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Abstract — Unlike other 3d transition metal monoxides (MnO, FeO, CoO, and NiO), CuO is
found in a low-symmetry distorted monoclinic structure rather than the rocksalt structure. We
report here of the growth of ultrathin CuO films on SrTiOs substrates; scanning transmission
electron microscopy was used to show the stabilization of a tetragonal rocksalt structure with an
elongated c-axis such that ¢/a~1.34 and the Cu-O-Cu bond angle ~180°, pointing to metastable
six-fold coordinated Cu. X-ray absorption spectroscopy demonstrates that the hole at the Cu site

for the CuO is localized in 3d,2

-y

2 orbital unlike the well-studied monoclinic CuO phase. The

experimental confirmation of the tetragonal structure of CuO opens up new avenues to explore
electronic and magnetic properties of six-fold coordinated Cu.

Copyright © EPLA, 2014

Introduction. — Understanding the atomic structure,
chemical-bonding, and structure-property relationships in
Cu-O coordinated compounds is one of the most intriguing
problems in condensed-matter physics. Since the discov-
ery of high-T, superconductivity in the cuprates, interest
in layered Cu-O alloys has been tremendous. Although
no consensus exists yet on the theory of high-T, super-
conductivity, clear experimental evidence for a strong an-
tiferromagnetic super-exchange interaction (J) between
the spins at the Cu sites is found to prevail in both the
insulating parent phase and the doped superconducting
phase [1-4]. This fact specifically motivates the study of
novel layered Cu-O alloys that possess a higher J and
that can eventually be used as a potential parent com-
pound for high-T, superconductivity. In this context, CuO
with the rocksalt structure has recently drawn significant
theoretical attention owing to its predicted high (up to

(2)This author contributed equally to this paper.
(®)E-mail: g.koster@utwente.nl (corresponding author)

800K) Néel temperature (Tn) [5,6]. The original pro-
posal by Bednorz and Muller stated that oxides contain-
ing transition metal ions with partially filled e, orbitals
like Cu?t will undergo strong Jahn-Teller (JT) distor-
tion and consequently can have strong electron-phonon—
interaction—based JT polaron model, possibly giving rise
to superconductivity [7]. From the above considerations, a
study of the highly symmetric cubic or tetragonal rocksalt
CuO is of importance to elucidate the fundamental factors
underlying high-T, superconductivity in cuprates [8].
Despite the scientific interest around rocksalt CuO,
the sole experimental demonstration involves the work
by Siemons et al. [9] where ultrathin tetragonal CuO
(t-CuO) films were grown on a SrTiOs (STO) substrate
and their preliminary electronic properties were discussed.
However, direct evidence for the crystal structure, chem-
ical composition and the knowledge about the orbital
occupation at the Cu site for the tetragonal CuO was
missing. Our present findings based on scanning trans-
mission electron microscopy (STEM), electron energy loss
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(EEL) spectroscopy and polarized X-ray absorption spec-
troscopy (XAS) provide this information and strongly
corroborate the evidence for the tetragonal structure of
ultrathin CuO layer. The structure of CuO as found
in nature is unique and at variance with other 3d tran-
sition metal monoxides (TMMOs). While MnO, FeO,
Co0O, and NiO all crystalize in the rocksalt crystal struc-
ture (Fm-3m space-group) with small lattice distortion
(< 2%) at low temperature [10-13], CuO crystalizes it-
self in a non-centrosymmetric monoclinic structure (C2/¢
space-group, a = 4.68373 A, b =3.4226, ¢ = 5.1288 and
3 = 99.54°) [14,15] and, therefore immense attention has
been drawn owing to its diversified characteristics: mul-
tiferroicity [2], orbital current [16], and low-dimensional
magnetism [1,17]. From the magnetic point of view, CuO
exhibits an electronic-correlation—induced insulating an-
tiferromagnetic ground state similar to other TMMOs.
However, it has two distinct antiferromagnetic phases:
i) commensurate collinear and ii) incommensurate spiral
structures with Ty = 213K and 230K, respectively [2].
While the other TMMO members with lower Z exhibit
a linear trend of increasing T with increasing Z (MnO:
Ty = 118K, FeO: Ty = 200K, CoO: Ty = 291K, and
NiO: Ty = 523K) [13], the monoclinic CuO (m-CuO)
shows a substantial departure from this trend. The reduc-
tion of Ty is believed to be related to the reduced effec-
tive J due to the lower Cu-O-Cu bond angle (¢ = 146°)
of the monoclinic structure. Since J strongly depends
upon the Cu-O-Cu bond angle and can change from anti-
ferromagnetic to ferromagnetic when ¢ changes from 180°
to 90° [2]; one would expect that if CuO were found in
the high-symmetry rocksalt structure or perhaps a closely
related tetragonal structure with Cu-O-Cu bond angle
(¢ = 180°), then T would be enhanced. Since the in-
terplay of superconductivity and magnetism is a key issue
in the study of the physics of copper oxide systems, the
high-symmetry phase of CuO with possible large antifer-
romagnetic coupling would be an ideal model system to
investigate the correlated physics that lies at the heart of
high-T, cuprate superconductivity.

In this report, we have undertaken a detailed structural
and spectroscopic investigation of ultrathin CuO films
grown on STO substrates. The imposed epitaxial strain
stabilizes a tetragonal rocksalt structure in ultrathin films
with thicknesses < 3-4 unit cells (uc). Our present results
based on high-resolution STEM unambiguously demon-
strate the existence of a high-symmetry tetragonal phase
of CuO (where the Cu ion is six-fold coordinated to oxygen
ions) with ¢/a~1.34 (fig. 1(a)). Note that the observed
¢/a ratio for tetragonal CuO is comparatively smaller
than what is generally found for the family of 2D lay-
ered cuprates, e.g. YBayCuzO7_s. Since the Cu ion in the
tetragonal geometry is surrounded by an elongated oxygen
octahedron, it lifts the degeneracy associated with the e,
orbitals (3d,2_,2,d,2) as schematically shown in fig. 1(c).
This orbital configuration arises because the elongation
of the c-axis lowers the Coulomb energy associated with

the electrons in the 3d,2 orbital. Therefore, the hole
(Cu?*(d?)) at the Cu site is expected to be localized at
an egdy2_,> orbital for this novel phase, similar to what
is generally observed in the case of high-T,. cuprate mem-
bers. Using polarized XAS to selectively probe the d,2_»
and d,2 orbitals, we clearly demonstrate the localization
of the hole at the Cu site to the 3d,2_,» orbital.

Experimental details. — The ultrathin CuO films
were grown on TiOg-terminated (001)-oriented STO sub-
strates by pulsed laser deposition using a CuO tar-
get and at a pulse rate of 1Hz, and a laser fluence
of 2J/cm?.  The substrate temperature was held at
650°C and the oxygen partial pressure was maintained
at 0.3mbar. Reflection high energy electron diffraction
(RHEED) was used to monitor the growth process. After
the deposition, the samples were cooled to room tempera-
ture in the deposition pressure at a controlled cooling rate
of 10°C/minute. The structural characterization of the
samples was carried out by X-ray diffraction and high-
resolution STEM, while composition analysis was per-
formed by EEL spectroscopy and X-ray photoelectron
spectroscopy (XPS). High-resolution high-angle annular
dark-field (HAADF), annular bright field (ABF) STEM
images and EEL spectra were acquired using the Qu-Ant-
EM microscope at the University of Antwerp, which is a
FEI Titan? 80-300 equipped with a double aberration cor-
rector and operated at 300 KV. Using a focused ion beam,
thin cross-section lamellae of the films along two different
directions were prepared for STEM investigation. In order
to avoid any damage to the ultrathin CuO film during ion
beam processing, it was capped with 20 uc of crystalline
STO. The spatial resolution of the STEM images is 1 A
and the energy resolution of the EEL spectra is 1.1eV.
The convergence and collection angle for HAADF STEM
images and EEL spectra are 20 and 120 mrad, respectively.
The ABF/ADF images were obtained simultaneously with
an annular detector capturing scattering from 15 to 24 and
from 26 to 60mrad, respectively. An ABF/ADF elastic
scattering image simulation was performed by the STEM-
SIM software mimicking the experimental condition [18].

X-ray absorption spectra were acquired at beamline
4.0.2 at the Advanced Light Source (ALS) in total elec-
tron yield mode by monitoring the sample drain current.
The linearly polarized X-rays were incident upon the sam-
ple with a 60° angle relative to the sample normal, and
the F vector was applied either in-plane or at a 30° angle
relative to the sample normal. To avoid charging effects
during the measurement, the CuO layers were grown on
Nb-doped (0.05% at.) STO substrates. Different STO
capping layers were also investigated, but they did not
significantly affect the measurement.

Results and discussion. — In situ monitoring of the
growth of the CuO films using RHEED demonstrates a
transition of the film structure as the film thickness in-
creased. In the initial part of the growth, we clearly
observe a RHEED pattern with elongated spots and not
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Fig. 1: Schematics for (a) the structure of ultrathin tetrago-
nal CuO film (¢ = 3.91(2) A and ¢ = 5.25(10) A) grown on
STO. The green and red spheres represent oxygen and copper
atom positions, respectively, (b) elongated CuOs octahedron
surrounding Cu ion and (c) relevant tetragonal crystal field
split energy levels with electronic occupation of d orbitals at
the Cu site (dz. andd,. shown as degenerate).

Fig. 2: Evolution of the RHEED pattern ((a)—(b)—(c)—(d))
during the growth of CuO on STO that clearly shows the tran-
sition from a streaky pattern ((a) and (b)) to the onset of 3D
spots ((c) and (d)); (a), (b), (¢) and (d) correspond to the
RHEED pattern after ~ 3, 4, 5 and 8uc of CuO growth, re-
spectively. A clear streaky RHEED pattern (e) at 650 °C after
the growth of a tetragonal film (~ 4 uc) and (f) after it is cooled
down to room temperature.
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Fig. 3: HAADF-STEM images along the (a) [100] and (b) [110]
direction. A tetragonal structure model matching the observa-
tions is shown on the left side of both figures.

showing reflections characteristic for 3D islands (fig. 2(a)
and (b)), which corresponds to the tetragonal structure
of CuO [9]. However, as the growth continued, 3D
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Fig. 4: (a) ADF image from the interface region showing the
atomic columns of the heavy atoms along the [110] direction
(Sr, Ti, Cu). (b) The reversed ABF image acquired simultane-
ously with the ADF image in (a) showing the atomic columns of
light elements (oxygen) together with those of heavy elements.
The inset shows a reversed ABF image of a thicker CuO film on
the STO substrate. It has collapsed to its ordinary monoclinic
structure which is clearly different from the tetragonal struc-
ture of ultrathin CuO film. (¢) Combined color map with ADF
in red and reversed ABF image in green. The heavy-element
columns were combined to be yellow after color mixing while
the O columns remain green. The inset is a combined color map
with the ADF image in red and oxygen-enhanced ABF image
in green, where the heavy elements (Cu/Ti/Sr) and light ele-
ment (O) positions can be retrieved by Gaussian peak fitting
(FWHM = 0.13nm), respectively. The retrieved Cu and O
positions are illustrated with red and green disks on the left of
the CuO layer. The average Cu-O-Cu bond angle is 180 + 2
degree estimated from measuring 30 Cu columns in the t-CuO
horizontal planes. (d) Simulation of the ADF and the reversed
ABF images.
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Fig. 5: Polarized XA spectra for a tetragonal CuO film. The
inset shows the schematic for the d,2_,2 orbital where the hole
at the Cu site is preferentially localized.

spots gradually appear (fig. 2(c) and (d)), which are pre-
sumed to emerge when the film relaxes to the monoclinic
phase. In most cases, elongated RHEED patterns were
observed when the thickness of the CuO films was lim-
ited to 3-4 unit cells as monitored by RHEED oscilla-
tions. The elongated streaky 2D pattern at the growth
temperature (fig. 2(e)) was retained upon cooling to room
temperature (fig. 2(f)), demonstrating the stable nature
of the ultrathin tetragonal CuO films. In order to ensure
the growth of a pure CuO phase without the formation
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of other copper oxide phases (e.g., CuyO, CuzOy), we
have examined the structural and Cu valence state in-
formation using X-ray diffraction and XPS respectively.
The results obtained from both the techniques confirm the
growth of CuO phase; where Cu is in +2 state unlike in
CUQO [9,19].

Detailed STEM was carried out to provide further in-
sight into the structure of the ultrathin CuO film [20].
In order to investigate the three-dimensional arrangement
of Cu cations, a representative sample with 2.5uc thick-
ness was prepared along the [100] and [110] directions.
Figure 3(a) shows a HAADF-STEM image of the sample
prepared along the [100] direction, in which the atomic
columns of the heavy elements (e.g., Cu, Ti, Sr) show up as
bright spots. The middle CuO layer grows epitaxially with
respect to the STO substrate with an atomic arrangement
consistent with the projection of the rocksalt structure
shown schematically on the left side of fig. 3(a). Using the
lattice parameter of the STO substrate (a = 3.905 A) as an
internal calibration, we find the a-axis lattice parameter
of CuO to be 3.91(2) A, which matches well with that of
the STO substrate and the capping layer. The c-axis lat-
tice parameter of the CuO film is derived to be 5.25(10) A.
These observations suggest that the CuO layer stabilizes
in an elongated rocksalt structure. HAADF-STEM of the
sample prepared along the [110] direction shows that the
CuO film has a hexagonal arrangement of atomic columns,
in agreement with a tetragonal CuO structure as shown
by the schematic on the left side of fig. 3(b).

The oxygen positions, which are equally important for
the crystal symmetry determination, cannot be visual-
ized by HAADF-STEM imaging due to the fact that oxy-
gen has a much lower atomic number and cross-section
for inelastic scattering. As an alternative, ABF-STEM
is sensitive to both light (e.g., oxygen) and heavy atoms
(e.g., Cu) in the structure and thereby provides crucial
information on the oxygen ion positions [21]. Therefore,
the combination of both ABF-STEM and ADF-STEM,
provides a unique opportunity to simultaneously monitor
the position of the oxygen atoms with respect to the Cu
atoms [22]. Figure 4(b) shows a simultaneously acquired
ABF image (intensity inverted to make the atoms appear
as white spots on a dark background) together with its
ADF image (fig. 4(a)) of the CuO film and its neighboring
STO layers. Comparing the ADF and ABF images, extra
oxygen atomic columns are clearly observed between two
Ti columns in the ABF image of STO film in fig. 4(b).
This proves that the spatial resolution at this experimen-
tal setting is capable of resolving the columns of oxygen
ions from their neighboring Ti ions 1.4 A away. Indeed,
the ABF image corresponding to the CuO layer has extra
columns belonging to the oxygen positions lying between
two Cu columns. To improve the visibility of the oxygen
columns, the intensity-inverted ABF image (in green) is
superimposed with the ADF image (in red). The columns
containing heavy elements (e.g., Sr, Cu and Ti) together
with oxygen ions are visible as yellow (overlay of red and

green) dots whereas the columns containing only oxygen
ions are visible in green. We clearly observe the presence of
oxygen columns between the heavy Ti columns in the STO
layer and between the heavy Cu columns in the CuO layer.
This fact directly confirms the arrangement of the oxygen
ions in the CuO layer as an elongated rocksalt structure
as illustrated in fig. 1(a). Since the ABF images contain
the information of both the heavy and light elements and
the ADF only contain that of the heavy elements, the
ABF image can be divided by its corresponding ADF im-
age to enhance the visibility of the light elements further.
This divided image (in green) was combined again with the
ADF image (in red) (fig. 4(c), inset), which nicely shows
the light atomic columns in green and the heavy ones in
red. With such clearly identified oxygen columns, the av-
erage O-Cu-O bond angle is estimated to be 18042 degree.
This result directly proves that both Cu and O ions adopt
their corresponding atomic positions as demonstrated by
the elongated rocksalt structure in fig. 1(a) for an ultrathin
CuO layer. The simulated image assuming the structural
model agrees well with the experimental result as shown
in fig. 4(d). In order to confirm the chemical composition
of the CuO and STO layers in a direct manner, EEL spec-
troscopy was performed and that confirms the designed
film structure with negligible inter-diffusion.

XAS measurements were used to probe the electronic
structure and symmetry of the unoccupied Cu 3d states
for this novel phase of CuO. In these measurements, elec-
trons are excited from a selected core shell to an empty
valence state upon the irradiation of X-rays with the ap-
propriate resonance energy. Since the orientation of the p
and d orbitals are not spherically symmetric in space, the
probability of an electron transition strongly depends on
the orientation of the E vector of the linearly polarized
X-rays with respect to the CuOg octahedra and therefore,
the film’s crystalline axes. Furthermore, the transition
intensity scales with the number of empty states in the
orbital being probed [23]. Therefore, using vertically or
horizontally polarized X-rays oriented along the in-plane
[100] direction (i.e., the E vector aligned along the in-
plane [010] direction and canted out-of-plane by 30° rela-
tive to the [001] direction) in our gazing incidence geome-
try, we can probe the in-plane d,2_,> orbitals or primarily
the out-of-plane d,2 orbitals of the tetragonal CuO film,
respectively.

In fig. 5, we show X-ray absorption spectra for the
tetragonal CuO films at the Cu Lg 3 edges with the E
vector aligned in-plane or canted out-of-plane. The peaks
at the Cu Ly 3 edges (i.e. at about 930 and 950eV) cor-
respond to transitions from the Cu 2ps/, to Cu 3d and
Cu 2py/p to Cu 3d orbitals, respectively. These transi-
tions are commonly referred to as 2p® 3d° — 2p° 3d'°,
where an electron from the Cu 2p orbital is promoted to
the 3d orbital after absorbing a photon [23-25]. We ob-
serve a strong dependence of the spectral intensity on the
polarization direction with a higher absorption when E is
aligned in-plane compared to when it cants out of plane.

17003-p4



Ultrathin films of tetragonal CuO

The observed large asymmetry of 57.1% (asymmetry =
difference of the X-ray absorption signal obtained for F 1 c-
axis and E || c-axis at the L3 edge divided by the sum)
in the spectral intensity gives direct evidence that most of
the Cu sites have holes occupying the d,2_,» orbital simi-
lar to what has been demonstrated for tetragonal SrCuO,
and Laj g5S51rg.15Cu0,4 having closely the same degree of
asymmetry. This is unlike the case for the monoclinic
phase of CuO [26] or the theoretically predicted hypothet-
ical tetragonal phase with ¢/a < 1 [5,6,27], where the hole
is reported to occupy the egd.» orbital. In essence, the
results of polarized XAS in relation to the hole occupa-
tion at Cu site is in agreement with the discussion based
on tetragonal crystal field splitting of the d orbital en-
ergy levels as sketched in fig. 1 and hence corroborates
the tetragonal structure of CuO with ¢/a > 1.

Conclusions. — We have successfully synthesized
tetragonal ultrathin CuO films by a pulsed laser depo-
sition method, imposing epitaxial strain from the STO
substrate. The structural characterization during the
growth (by RHEED) and after growth (by STEM) un-
equivocally demonstrate the existence of a tetragonal
phase of CuO. Specifically, the findings based on STEM
directly reveal that the unit cell of ultrathin CuO layers is
elongated along the c-axis with ¢/a ~ 1.34 and has a Cu-
O-Cu bond angle, ¢ = 180 + 2 degree. A combination of
ABF and ADF imaging has been used to directly visualize
the positions of the heavier (Cu) and the lighter (O) ele-
ments, respectively. Structural findings are complemented
with polarized XAS experiments that clearly demonstrate
that the hole state at the Cu site has a 3d,2_,» orbital
characteristic which is different from the case of bulk mon-
oclinic CuO; where the hole is localized in the 3d.2 orbital.
Our direct demonstration for the existence of a tetragonal
CuO will encourage experiments to probe the associated
electronic structure and magnetic state in this novel phase,
and also will trigger doping experiments in the quest for
high-T, superconductivity.
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