. This leads to a
relaxation of the first Cu layer, as presented in Figure 2c, and a
lengthening of the Cu—O bond by 4% (1.93 A) compared to
that in the respective bulk phase. The outermost layer of the
Cu,0(110):Cu/O surface contains coordinatively saturated Cu
atoms and coordinatively unsaturated O atoms, as shown in
Figure 2d. Similar to the Cu,0(100):O surface, only moderate
relaxation effects are apparent, resulting in a shortening of the
Cu—O0 bond by 2% (1.81 A) compared to those in the bulk.

On the (111) surface, three terminations are possible: the Cu-
terminated Cu,O(111):Cu, the Cu/O-terminated Cu,O-
(111):Cu/0O, and the O-terminated Cu,O(111):0 surfaces.
On the Cu,O(111):Cu surface, shown in Figure 2e, the
outermost Cu atoms are coordinatively unsaturated, with a
Cu—O bond distance of 2.00 or 2.02 A (9% elongation
compared to those in the bulk). On the stoichiometric
Cu,0(111):Cu/O surface, shown in Figure 2f, the outermost
O atoms are only coordinated to three Cu atoms. The outermost
Cu atoms are bound to either one or two O atoms, with a 3:1
ratio of coordinatively saturated to unsaturated Cu atoms. Only
minor surface relaxation was observed for this surface, resulting
in a shortening of the Cu—O bond by less than 2% (1.82 A)
compared to those in the bulk. The O-terminated Cu,O(111):0
surface undergoes surface reconstruction, as illustrated in Figure
2g. This reconstruction leads to coordinatively supersaturated
Cu atoms on the surface with three Cu—O bonds instead of two.
Similar to the Cu,0(111):Cu/O surface, the outermost O
atoms of the Cu,O(111):0 surface are coordinated to three Cu
atoms, while coordinated saturated Cu atoms are also present on
these surfaces. Due to the surface reconstruction, the Cu—O
bond distances on the surface vary from 1.80 to 1.90 A. In
addition to the relaxation on the surface, contraction along the
surface normal is observed in all cases, where the outermost layer
moves closer to the layers below.

The calculated structural properties of the low-index Cu,O
surfaces agree well with those reported by Soon et al.”> The main
differences are minor variations within the bond lengths. The
fundamental structures of the Cu,O surfaces are also in good
agreement with the study by Yu et al,' apart from the
Cu,0(111):0 surface. For this surface, we observed a surface
reconstruction, whereas Yu et al.'” reported only small changes
in bond lengths on the surface. A possible explanation for this
discrepancy could be that we used more rigorous convergence
criteria for the geometry optimizations, e.g., 0.001 eV A~
instead of 0.02 eV A=L"7

Surface Magnetism. Except for the stoichiometric Cu,O-
(111):Cu/O surface, all Cu,O surfaces have either an excess of
Cu or O atoms on the surface and are therefore considered polar
surfaces.” The excess of Cu or O atoms can be described with
the stoichiometric ratio R, /o=""/y,, which is the ratio of the

number of Cu atoms to the number of O atoms in the calculated
cell. The corresponding values of Rc,,o for all calculated surfaces
are given in Table 2. For the Cu,O surfaces, values larger than
two indicate an excess of Cu atoms, and values smaller than two
indicate an excess of O atoms on the surface.

It seems that the stoichiometric ratio R¢, /g is correlated with
the magnetic moments of the surface atoms, which are included
in Figure 2. For surfaces with an excess of Cu atoms, such as
Cu,0(100):Cu, Cu,0(110):Cu, and Cu,O(111):Cu, as well as

Table 2. Stoichiometric Ratio R, /o and Surface Energies y of
Cu,0 and CuO Surfaces in Their Most Stable Magnetic
Configurations under Oxygen-Poor (O-Poor) and Oxygen-
Rich (O-Rich) Conditions”

oxide surface  termination mag. Rew/o y [meV A™%]
O-poor  O-rich
Cu,O 100 Cu DM 2.2 88 135
O M 1.8 9 S1
110 Cu DM 2.2 92 126
Cu/O M 1.9 54 20
111 Cu DM 2.3 76 131
Cu/O DM 2.0 45 45
(@) M 1.8 66 11
CuO 100 Cu AFM 1.1 93 184
O AFM 0.9 214 124
110 Cu AFM 1.1 66 120
Cu/O AFM 0.9 114 60
111 Cu AFM 1.1 114 207
Cu/O AFM 1.0 45 45
(@) AFM 0.9 226 134

“Rey/o is the ratio of the number of Cu atoms to the number of
oxygen atoms in the calculated cell.

the stoichiometric Cu,O(111):Cu/O surface (i.e., Rey/0 = 2),
the surface atoms do not have a magnetic moment. Therefore,
the respective surfaces are DM as the Cu,O oxide itself.
However, for surfaces with an excess of O atoms (i.e., Re,/0 < 2),
such as Cu,0(100):0, Cu,0(110):Cu/O, and Cu,0(111):0,
the surface atoms have a magnetic moment.

Depending on the arrangement of these magnetic moments,
different magnetic structures can occur. Figure 3 shows the

60 ] C G
Cu,0 v
= 50- BV -

(100):0 | (110):Cu/O

Figure 3. Surface energy for different magnetic structures of the
Cu,0(100):0, Cu,0(110):Cu/O, and Cu,0O(111):0 surfaces. The
FM, AFM, and DM configurations are indicated in black, red, and blue,
respectively.

surface energies of the Cu,O surfaces with an excess of O atoms
for the FM, DM, and most stable AFM configurations,
respectively. The corresponding surface structures within their
most stable magnetic configuration are shown in Figure 2.

According to Figure 3, for all surfaces with an excess of O
atoms, the FM configuration has the lowest surface energy and
is, therefore, the most stable one. The AFM structure is the
second-most stable for all of these surfaces, while the DM
structure is the least stable. For the Cu,O(111):0 surface, the
surface energy difference between the FM and AFM structures is
subtle, indicating that both structures are almost equally stable.
However, the respective FM structure has the lowest surface
energy for all O-excess Cu,O surfaces and is, therefore, included
in Figure 2 and described in more detail below.
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As shown in Figure 2, the outermost atoms of the FM
Cu,0(100):0 surface have a magnetic moment of 0.5 yg per O
and 0.2 pp per Cu atom, which are oriented in the same
direction. For the FM Cu,0(110):Cu/O surface, the O atoms
have a magnetic moment of 0.1 g, while the Cu atoms in the
two outermost Cu-layers have a magnetic moment of 0.2 yi5. On
the Cu,0(111):0 surface, only the coordinatively super-
saturated Cu atoms, which are coordinated to three O atoms,
have a magnetic moment of 0.7 pig. The O atoms on this surface
have a magnetic moment of 0.3 yp or 0.1 yp depending on their
position in the z-direction. The more exposed the O atoms are
on this surface, the higher their magnetic moment.

The surface ferromagnetism of Cu,O was previously reported
in theoretical studies.'”** According to Yu et al., the Cu,O bulk
phase as well as the Cu/O-terminated Cu,O(111) and
Cu,0(110) surfaces are not magnetic, while the O-terminated
Cu,0(111) and the Cu,0(100) surfaces are magnetic.'” This is
in good agreement with our study, except for the Cu/O-
terminated Cu,O(110) surface, which exhibits surface ferro-
magnetism in our calculations. Soon et al. have also reported that
the Cu,O(110):Cu/O surface is nonmagnetic.24 However,
according to our DFT + U calculations, the surface atoms of
Cu,0(110):Cu/O indeed have a magnetic moment, as
described above. Furthermore, we were able to identify distinct
magnetic structures and compare their surface energies. In
addition to theoretical calculations, experiments have also
confirmed a FM behavior of Cu,O nanospheres at 5 K,'® room-
temperature ferromagnetism in Cu,O namowires,48 and room-
temperature FM behavior in Cu,O microcrystals."> Further-
more, other materials that are otherwise nonmagnetic, such as
MoO,, Al,O3, and ZnO, have been reported to exhibit surface
ferromagnetism.*”>°

Electronic Properties. To gain a better understanding of the
observed surface ferromagnetism, we calculated the spin-
polarized DOS for all Cu,O surfaces. The total, partial, and
projected DOS of the Cu,0(100):O surface is shown in Figure
4, while the DOS for the other surfaces is given in the Supporting
Information (Figures S4 and SS). For the Cu,0(100):O surface,
there is a difference between the DOS for spin-up electrons
(plotted upward) and the DOS for spin-down electrons (plotted
downward), which is particularly pronounced in the vicinity of
the Fermi level. This region is marked by an arrow and is
illustrated with higher magnification in the inset of Figure 4.

The spin-up states of the valence band are fully occupied,
while the spin-down states intersect the Fermi level, indicating
partial occupancy and half-metallic behavior. These spin-down
states near the Fermi level can be assigned to the surface atoms
(outermost atomic layers) and have both Cu-3d and O-2p
characters with similar density contributions, as shown by the
partial and projected DOS. This 2p-3d hybridization can be
observed not only for the surface atoms but also for the bulk-like
atoms. The projected DOS shows that the states from —2.5 eV
to the valence band maximum have both O-2p and Cu-3d
contributions, while the states between —4 and —2.5 eV are
almost exclusively related to Cu-d orbitals.

The other surfaces with an excess of O atoms (Figure S4) also
show differences between the DOS for spin-up and spin-down
electrons. For the Cu,O(110):Cu/O surface, this deviation is
also most pronounced at the valence band maximum, while for
the Cu,O(111):0 surface, the most significant deviation is
apparent at the conduction band minimum. However, the DOS
for the surfaces with an excess of Cu atoms (Figure S5), as well as
for the Cu, O bulk (Figure S2), shows a nearly identical shape for
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Figure 4. Partial (a) and projected (b) DOS of the Cu,0(100):0
surface. The total DOS (TDOS) is shown in gray. The contribution of
the surface atoms (outermost atom layers) and the Cu-3d orbitals are
shown in red, while the contribution of all other (bulk-like) atoms in the
calculated cell and the O-2p orbitals are represented in blue. The Fermi
energy is indicated by a vertical dashed black line at 0 eV.

spin-up and spin-down states and, accordingly, no spin
polarization.

For the O-terminated Cu,0O(100) and Cu,0O(111) surfaces,
the difference between the DOS for spin-up and spin-down
electrons was reported previously.'” In addition, half-metallic
behavior has been observed for certain Cu,O surfaces”* and for
bulk Cu,O with cation vacancies."®

To gain further insight into the origin of the observed surface
magnetism, we additionally performed a Bader charge analysis
on all investigated systems. The respective Bader net atomic
charges for the Cu- and O-terminated Cu,0(100) surfaces are
illustrated in Figure 5. For both terminations, the charge of the
atoms inside the slabs matches the charge of the respective

a) Cu,0(100):Cu

b) Cu,0(100):0

Figure §. Side views of the Cu,0(100):Cu (left) and Cu,0(100):0
(right) surfaces. The numbers refer to the Bader net atomic charges of
the respective atoms. Oxygen and copper atoms with a net atomic
charge similar to that of the Cu,O bulk are shown in light and dark gray,
respectively. Oxygen and copper atoms with a different net atomic
charge compared to that of the bulk are shown in green (positive) and
yellow (negative).
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atoms in the bulk phase, i.e., 0.5 e for Cuand —1.0 e for O atoms,
respectively. In the bulk as well as inside the slabs, each Cu atom
is coordinated with two O atoms, while each O atom is
coordinated with four Cu atoms. This indicates that on average
0.25 e is transferred from each Cu atom to each neighboring O
atom. However, at the Cu-terminated Cu,0(100):Cu surface,
the calculated Bader charges are 0.2 or 0.3 e for the outermost
Cu atoms and —1.0 e for the outermost O atoms, as shown in
Figure 5. This indicates that the coordinatively saturated
outermost O atoms receive the same amount of charge as
those in the bulk, while the coordinatively unsaturated
outermost Cu atoms only transfer about half as much charge
as those in the bulk. In other words, more electrons are localized
on the outermost Cu atoms of the Cu,0(100):Cu surface than
on the Cu atoms in the bulk. Furthermore, the calculated Bader
charges suggest that not the same amount of charge is
transferred from each of the outermost Cu atoms (0.3 or 0.2 e).

At the O-terminated Cu,0(100):O surface, the charges of
both the outermost Cu and the outermost O atoms differ from
the respective bulk values. While the charge of the coordinatively
unsaturated O atoms equals —0.7 e, the charge of the outermost
Cu atoms equals 0.6 e. Accordingly, fewer electrons are localized
on the outermost O and Cu atoms than on the respective atoms
in the bulk (10.4 instead of 10.5 electrons for Cu and 6.7 instead
of 7.0 electrons for O). Hence, there is a general lack of electrons
at the Cu,0(100):0 surface compared to the Cu,O bulk phase.

A similar behavior was also observed for the other Cu,O
surfaces, as shown in Figure S6 in the Supporting Information.
While the surfaces with an excess of Cu generally have an excess
of electrons at the surface compared to those in the bulk phase,
the surfaces with an excess of O atoms exhibit a surface electron
deficit compared to those in the bulk. For the Cu,O bulk phase
as well as the Cu,O(111):Cu and Cu,0(111):Cu/O surfaces,
similar values for the Bader net atomic charges have been
published.”**"*"!

The results above raise the following questions.

1. How can the surface magnetism of Cu,O surfaces with an
excess of oxygen be explained? According to the Bader
charge analysis, fewer electrons are localized at the
outermost O and Cu atoms of the O-excess Cu, O surfaces
than at the respective atoms in the bulk. This implies that
the 3d and 2p electron orbitals of these outermost Cu and
O atoms are not completely occupied. We, therefore,
assume that the unpaired 2p and 3d electrons of the
outermost O or Cu atoms lead to the observed local
magnetic moments and, thus, to the surface magnetism.

2. Why is the FM arrangement of the magnetic moments the
most favorable for the O-excess Cu,O surfaces? We
assume that unpaired electrons at the surface interact with
each other and that this exchange interaction causes an
energetic splitting of the spin-up/spin-down states (see
Figure 4). According to the Stoner theory,””>* such an
energetic splitting leads to a redistribution of spin-up
electrons into spin-down states and, therefore, an increase
in kinetic energy for the redistributed electrons. In some
metals, however, this increase in kinetic energy is
countered by a decrease in potential energy due to the
FM exchange interaction of parallel aligned electron spins.
This leads to an overall decrease in energy and, therefore,
a FM ground state. We suggest that the observed surface
ferromagnetism of O-excess Cu,O surfaces can be
explained in a similar way. Yu et al.'” and Soon et al.**

also proposed that the origin of the surface ferromagnet-
ism of Cu,O can be understood within the framework of
Stoner’s theory.

3. Why do the Cu-excess Cu,O surfaces not exhibit surface
magnetism? According to the Bader charge analysis, more
electrons are localized on the outermost Cu atoms of the
Cu-excess Cu,O surfaces than on the respective atoms in
the bulk phase. We assume that these additional electrons
are localized in the 4s orbital, which is in line with our
DOS analyses shown in the Supporting Information
(Figure S4). Due to the spherical symmetry and nuclear
proximity of the 4s orbital, these electrons experience a
uniform electric field and a high coulomb force.
Moreover, the electrons in the 4s orbital are shielded
from the outside by the fully occupied 3d orbitals.
Accordingly, we hypothesize that these unpaired 4s
electrons do not have a strong influence on the magnetic
moment of the respective Cu atoms, and thus, the Cu-
excess surfaces do not exhibit surface magnetism.

Low-Index CuO Surfaces. Surface Structures. Similar to
the Cu,O system described above, we also investigated all
possible surface terminations of the low-index (100), (110), and
(111) surfaces of CuO. The fully relaxed surfaces are shown in
Figure 6 and in a slightly different perspective in the Supporting
Information (Figure S7).
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Figure 6. Side views of the calculated low-index CuO surfaces in their
most stable magnetic structure. (a) CuO(100):Cu, (b) CuO(100):0,
(¢) CuO(110):Cu, (d) CuO(110):Cu/O, (e) CuO(111):Cu, (f)
CuO(111):Cu/O, and (g) CuO(111):0. Oxygen atoms and copper
atoms are represented by small or large spheres, respectively. Atoms
without a magnetic moment are shown in gray, while atoms with a
magnetic moment are represented in red (up) or blue (down),
depending on the orientation of the local magnetic moments.

Along the [100] direction, CuO is composed of alternating O
and Cu layers. Two surface terminations result from this
layering: the Cu-terminated CuO(100):Cu surface and the O-
terminated CuO(100):0 surface. On the Cu-terminated
Cu0O(100):Cu surface, shown in Figure 6a, the outermost Cu
atoms are coordinated with three O atoms instead of four as in
the bulk. These coordinatively unsaturated Cu atoms shift
perpendicular to the surface, resulting in different Cu—O bond
lengths. Two of these three Cu—O bonds have a length of 1.98
A, which is close to the bulk value, while the third one is
elongated by 13% to a value of 2.22 A. On the O-terminated
Cu0(100):0 surface, the surface O atoms are coordinated with
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only two Cu atoms, which is shown in Figure 6b. These
coordinatively unsaturated O atoms relax to the neighboring Cu
atoms, which leads to a shortening of the Cu—O bond by 6%
(1.83 A) compared to that of the respective bulk phase.

The (110) surface can be either Cu-terminated or mixed-
terminated. Similar to the CuO(100):Cu surface, the outermost
Cu atoms on the Cu-terminated CuO(110):Cu surface are
coordinated with three O atoms and shift perpendicular to the
surface, as represented in Figure 6¢. The resulting Cu—O bond
distances are 1.99, 2.00, and 2.16 A, respectively. Only moderate
relaxation effects are apparent on the mixed-terminated
CuO(110):Cu/O surface, as shown in Figure 6d. The bond
distance between coordinatively saturated Cu and coordina-
tively unsaturated O atoms at the outermost surface layer is
shortened by around 4% compared to the bulk value.

Along the [111] direction, three different surface terminations
are possible, namely, the Cu-terminated CuO(111):Cu surface,
the mixed-terminated CuO(111):Cu/O surface, and the O-
terminated CuO(111):0 surface. For all three surfaces, only
moderate relaxation effects were observed, as shown in Figure
6e—g. On the CuO(111):Cu surface, all O atoms are
coordinatively saturated, while the Cu atoms in the outermost
surface layer are each bonded with only two O atoms and thus
are coordinatively unsaturated. The respective Cu—O distances
are 1.89 and 2.02 A, which corresponds to a 4% change
compared to that of the bulk. In the case of the stoichiometric
CuO(111):Cu/O surface, half of the Cu and O surface atoms
are coordinatively saturated, while the other half are
coordinatively unsaturated, having three nearest neighbors.
The corresponding Cu—O bond lengths are between 1.85 and
2.00 A. On the CuO(111):0 surface, all Cu atoms on the surface
are coordinatively saturated, while the O atoms are surrounded
by either one, three, or four Cu atoms. The Cu—O bond to the
outermost O atom is shortened by 11% (1.74 A) compared to
that of the bulk, while the other Cu—O distances are between
1.86 and 2.02 A.

Surface Magnetism. Similar to Cu,O, all investigated CuO
surfaces have either an excess of Cu or O atoms, except for the
stoichiometric CuO(111):Cu/O surface. This excess of Cu or O
atoms can be described with the stoichiometric ratio R¢, /0 (as
described above), where a value larger than one indicates an
excess of Cu atoms and a value smaller than one indicates an
excess of O atoms on the surface. The corresponding Rc,,0
values for all calculated CuO surfaces are given in Table 2.

As for the Cu,O surfaces, there seems to be a correlation
between the stoichiometric ratio Rc,o and the magnetic
moments of the surface atoms, which are represented by
different colors in Figure 6. If there is an excess of Cu atoms on
the surface (R¢, 0 > 1), asin CuO(100):Cu, CuO(110):Cu, and
CuO(111):Cu, all or some of the outermost Cu atoms do not
have a magnetic moment, although all the bulk-like Cu atoms
have a magnetic moment, as in CuO itself. On the other hand, if
there is an excess of O atoms on the surface (R¢,/o < 1), the
outermost Cu atoms have a magnetic moment, which is lower
than that in the bulk, e.g.,, 0.4 pg for CuO(100):0, 0.3 py for
Cu0O(110):Cu/0O, and 0.1 pj for the Cu atoms coordinated with
the outermost O atoms on the CuO(111):0O surface.

In the case of CuO(100):0 and CuO(111):0, the oxygen
surface atoms additionally have a magnetic moment of 0.4 i in
the first surface layer and 0.1 py in the second O-layer for
Cu0(100):0, and 0.9 yy in the first and 0.1 y in the second O-
layer for CuO(111):0. For the stoichiometric CuO(111):Cu/
O surface (R0 = 1), all O atoms in the corresponding

supercell have a magnetic moment around 0.1 yg, as opposed to
only those located directly at the surface.

Within the most stable magnetic structure, the arrangement of
the magnetic moments of the bulk-like atoms along the [100]
and [110] directions is independent of the respective surface
termination, as shown in Figure 6a—d. Both CuO(100):Cu and
Cu0(100):0 show a layer-by-layer ordering of the local
magnetic moments, while CuO(110):Cu and CuO(110):Cu/
O favor a line-by-line ordering. However, along the [111]
direction, the mixed termination shows a different magnetic
structure than the other terminations, as illustrated by the
different colors in Figure 6e—g. Similar to the (110) surfaces, the
CuO(111):Cu and CuO(111):0 surfaces show a line-by-line
ordering of the magnetic moments, whereas CuO(111):Cu/O
favors a so-called bulk-like spin ordering. Here, the magnetic
moments alternate along the surface plane, as shown in a slightly
different perspective in the Supporting Information (Figure S7).

In addition to the most stable AFM configuration described
above, various other magnetic structures have been studied as
well. Here, one DM, one FM, and several AFM configurations
were obtained for each CuO surface. The corresponding surface
energies of the most stable FM, AFM, and DM configurations,
respectively, are summarized in Figure 7, while their surface

350 -

300 -

Cu [®) Cu |Cu/O

(100) (110) (111)

Figure 7. Surface energies for different magnetic configurations of low-
index CuO surfaces. The FM, AFM, and DM configurations are
indicated in black, red, and blue, respectively.

structures for the overall most stable magnetic configuration are
presented in Figure 6. As shown in Figure 7, for all investigated
CuO surfaces, the AFM structure has the lowest surface energy
and is, therefore, considered to be the most stable. The DM
structures are in all cases the least stable ones. Similar to Cu,0O,
the energy difference between AFM and DM is most
pronounced for the overall most stable CuO(111):Cu/O
surface. In contrast to Cu,O, the energy difference between
AFM and FM is also the largest for the most stable surface.

The calculated structural and magnetic properties of the
CuO(111):Cu/O surface agree well with other theoretical
studies.”>**>*>> However, to the best of our knowledge, no
structural and magnetic properties of the polar nonstoichio-
metric CuO surfaces investigated in this study were reported
previously.

Electronic Properties. The electronic properties of the CuO
surfaces were deduced from the calculated spin-polarized DOS.
The total, partial, and projected DOS of the most stable
CuO(111):Cu/O surface are shown in Figure 8, while the DOS
for the other surfaces is given in the Supporting Information (see
Figures S8 and S9).
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Figure 8. Partial (a) and projected (b) DOS of the CuO(111):Cu/O
surface. The TDOS is shown in gray. The contribution of the surface
atoms (outermost atom layers) and the Cu-3d orbitals are shown in red,
while the contribution of all other (bulk-like) atoms in the calculated
cell and the O-2p orbitals are represented in blue. The Fermi energy is
indicated by a vertical black line at 0 eV.

For the stoichiometric CuO(111):Cu/O surface, there is no
difference between the DOS for spin-up electrons (plotted
upward) and the DOS for spin-down electrons (plotted
downward). Compared to the CuO bulk phase, additional
states are observed near the conduction band minimum (around
1.3 eV), which are magnified in the inset. These states can be
attributed to the surface atoms and exhibit both Cu-3d and O-2p
characters, with the density of the Cu-3d states being greater
than the density of the O-2p states.

Similar to the Cu,0(100):O surface, this 2p-3d hybridization
can be observed not only for the surface atoms but also in the
bulk. The projected DOS shows that the states from —4.5 eV to
the valence band maximum have both O-2p and Cu-3d
contributions. However, the density of the Cu states decreases
in this range, while the density of the O states remains almost
constant. Consequently, the states above —2 eV can be assigned
predominantly to the O-2p orbitals. On the other hand, the
states below —4.5 eV are almost exclusively related to Cu-3d
states.

Similar to the CuO(111):Cu/O surface, the DOS for the
Cu0(100):Cu, CuO(110):Cu, and CuO(110):Cu/O surfaces,
as well as for the CuO bulk phase, show an nearly identical shape
for spin-up and spin-down states and accordingly no spin
polarization. In contrast, the DOS for the CuO(111):Cu,
Cu0(100):0, and CuO(111):0 surfaces show different
characteristics for spin-up and spin-down electrons. A possible
reason for this behavior could be the sum of the magnetic
moments of the atoms in the respective supercells. While the net
magnetic moments of the CuO(111):Cu/O, CuO(100):Cuy,
Cu0(110):Cu, and CuO(110):Cu/O supercells is zero, the
sum of the magnetic moments of all atoms in CuO(111):Cuy,
Cu0(100):0, and CuO(111):0 is nonzero. This indicates that
the CuO(111):Cu, CuO(100):0 and CuO(111):0 surfaces

have either an excess of spin-down or spin-up electrons at the
surface, which can also be deduced from Figure 6. Therefore, the
respective DOS show different characteristics for spin-up and
spin-down electrons.

To gain further insights into the electronic structure of the
surface atoms, we additionally performed a Bader charge analysis
for all investigated CuO surfaces, as shown in the Supporting
Information (Figure S10). For all surfaces, the charge of the
atoms inside the slabs matches the charge of the respective
atoms in the bulk phase, namely, 1.1 e for Cu and —1.1 e for O
atoms, respectively. In the bulk phase, as well as inside the slabs,
each Cu atom is coordinated with four O atoms, and each O
atom is coordinated with four Cu atoms. This indicates that on
average 0.275 e is transferred from each Cu atom to each
neighboring O atom.

For the Cu-terminated surfaces, the calculated Bader charges
of the outermost Cu atoms are about 0.5 e. Accordingly, the
charge of the outermost Cu atoms of these CuO surfaces is
similar to the charge of the Cu atoms in the Cu,O bulk phase.
This indicates that the outermost Cu atoms of the Cu-
terminated CuO surfaces are reduced (from Cu®" to Cu').
This interpretation is in line with Maimaiti et al., who also
suggested that a change in charge of 0.5-0.6 e indicates a
reduction from Cu®* to Cu*.>*

For the O-terminated surfaces, only the charges of the
outermost O atoms differ from the respective bulk values.
Although there is a deficiency of electrons on the O-excess CuO
surfaces compared to the CuO bulk phase, the charge of the Cu
atoms does not change compared to those in the bulk phase.
This indicates that the Cu atoms transfer a maximum of 1.1 e
regardless of their coordination environment, and thus, none of
the Cu atoms have an oxidation state larger than that in CuO.

Energetics and Thermodynamics. The stability of the
copper oxide surfaces was investigated usin6g the ab initio
atomistic thermodynamics approach.”>*>>* Assuming the
system to be in contact with a Cu-bulk and a gaseous oxygen
reservoir, the temperature T- and pressure p-dependent surface
energy of the Cu,O (y**°) and CuO (y**©) surfaces can be
calculated using

u. 1 slal
r (T, p)= 16 (T, p, Neos No)

1 bulk
- ENCu gCu,_O(T’ P)

+ [%Ncu - NO)MO(T» p)}

(1)
and
CuO 1 slab
T,p)= —{G™(T, p, New, N,
r (T p)= S AGTT, py Ny No)
- NCu g(l;;lg((T) p)
+ (NCu - NO)”O(TJ P)}: (2)

where A is the area of the surface unit cell, G'® is the Gibbs free
energy of the surface slab containing a certain number of Cu
atoms N, and O atoms N, and g is the Gibbs free energy per
formula unit of the respective bulk phase. The oxygen chemical
potential y can only be varied within certain boundaries,”*°
which are given by
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A¢G(0,0) < Ap (T, p) <0 ®3)

where g is referenced to the total energy of an O atom in
molecular oxygen, AﬂO(T, p) = ,uO(T, p) — %Eé‘:al, and
AG(0, 0) is the Gibbs free energy of formation per formula
unit of the respective bulk oxide, i.e., Cu,O or CuO. The lower
boundary of eq 3 is called the oxygen-poor (O-poor) limit, while
the upper boundary is referred to as the oxygen-rich (O-rich)
limit. By assuming that the contributions of the pV-term as well
as the complete vibrational contribution to the Gibbs free energy
can be neglected, the Gibbs free energies in eqs 1 and 2 can be
approximated by total energies extracted from DFT calcu-
lations.”**® This allows rewriting eqs 1 and 2 as

u. 1 Slal
y (T, p)= i E "V, New No)

1 ul
- _NCuECkIJuIZkO(V)
2
+ (lN — N, )Ay (T p)}
2 Cu o (o) s (4)
and
CuO 1 slab
T,p)= —H{E V, Ng,, N,
r (T, p) ZA{ ( C o)
- NCuE(}:)llig(V)
+ (Ncu - No)A//‘O<T; P) b (5)

which only contain terms directly obtainable from DFT
calculations. Using eqs 4 and S, we calculated the surface energy
y of all copper oxide surfaces in their most stable magnetic
configuration under O-poor and O-rich conditions. The
corresponding values are given in Table 2. Here, a lower surface
energy implies a thermodynamically more stable surface. If there
is an excess of Cu atoms at the surface, e.g., R¢, /0 > 2 for Cu,O
or Rc, 0 > 1 for CuO, the surface energy has a lower value under
O-poor than under O-rich conditions, which means that the Cu-
excess surfaces are more stable under O-poor conditions. On the
other hand, if there is an excess of oxygen atoms at the surface,
e.g., Rcyjo < 2 for Cu,O or Rey o < 1 for CuO, the surface is
more stable under O-rich conditions. For the stoichiometric
Cu,0(111):Cu/O and CuO(111):Cu/O slabs, the surface
energy under O-rich and O-poor conditions is identical, i.e., the
surface energy is independent of the oxygen chemical potential.

These correlations can also be observed in the surface phase
diagrams shown in Figure 9, which illustrates the surface energy
as a function of the oxygen chemical potential. While the surface
energy of the stoichiometric surfaces is constant in the surface
phase diagram, the surface energy of the Cu-excess surfaces
increases with increasing oxygen chemical potential and the
surface energy of the O-excess surfaces decreases with increasing
oxygen chemical potential.

Comparing the surface energies of the low-index Cu,O
surfaces, as shown in Figure 9a, it becomes apparent that there is
a “competition” in stability between the Cu,O(111):Cu/O,
Cu,0(110):Cu/0O, and Cu,0O(111):0 surfaces. The surface
phase diagram further indicates that the stoichiometric Cu,O-
(111):Cu/O surface is the most stable one above the O-poor
limit. However, with increasing oxygen chemical potential (Ay
> —1.3 eV), the mixed-terminated Cu,0(110):Cu/O becomes
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Figure 9. Calculated surface free energy of various Cu,O (a) and CuO
(b) surfaces as a function of the oxygen chemical potential Ag,. The
corresponding temperature at a pressure of 10" atm is given in the top
X axis.

more stable until the O-terminated Cu,O(111):0 surface is the
most stable around the O-poor limit (Apg > —0.7 eV).

In contrast, the surface phase diagram for the low-index CuO
surfaces indicates that the stoichiometric CuO(111):Cu/O
surface is the most stable over the whole oxygen chemical
potential range. To clarify the physical meaning of this range of
oxygen chemical potential, we calculated the corresponding
temperature of the surrounding oxygen atmosphere at UHV
conditions. The resulting temperature scale is shown in the top x
axis of Figure 9.

For the Cu,O surfaces, a similar trend in the surface phase
diagram was reported by Soon et al.”>*’ Furthermore, the
calculated surface energies for the Cu,0(100):0, Cu,O-
(110):Cu, Cu,0(110):Cu/O, and Cu,0(111):Cu/O surfaces
under O-rich and O-poor conditions, as well as their progression
in the phase diagram, are in excellent agreement with those
reported by Bendavid et al.,>® whose studies are also based on
PBE + U calculations. For the stoichiometric Cu,0(111):Cu/O
surface, several values of the surface energy have been published,
and the surface energy calculated in our study is in the range of
the reported values of 0.67—0.78 J m™> (42—49 meV
A72) 257272957

The calculated surface energy for the stoichiometric
CuO(111):Cu/O surface is in excellent agreement with Hu et
al. (46 meV A2)** and Mishra et al. (47 meV A72)7®
Furthermore, in both studies, CuO(111):Cu/O is identified as
the most stable CuO surface, which is also in line with our
investigations.”””" However, to the best of our knowledge, only
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a few surface energies have been reported for the non-
stoichiometric CuO surfaces. Hu et al.*” reported a surface
phase diagram for the nonstoichiometric CuO(110):Cu and
CuO(110):0 surfaces but did not include the corresponding
surface structures. Therefore, a comparison of the phase
diagrams is not readily possible. Nevertheless, the surface
energies under O-poor and O-rich conditions for the non-
stoichiometric CuO(110):Cu surface are in very good agree-
ment with our calculations.

B CONCLUSIONS

Using PBE + U, we have investigated the structural and magnetic
properties of low-index Cu,O and CuO surfaces as well as their
bulk oxides. Comparing various possible spin configurations, we
found that CuO prefers being AFM, while for Cu,O, the DM
configuration is most stable.

For the low-index Cu,O surfaces, we observed a correlation
between the stoichiometric ratio Rc,o and the magnetic
moments of the surface atoms. If there is an excess of oxygen
atoms on the surface, the surface atoms have a magnetic moment
with the FM structure being the most stable. Otherwise, the
respective surfaces are DM as the Cu,O oxide itself.

In order to investigate the observed surface ferromagnetism in
more detail, we calculated the spin-polarized DOS and
performed a Bader charge analysis. According to the Bader
charge analysis, fewer electrons are localized at the outermost O
and Cu atoms of the O-excess Cu,O surfaces than at the
respective atoms in the bulk. Furthermore, the spin-polarized
DOS of the O-excess Cu, O surfaces shows additional spin-down
states near the Fermi level or the conduction band minimum.
Therefore, we assume that the unpaired 2p and 3d electrons of
the outermost O and Cu atoms interact with each other, which
causes the energetic splitting of the spin-up/spin-down states
observed in the DOS. We further suggest that the FM exchange
interaction of parallel-aligned electron spins leads to an overall
decrease in energy and therefore to the observed surface
ferromagnetism of the O-excess Cu,O surfaces.

Similar to Cu,O, we observed a correlation between the
stoichiometric ratio and the magnetic moments of the surface
atoms for the low-index CuO surfaces. If there is an excess of
copper atoms on the surface, all or some of the outermost Cu
atoms have no magnetic moment, although all the bulk-like Cu
atoms have a magnetic moment, as in CuO itself. On the other
hand, if there is an excess of oxygen atoms on the surface, the
outermost Cu atoms have a magnetic moment, which is lower
than that in the bulk phase. To shed light on the magnetic
properties of the different terminated low-index CuO surfaces,
we analyzed their electronic structure including the Bader
charges of the respective atoms. The Bader charge analysis of the
CuO surfaces shows that the charge of the outermost Cu atoms
of the Cu-terminated CuO surfaces is similar to the charge of the
Cu atoms in the Cu,O bulk phase, which indicates that these Cu
atoms are reduced (from Cu®* to Cu®). We assume this is the
reason why the outermost Cu atoms of the Cu-terminated CuO
surfaces have no unpaired 3d electrons and, accordingly, no
magnetic moment.

To study the stability of the copper oxide surfaces, we used the
ab initio atomistic thermodynamics approach. The resulting
surface phase diagram for the Cu,O surfaces indicates that there
is a competition in stability between the Cu,0(111):Cu/O,
Cu,0(110):Cu/0O, and Cu,O(111):O surfaces, while the
surface phase diagram for the CuO surfaces reveals that the

stoichiometric CuO(111):Cu/O surface is the most stable CuO
surface over the whole range of oxygen chemical potentials.

In conclusion, we presented a correlation between the
structural and magnetic properties of different terminated
copper oxide surfaces and offered a possible explanation for
the observed magnetism within a simplified model. In addition,
this work offers insights into the surface structure of copper-
based catalysts and forms the basis for further investigations of
catalytic reactions on copper oxide surfaces.
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