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‘Tetragonal CuO

Because of its relative simplicity, CuO is a candidate compound to study electron
correlation effects and the influence of correlation on the electronic structure of tran-
sition metal compounds, in particular high temperature cuprate superconductors. In
the cuprate superconductors the conductivity takes place in the copper oxide planes, -
which are sandwiched between charge reservoir layers. These planes have the composi-
tion CuO; and are arranged in a square pattern with the copper atoms on the corners
and the oxygen atoms on the vertices between them. If another copper atom was
placed: in the middle of such a square a CuO rock salt plane would be created. If the.
charge reservoir layers were then removed and every second layer was given an offset

. of a Cu—O bond length, a three dimensional CuO rock salt structure would result,
which would be a very interesting 3D potentml model system with which to study the

- properties of high-T. compounds.

There are, however, two problems: the proposed rock salt structure is not a stable

. phase of copper oxide, and the resulting structure would be a Mott insulator. To

overcome these problems we have used epitaxial strain to force the CuO to grow in a
tetragonal rock salt structure and studied the properties of this new tetragonal phase.
The structural parameters were determined by using RHEED and x-ray photoemission
diffraction. We had to resort to in situ measurement of the crystal structure because the
_films tended to relax to the more stable monoclinic CuO phase. Measuring properties
was further complicated by the limited thickness (~2 nm) for which the tetragonal
phase can be stabilized. Subsequently we studied the electronic structure with XPS
and UPS. By comparing with stable copper oxides we have determined the Cu has a
charge of +2 and that the tetragonal structure is more ionic than the monoclinic phase.
To dope the material we have deposited overlayers to provide charge transfer to the
CuO. Leaving aside the question of whether these electrons are localized or delocalized,
we observe signs that the CuO is doped with electrons in this process. No Fermi edge -
_ was measured on these samples and when taken out of vacuum the alkali metals were
found to have reacted with air, undoing any charge transfer effect. A UHV transfer
chamber and a UHV, thin film scanning physical property measurement system are
under development in our laboratory that will ameliorate such problems.
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Figure 5.1: An orthographic projection of the unit cell of cuprite (Cug O) is given on the left.
The view along one of the crystal azes, together with the lattice parameter, is displayed on the
right. Oxygen is represented by the larger lighter colored spheres and copper by the smaller
darker colored spheres. :

This chapter describes these efforts and starts out with a general description of
the well known stable oxides that can be formed with copper. The results of our
experiments will be presented subsequently, followed by a discussion of the results and
the conclusions.

5.1 The bulk oxides of copper

Copper can be progressively oxidized to form a number of oxides. It is important
to know the properties of these oxides when a new phase is to be discerned. In this
section the bulk structural, electronic, and magnetic properties of the natural oxides
are summarized.

5..1 Structural properties

Copper metal has a face-centered-cubic (F'm-3m) lattice with a unit cell parameter of
3.604 A,! which results in a Cu-Cu distance of 2.55 A for nearest neighbors.

When copper is oxidized it first gives up one electron to become Cu™ and forms
Cu;0, which is called cuprite and has space group Pn-3m. CuzQO has a highly sym-
metric crystal structure: a cubic unit cell with a lattice parameter of 4.268 A.2? There
are six atoms per unit cell; the oxygen atoms form a body-centered-cubic lattice and
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Tenorite unit cell Along the a axis
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Figure 5.2: A 8D image of the unit cell of tenorite (CuQ) is given in the upper left corner.
Views along each of the crystal azes, together with the lattice parameters, are also displayed.
The copper has a valence state of 2+ in this structure. Oxygen is represented by the larger'
lighter colored spheres and copper by the smaller darker colored spheres.

the copper atoms are on the vertices of a tetrahedron around each oxygen atom. A
schematic representation of the unit cell is shown in figure 5.1 on the facing page.

When Cu,O is oxidized further copper becomes Cu?* and the final composition is
CuO, which is also known as tenorite and has space group C2/c. CuO has a monoclinic
unit cell and each atom has four nearest neighbors of the other kind: the oxygen atoms
are in the center of a distorted copper tetrahedron and the copper atoms are in the
center of oxygen rectangles.® The unit cell of CuO is depicted in figure 5.2.

Between CuyO and CuO there is another phase that can form, namely CuyO3 or -
paramelaconite. In this metastable phase the copper ions have a mixed valence: some
are 1+ and some are 2+. Datta and Jeffrey4, O’Keeffe and Bovin,® and Morgan et

al.® have determined that the unit cell has tetragonal symmetry, space group 14y / amd,
with a = 5.818 and ¢ = 9,894 A and unit cell contents Cu; +Cu1+0

We will not consider further oxidation of the Cu to 3+, because of the following.
arguments, which were proposed by Geballe and Koster.” Those authors compare Cu
in a crystal lattice to' Cu in a aqueous solution, a comparison that is allowed because
in both the crystal lattice and the aqueous solution the cations are coordinated by
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Figure 5.8: Schematic illustration of the energy levels for a Mott-Hubbard insulator (left)
and a charge-transfer insulator (right). The interaction on the d-site results in a splitting of
the d-band and a charge gap formed by the upper and lower Hubbard band in the Mott-Hubbard
insulator case or the upper Hubbard band and the p-band in the charge-transfer case. After
Imada, Fujimori, and Tokura. ®

" charges in these materials cannot flow freely when a dc electric field is applied, but in- -

stead undergo polarization. Conventional electronic structure techniques do not yield
the right answer in all cases as they do not take strong electron correlation effects
into account. In classical physics the difference in behavior when cooling down was
explained by looking at the state of the electronic charges: they are either bound or
free, corresponding to the Lorentz model for insulators and Drude model for metals
respectively. When quantum physics is considered the distinction between the two
states is no longer so obvious. The most used model to calculate electronic properties
is the electronic band model: the band structure and the position of the Fermi level

- determine the behavior of the material.!” In many materials, such as ionic insulators,

simple metals, and some semiconductors, the band structure model and the related
"Fermi liquid description provide a good explanation of their physical properties. Insu-
lators have only filled and empty bands in the band model, whereas meta.ls have one or
more partially filled bands. The assumption made in the band model is that electron

-interaction is limited to weak interactions. When Coulomb interactions become dom-

inant in a system, immobilization of the electrons can occur for certain band fillings:

- these are commensurate fillings, for example 2 5 filling. The insulators for which this is
~the case are called Mott insulators (after N.F. Mott who first described these materials

in 1949).'® Examples of Mott insulators are GaAs quantum wires, organic Bechgaard
salts, undoped high-temperature superconductors,'® and transition metal compounds
including CuO. The interactions between the electrons can lead to novel phases which
are strongly influenced by the carrier concentration as varied by doping away from half
filling; an overview is provided by Imada, Fujimori, and Tokura.2°

In a band insulator the conductivity is blocked by the Pauli exclusion principle:
the electrons cannot move because the bands are fully filled (two electrons per unit
cell). In a Mott insulator charge conduction is blocked by Coulomb repulsion. Every
site contains a single electron, so when a second electron tries to hop to another site it
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Figure 5.4:  The phase diagram by Zaanen, Sawatsky and Allen®® classifies the various
regions as a function of U and A. The various regions are: (A) The Mott-Hubbard insulators, -
where. the energy gap (U) is formed by the d-band. Holes and electrons have a d character
and are both heavy; (B) Charge-transfer insulators, where the energy gap (A) is formed by
the p-band and the upper Hubbard band and is proportional to the electronegativity of the
anion. Holes are light (p-band) and electrons are heavy (d-band); (AB) The- intermediate
region. between the previous two, where holes are of intermediate mass and electrons are heavy;
-(C) d-band metals, where electrons and holes are both heavy; (D) p-type metals, which have
holes in the anion valence band (light holes); (C’D) Intermediate region between the previous
two regions. '

encounters the electron that was already there. This results in electron-electron repul-
sion, and when this repulsion is strong enough (roughly when the Coulomb interaction
is larger than the bandwidth) all charges are fixed in the-material, resulting in an
insulator. : ' , oo

A good way to describe materials in which correlation dominates the transport prop-
erties is the Mott-Hubbard model. The Mott-Hubbard model proposes that charge fluc- .
tuations (with energy U) of the type d}'d} « d?‘ld;‘"'l (where 7 and j label transition-
‘metal sites) form the band gap; for CuO this would be d7d? « d2d}°. This is correct
for the light transition metal compounds, such as those of Ti and V. For the Co, Ni and
Cu compounds however the gap does not seem to be a d—d gap, but is directly related
to the electronegativity of the anion and is therefore of a charge transfer type.2* This
type of charge fluctuation does not involve U, but the charge transfer df « d?"’lL
(for CuO: d} < d}°L with energy A), where L denotes a hole in the anion (oxygen in
CuO) valence band. A schematic illustration of the energy-levels for Mott-Hubbard
and charge transfer insulators is given in figure 5.3 on the previous page. In going from-
lighter to heavier transition-metal elements, the d level is lowered and therefore A is. .
decreased, whereas U is increased because the spatial extend of the d orbital shrinks:

with the atomic number. This results in compounds containing a light transition-metal k

to become Mott-Hubbard insulators, whereas compounds containing a heavy transition
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metal become charge-transfer type insulators. The electronegativity of the anion only
influences A, higher electronegativity means A is decreased. Zaanen, Sawatzky and
Allen?? constructed a phase diagram that orders 3d transition-metal compounds with
respect to the energies U and A. This phase: diagram is given in figure 5.4 on the
* facing page. Whether doped carriers in a filling controlled system have oxygen p-band
character or transition-metal d-band character is an important question in considering
the transport properties of transition metal oxides. ‘Doped holes have a d-band char-
acter in Mott-Hubbard insulators and a p-band character in charge-transfer insulators.
Doped electrons have a d-band character in both cases, ‘because the conduction band
has a d character in both cases. _
Ghijsen et al.2® show that tenorite is a charge transfer gap insulator. NiO has
a rocksalt structure and is also a charge transfer gap insulator, it can therefore be -
-expected that CuO in a rock salt structure will be a charge transfer gap insulator as
well. A summary of the electronic parameters of the oxides can be found in table 5.2.

'Phot_o_emlsslon spectra

- A direct way to measure the band structure is by performing PES. This section will
describe the core level photoemission spectra of Cu, CuzO and CuO. It will focus on
the 2p doublet of Cu, since it carries most information about the oxidation state of
copper and on every sample made as part of this work these peaks have been measured.
Examples of these spectra are given in figure 5.5 on the following page. For Cu and
'Cuz0 only two peaks.appear: the 2pg and the 2py, which can be linked to 2p%3d1°.
final state. For CuO two extra satellite peaks appear, which are characteristic of the
-formation of a 2p®3d® final state. Such satellite structures are also visible in the spectra
of the copper dihalides3? and nickel metal.3® The ground state of copper is a 3d° state
“and the main peaks related to the 3d'° state are not expected to.have any intensity.
Due to the hybridization of the bands the oxygen can donate an electron to the copper
to create a lower energy state, which is denoted by an L indicating a hole on the ligand.

"'The main peaks are therefore denoted as 2p°3d!°L final states. The main peak is also
‘a lot broader for CuQO than it is for Cu or CuzO, which has been explained by Van

Cu Cu0 CuO

Resmtmty at 300 K (uf2 cm) 1.7 ' 6.2 x 108 10°
Bandgap (eV) . n/a 2.1 1.4
Cu 2p binding energy (eV) 9324 £ 0.1 932.3 £ 0.2 933.5 £ 0.3
O 1s binding energy (eV) n/a 530.3 + 0.3 520.5 + 0.2

Table 5.2: Summary of the electronic properties of Cu, Cuz O, and CuO in numbers: the
resistivity -at room temperature, the bandgap, and the positions of important core level XPS
lines. For CuO there are additional parameters velated to the strong electron correlation:2%%
the copper—ozygen charge-transfer energy A = 1 eV, the d—d Coulomb interaction U = 7 eV,
.and the ligand-d hybridization T = 2.4 eV. For the XPS lines an average of the values found
in literature is given and the standard deviation.2%%%26.27,28,26,30,31
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Figure 5.5: Photoemission spectra of Cu, Cug O, and CuO (tenorite). For both Cu as well
as Cug O only 2 peaks are visible, which are related to the 2p3,53d*° and the 2p};,3d"° final
states; which have almost the same binding energy in both materials. The CuO spectrum is
more complex and has 4 peaks due to the possibility of ozygen donating an electron to the
copper 3d band. The final states for the CuO peaks are labeled in the figure. The largest peak
is called the main peak and the smaller peak related to the ground state is called the satellite .
peak in the text. The peaks of the CuO are shifted to higher binding energy by more than 1
eV. They are also much broader than the peaks of the other two materials due to delocalized
screening and multiplet splitting, which is explained in the text.

Veenendaal and Sawatsky. 3435 By performing calculations they show that there is a
competition between screening electrons coming from local ligand atoms and electrons
coming from ligand atoms of neighboring Cu metal ions to screen the charge on the
Cu. This causes an extra contribution to the main peak, which shows up as a shoulder
at higher binding energy in the case of CuO. The multiplet splitting in the 2p°3d°
satellite peak is more subtle and is the subject of many papers. 36:37

5.1.3 Magnetic properties

The electrons in a Mott insulator cannot move, but their spins can still fluctuate.
The spins usua.lly arrange themselves in an antiparallel fashion, due to virtual charge
fluctuations, 38 which leads to long-range antiferromagnetic ordering. The temperature
at which this ordering takes place is-the Néel Temperature (Tx).

The Néel temperatures for transition metal monoxide compounds with a rock salt
structure are graphically represented in figure 5.6 on the next page.” The y-axis is
scaled logarithmically and the Néel temperature increases exponentially with the tran-
sition element number. ‘The Néel temperature for CuO does not follow this trend,
but.remember, CuO has a monoclinic structure. If CuO could be forced into a rock.
salt structure its Néel temperature would be slightly higher than 800 K based on a
linear extrapolation. A recent theoretical exploration of the Néel temperature in these
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Figure 5.6: An overview of the Néel temperatures for transition metal monozides with a rock
salt structure. TN increases exponentially with each element up to NiQ as indicated by the
dashed line, which is a fit of the first four points. The T of the monoclinic CuQ structure
does not follow this trend, but is much lower. When a rocksalt structure of CuO is formed T
might follow the trend and linear extrapolation predicts a Tn slightly higher than 800 K.

materials was performed by Harrison. 39

The Néel temperature in these materials in thin films is also a function of thickness,
which has been observed both experimentally40:4! as well as theoretically.4? For NiO
the Néel temperature is reduced from $20 K for bulk material to 470, 430, and 295
K for 20, 10 and 5 monolayer films respectively, as measured by x-ray absorption
spectroscopy. 4 This thickness effect is due to uncompensated moments at the surface
causing disorder and can be modeled as a finite-size effect. *3 The reduction of the Néel
temperature with thickness is quite substantial in transition metal monoxides compared
to other compounds.** A reason for this strong dependence in NiO may be found in
the crystal structure. In a rocksalt structure the nearest-neighbor (100) layers are not
or hardly coupled via the superexchange interaction because of the 90° Ni-O-Ni bonds,
while the next-nearest-neighbor layers are only coupled by one 180° superexchange
path. Due to this weak coupling the bulk Néel temperature will only be reached for
fairly thick layers of NiO. A similar dependence is to be expected for CuO when it is
stabilized in a rock salt structure.

Measuring the Néel temperature or the magnetic properties of an antiferromagnetic
thin film in general is not easy due to the antiparallel arrangement of the spins which
means the long range magnetic signal averages to zero. The usual way of determining
the Néel temperature for bulk samples is to measure heat capacity, a method which
is not suitable for very thin films. A good example of heat capacity measurements
on doped CuO is the work by Saito et al. %> Another bulk technique is the use of
neutrons to determine spin alighment and has to be performed at specialized facilities.
However, more material than is present in our thin films is needed to gather reliable
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data. Bulk data of this type is available on a lot of transition metal compounds,
for example the work by Roth on the transition metal monoxides.*® In somewhat
thicker films measuring the dc-susceptibility is a good option. After the transition
to the antiferromagnetic state the susceptibility will drop sharply, which can be seen
in CoO/SiO2 multilayers by Ambrose and Chien.*? For thinner films there are some
synchrotron related techniques. The first one is x-ray absorption spectroscopy (XAS).
Alders et al.%? calculate that the Ni Ly-XAS in NiO is dependent on the presence
exchange interaction. This way those authors measure the Néel temperature in NiO
films as thin as 5 ML. The second synchrotron technique is x-ray magnetic-linear
dichroism spectroscopy (XMLD). Here linearly polarized x-rays are used to probe the
expectation value of the square of the magnetic moment, < M? >, because linearly .
polarized photons have only axiality. Because linearly polarized light is used, in contrast
to circularly polarized light, any uniaxial magnetic system can be measured, which
includes antiferromagnets. In the right setup this technique measures only the top 2
nm of a film, making this a very suitable technique for very thin films. The merits of
this technique were demonstrated by Stéhr and coworkers on a film of NiO.47 The last
technique we will discuss here is measuring the transition temperature by using the
exchange bias effect. The exchange bias effect, which was discovered in 1956,4® exists
at the interface between a ferromagnet and an antiferromagnet. It will be discussed
in more detail in the following paragraphs, since we will come back to it later in the
chapter.

Ferromagnets have a large exchange parameter, but a relatively small anisotropy,
which makes the ferromagnetic ordering stable at high temperatures, but the orienta~
tion may not be stable. Most ferromagnets have two equally favored magnetic directions
which are collinear and lie along the so-called easy axis. Antiferromagnets on the other
hand have a very large anisotropy and therefore have very stable orientations.

When an interface is formed between a ferromagnet and an antiferromagnet the
exchange coupling can result in the existence of ferromagnetic behavior with stable
order and high anisotropy.4® This phenomena is called the exchange bias effect and
influences the shape and position of the magnetic hysteresis loop. When a ferromagnet
is grown on top of an antiferromagnet the exchange coupling between the two systems
only leads to an increased- coercivity of the ferromagnet. This is usually attributed to
the increased coercivity of interfacial spins which need to be dragged around by the
external field. However, the ferromagnetic hysteresis loop is still symmetric, indicating
two equivalent easy directions.

When cooled down in a magnetic field on the other hand the hysteresis loop is
no longer centered around zero magnetic field. These shifts are most easily observed
when perfect interfaces are formed and the Néel temperature of the antiferromagnet
is lower than the Curie temperature of the ferromagnet. In that case a magnetic field
is applied to the heterostructure above the Néel temperature and the sample is then
cooled down to below the Néel temperature in a magnetic field. In this case the layers
of the ferromagnet closest to the interface will be pinned in a uniform direction and a
shift in the hysteresis loop results.

The condition of Ty < T¢ may not be satisfied-in our materials system, because
we do not know the Néel temperature of the new phase, and a more disordered system
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StTiOs 50 pls CuO 300 pls CuO

Figure 5.7: The evolution of the RHEED spectrum during the growth of CuO on SrTiOs
taken along the (01) direction of SrTiOs shows a transition from a clear 2D pattern for bare
SrTiOg on the left to the streaky pattern of CuO on the right. 300 pulses of CuO corresponds
to a 15 — 20 A thick film.

might result. This disorder can come from structural defects, but also from the forma-
tion of domains in the ferromagnet and the antiferromagnet.5® The measurement can,
therefore, be an average over many such domains and may not show a shift in the hys-
teresis loop. The magnitudes of the coercive and exchange bias fields are a function of
the thickness of the antiferromagnetic layer, which is most likely due to a change in its
domain structure.5':52 Much work has been done recently on describing exchange bias
effects at interfaces®® and so far the Mauri-Siegmann model®* seems to offer the best
fit with observations. If a rock salt structure of CuO can be formed it might behave
a lot like NiO, which is the transition metal compound closest to it. NiO is known
to exhibit weak bias fields, probably due to the relatively small magnetocrystalline
anisotropy (i.e., NiO is not a very hard antiferromagnet).

Measuring the Néel temperature by the exchange bias effect is further complicated
by the so-called blocking temperature, T,. At T} the exchange bias field, i.e. the shift in
the hysteresis loop, approaches zero and T}, is a measure for the thermal stability of the
exchange bias. The blocking temperature is always lower than the Néel temperature
and has been shown to be a function of the thickness of the antiferromagnetic layer.°

5.2 Epitaxially strained growth on SrTiO; and characterization
It is possible to grow CuQ with a higher degree of symmetry (tetragonal) by depositing
on SrTiO3 and thereby making use of epitaxial strain. The next few sections offer an

overview of the findings on this new tetragonal phase of CuQ. The results on growth,
structure, electronic properties, and magnetic properties are presented.

5.2.1 Growth

Samples were either grown on SrTiO3 or on doped, conducting SrTiOs, where the dop-
ing was 0.5% Nb. The latter offers the advantage of reduced charging when performing
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PES on the insulating CuO samples. Both kinds of substrates were TiO5 terminated,
as described in section 2.3.1 on page 13. v

In order to stabilize the new phase it is of utmost importance to oxidize Cu to a 2+
state. This is accomplished by using a target of CuO and providing atomic oxygen with
the source operating at 600 W with a flow of 2.5 sccm oxygen resulting in a background
pressure in the system of 1.5 x 10~5 Torr. The temperature of the substrate was kept
constant at 600 °C and the growth was monitored by RHEED. The RHEED patterns
in figure 5.7 on the previous page show a sequence of events in the case of perfect
growth. A streaky pattern emerges from the CuO, without any 3D spots between the
streaks. Figure 5.8 contains a pattern that shows what happens when the film relaxes
to tenorite, which is clearly different from the new CuO phase.

When grown on dual terminated substrates the growth was found to be more 3D
and the films relaxed to the tenorite phase at an earlier stage. Similar effects were
observed on other substrate materials, such as DyScO3 and LaAlO3, where 3D growth
patterns dominated. Those substrates are double terminated by nature and no known -
reliable methods exist to make them single terminated, an effort further complicated
by the polar nature of these materials (for more information on polar materials see
chapter 3 on page 27). These other substrates have different lattice parameters as well,
which influence the stress put on the material.

The films were not always stable in atomic oxygen below 300 °C, when cooled
after deposition. The films, it was found, would relax to tenorite when cooled to
room temperature under deposition conditions. For this reason the atomic oxygen was
switched off at 300 °C and the sample was cooled to room temperature in molecular
oxygen (~10~> Torr). This implies that the stability line for the tetragonal CuO when
exposed to atomic oxygen lies at 300 °C.

The thickness of the tetragonal CuO samples is limited by a relaxation to the
tenorite phase when growing beyond a certain thickness. For most samples 300 laser
pulses were used in the PLD process to guarantee a streaky RHEED pattern with no
3D spots. This corresponds to a layer thickness between 15 and 20 A. AFM imaging

Figure 5.8: The RHEED spectrum during the growth of tenorite CuO on SrTiO; taken along
the (01) direction of SrTiOs; showing clear 8D spots.
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Figure 5.9: The electron diffraction patterns of SrTiOs and CuO taken along their (10) and
(11) directions. Even though the (10) reflection of CuQ is not allowed as explained in the text,
very faint lines at its position are usually visible. The patterns shown here are both fourfold
symmetric when the sample is rotated around its azimuthal azis.

confirms that thin samples are flat with the SrTiOj step structure still visible, whereas
the samples that are thicker have ”particles” on top, associated with the film growth
process, that would cause a 3D pattern to appear.

5.2.2 Structural properties

To confirm the growth of a new phase the first thing to determine is its structure. The
in-plane lattice parameters could be deduced from the RHEED spectra, which were
taken during growth. The out-of-plane lattice parameter is more difficult to measure
due to the limited amount of material with which to work. Through the application
and simulation of XPD spectra we have been able to construct the unit cell of the new
phase. First the in-plane and subsequently the out-of-plane parameters are discussed.

In-plane lattice parameters

To determine in-plane lattice parameters of the new phase RHEED spectra were used.
Spectra taken along the SrTiO3 (10) and (11) are shown in figure 5.9, and since the
lattice parameters of the SrTiOg are well known (3.905 A cubic), those of the CuO can
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be calculated by comparing to SrTiO3. When this data is taken at face value and this
method is used on the spectra that are displayed, one calculates a distance of 1.92 A
along the SrTiO; (10) direction and 2.72 A along the (11) direction. This suggests that
the unit cell of the new CuO. phase is 45 degrees rotated with respect to the SrTiO;
if we assume a rock salt structure, i.e. the (11) direction of CuO is parallel to the -
(01) direction of SrTiO3. The result would be a unit cell with as many atoms as the
tenorite unit cell, but with only a quarter of the volume, and the Cu-O bond length
would be 1.36 A, a seemingly unphysical value. However, for a rock salt structure, in
3D as well as 2D, not all the diffraction peaks are allowed, as can be seen from the
following calculations.

In a face centered crystal lattice every atom with coordinates (z,y) has one identical.
atom with coordinates (z + 2,y + 2) For every unit cell with n atoms there are n/2
groups of two atoms. The structure factor can be written as a summation of such :
groups of two:

Fiy = Z {fne?mihanthyn) | o2mi(h(znt+i)+h(yn+ 1))y
n/2 )

And can also be written as:

Fye = [L+ em(A+k)] Z fnemihza +kyn)
n/2

The part of the equation before the summation takes the value 2 if A and & are unmlxed
both odd or both even, and 0 when they are mixed:

h,k unmixed: Fpr = 2 Z fre2mi(hentkyn)
n/2
h,k mixed: Frr =0

In 3D the result is similar, but then for three dimensions: A, k, and . The absence .
of | does make a difference though; the (330) reflection, for instance, would not be
allowed in three dimensions, but in two dimensions it becomes (33) and.is a.llowed For
the analysis of the RHEED patterns this results in the (01) reflection not being allowed,

but the (11) is allowed and therefore the shortest spacing between the diffraction pea.ks o

now corresponds to the (11) direction.

Applying these insights allows us to calculate the correct 1n-plane lattice parameters :
In the (11) direction of the SrTiO; substrate the (11) and (22) reflections of CuO are
- allowed, and along the (01) direction of the SrTiO3 the (02) and (04) reflections of
CuO are allowed. The CuO in-plane lattice parameters are exactly the same size as
~ the SrTiO3 underneath. This corresponds to a Cu-O bond length of 1.95 A in-plane; a
number which corresponds well with values found in high T, materials or in monoclinic
CuO. If the unit cell were cubic this would result in a unit cell volume of 59.5 A, still
shy of the 81.1 A3 of tenorite. To solve this discrepancy the unit cell could be elongated
along the out-of-plane direction, but based on the RHEED spectra alone we cannot
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A
/70,0

Figure 5.10: A schematic layout of the XPD setup and the important angles, which are
mentioned in the text. The angles the incident beam makes with respect to the sample have
a subscript i. 0 is the angle between the detector and the surface normal and ¢ is the angle
between the detector and one of the in-plane crystal axes of SrTiOs. In our setup only the
sample moves and therefore 6 + 6; = 3 = 45°.

draw any conclusions about the out-of-plane lattice constant, which is the subject of
the next section.

Out-of-plane lattice parameters

To measure the out-of-plane lattice parameter we employed XPD (see section 2.4.1
on page 18). To verify that the technique would produce reliable results it was first
applied to a conducting 0.5% Nb-doped SrTiOg substrate. For this measurement the
energies were fixed on the Ti 2p, Sr 3d, and the O 1s peaks and a pass energy of 100 e
V was set. The acceptance angle for electrons was 5 degrees and the peak heights were
measured every 2° for # and every 3° for ¢ resulting in a matrix of 3600 points. The
results are displayed in figure 5.11 on the following page, and for each of the elements
a clear modulation of intensity, as a function of angle, is visible. The simulations were
performed with software by Abajo et al.5¢ with the following key parameters:

o a cluster of 1247 atoms; ,
. incoming linear polarized light parallel to the surface;
‘e a surface potential of 10.5 eV;

an electron inelastic mean free path of 23 A for O and Ti, and 29 A for Sr;

20 orders recursive iteration;

¢ a maximum orbital quantum number of 20;

a sample temperature of 350 K;
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Simulation Data

Figure 5.11: Simulated and measured XPD patterns for each of the elements in SrTiOs: Sr
3d, Ti 2p, and O 1s. The simulations were generated using the parameters mentioned in the
text. The measurements were performed with the pass energy set at 100 €V, an acceptance angle
of 5 degrees in steps of 2° for 6 and & for ¢. The correspondence between the simulation and
the measurement is good for low angles of 8, whereas some detail is lost in the measurements
at high angles due to less than optimal alignment of the sample at high angles.
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Simulation Data

Figure 5.12: XPD patterns for CuO measured (on the right) at two binding energies: the O
1s and the Cu 2p 3 main line. The measurements were performed with the pass energy set at
100 eV, an acceptance angle of 5 degrees in steps of & for 6 and & for ¢. Simulations of the
CuO in tetragonal form are shown on the left, as calculated with the parameters mentioned
in the text. The Cu signal comes solely from the film, whereas the O signal has a significant
contribution from the substrate. The Cu pattern shows clear four-fold symmetry, which is not
what would be expected from a single domain tenorite film.

o a Debye temperature of 400 K;

e an emission angle window of 5 degrees.

The values for the electron inelastic mean free path were determined with the aid of
the NIST IMFP database.5” The similarity between the simulations and the measured
data is clearly visible, which validates the use of this technique.

The technique was then applied to CuO and two energies were measured: the O
1s and the Cu 2p. For the O signal a mixture of the substrate and the film is to
be expected since the escape depth of the electrons is higher than the thickness of the
CuO layer. The copper signal comes solely from the film because the substrate contains
no copper. The copper pattern shows a fourfold symmetry as shown on the right in
figure 5.12, which is indicative of a fourfold symmetric unit cell, such as a rock salt
structure. The simulation shown on the left of the figure looks strikingly similar to the
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Tetragonal unit cell Along the c axis Along the a or b axis
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Figure 5.13: The unit cell of the tetragonal phase of CuO as it is stabilized on SrTiOs. An
orthographic representation of the unit cell on the left and views along the ¢ and a or b azes
to the right of that. The lattice parameters are given along the respective directions. The Cu
atoms are represented by the smaller darker colored spheres and the O atoms by the larger
lighter colored ones. :

[
©-
53A

measurement, which has been accomplished by using the following parameters:

e a unit cell with @ = b= 3.905 and ¢ = 5.320 A;

a rock salt structure with 8 atoms per unit cell;

a cluster of 1505 atoms;

e incoming linear polarized light parallel to the surfabe;

e a surface potential of 10.5 eV;

e an electron inelastic mean free path of 10.5 A for Cu, and 21 A for O;
e 20 orders recursive iteratioh;

e a maximum orbital quantum number of 20;

e a sample temperature of 350 K;

a Debye temperature of 400 K;

e an emission angle window of 5 degrees.

The unit cell dimensions mentioned above results in a unit cell volume of 81.1 A% which
is the same as for tenorite. Using the XPD data, the out-of-plane lattice parameter
cannot be determined more accurately than this. The shortest Cu—O bond length in
this structure is 1.95 A, which corresponds to the value found in tenorite. The shortest
Cu-Cu and O-O bond lengths are 2.76 A, a value that is in between the values found
for the two in tenorite. A schematic drawing of the unit cell is given in figure 5.13
together with the lattice parameters.
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5.2.3 Electronic properties

" When the structure of CuO is changed from monoclinic to tetragonal we expect a
change in the electronic structure of the material. - This should influence the core
electrons of copper and therefore the shape of the Cu 2p lines in XPS. The XPS
spectra of the Cu 2p lines for both the tenorite as well as the tetragonal structure are
presented in figure 5.14 on the next page. For tenorite we find 933.5 eV for the binding
energy of the Cu 2p§ and 529.4 eV for the O 1s, which corresponds well to values
found in literature (see table 5.2 on page 83); the energies do not appear to change
significantly in spectra of the tetragonal phase. Compared to the tenorite spectrum,
the tetragonal CuO spectrum has a larger shoulder on the main peak at higher binding
energy, a narrower satellite peak, and the spectral weight of the first satellite peak has
shifted to lower binding energy. More precisely, when going from the monoclinic to the
tetragonal phase the fwhm of the main peak increases from 3.6 to 4.1 eV, whereas the
fwhm of the satellite peak decreases from 4.5 to 4.2 eV.

After exposure to air the top layer of the CuO was found to degrade to terorite.
This hes been examined by using angle dependent XPS. In figure 5.15 on the next
page, the spectra taken at 90 and 30 degrees (the angle between the detector and the
sample surface) are plotted. At 90 degrees more electrons from greater depth reach the
detector and the spectrum of the tetragonal phase is clearly visible. At 30 degrees the
electrons come more from the top surface layer and a tenorite spectrum is measured.
The top layer is therefore mostly tenorite, whereas the layer closest to the interface
with SrTiOj3 is mostly tetragonal. When the sample is kept under vacuum after growth,
the CuO is slowly reduced over a period of days. After four days the intensity of the
satellite peaks are reduced to about half their size after deposition.

Now we turn to the valence bands of the tetragonal CuQ. The valence bands were
measured with He I radiation; the results are presented in figure 5.16 on page 97. The
spectrum is very similar to that obtained on tenorite by other groups.23:58:59:24,60 por
example, there are no states at the Fermi level, which is as expected for an insulator.
~There are some notable differences though. The peak at low binding energy (~1.9 eV),
which is caused by both oxygen and copper,%! is not as strong in our spectrum as it is
in spectra of tenorite. The largest peak, caused mainly by copper, clearly consists of
two separate peaks in our spectrum, which has not been observed before for tenorite.
Calculations on the tenorite band structure show a splitting of this peak though?3.61
‘and in some measurements a clear shoulder is visible.® The peaks at 5.8 and 7.0 eV are
both oxygen peaks and are also predicted by calculations.®! The double peak feature
~at higher energy (10-13 eV), which also exists for tenorite, is a copper feature only
predicted by the most advanced calculations. 386261 All calculations predict the peaks
_ to be at lower binding energies than measured here. Compared to most calculations

“on tenorite the spectrum presented here is shifted up by as much as 2 eV. Compared
to experiments performed on tenorite, the spectrum for the tetragonal phase is shifted
to higher binding energies by about 0.5 €V. For a film of this thickness a contribution
of the substrate to the spectrum is expected and some states present at the Fermi level
seem to confirm this. SrTiOs; has two large peaks at higher energies {4.4 and 6.6 e
V), but no clear correlation between these peaks and the measured spectrum has been
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Figure 5.14: The Cu 2p core level XPS spectrum of the tetragonal CuO looks significantly
different from the tenorite spectrum. The most striking differences are the broadening of the
main peak, the narrowing of the satellite peak, and the redistribution of weight in the satellite
peak.  The spectra have been normalized on the Zp% peak and the tenorite spectrum has been
given an offset for clarity. k
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, Figure 5.15: Two Cu 2p core level XPS spectra taken on the same sample at two diﬂerént

angles with respect to the analyzer after exposure to air. At 90 degrees the sample normal faces
directly towards the electron analyzer, whereas at 30 degrees there is a 60 degree angle between
the surface normal and the electron analyzer. The spectrum taken at 30 degrees looks more
like the tenorite specirum from figure 5.14, although the width of the peaks is still different
Jrom those of tenorite. The two spectra are normalized to the intensity of the main peak and
the spectrum taken at 30 degrees has been given an offset for clarity. :




o
"

“Thesis*01-20" — 2007/12/9 — 22:39 — page 97 — #119

5.2, Epitaxially strained growth on SrTiOs and characterization

hJ 1
E,=4.08Ve Eyns.25

Intensity (a.u.)

1
Normalised Inteasity (arb. usits)

2. 10 8 8 4 2 0 2 ————————
1816 14 1210 8 6 4 2 0 2
Binding energy (eV) Binding Encrgy (eV)
Figure 5.16: The tetragonal CuO valence band spectrum, -on -the leff, measured with Hel
radiation. The Nb doped SrTi0s substrate contributes to the spectrum for such thin films, but
its contribution is expected to be very small. On the right is a typical tenorite spectrum taken
at 70 eV radiation and the peak positions, by Warren et al. %

found.

5.2.4 Magnetic properties of tetragonal CuO

In order to determine the magnetic properties of the CuO films the exchange bias effect

of CuO films grown on thin SrRuOj3; on SrTiO; was measured. SrRuQg was chosen
because of its close lattice match with SrTiOg and the ability to single-terminate the
surface. SrRuQO; changes its termination on SrTiOs by first growing 1.5 unit cells of
material and subsequently single unit cells. The CuO was found to grow equally well on
the A site {Sr) terminated surface. SrRuQOs is by no means the ideal ferromagnet with
which to measure an exchange bias effect. As mentioned in section 5.1.3 on page 84,
to apply the exchange bias theory it is ideal when cooling the sample in a magnetic
field if the Curie temperature is higher than the Néel temperature so that all the spins
in the ferromagnet are aligned first along a known direction. The antiferromagnet is
then influenced by the ferromagnet when cooling down through the Néel temperature
and aligns preferentially. In the case of SrRuQO3 the Curie temperature is only 160
K, which means the ideal scenario is only valid when the Néel temperature of CuO is
below this. If the Néel temperature for the tetragonal phase is close to that of tenorite
we would expect, due to the thickness effect, that measuring an exchange bias effect is
possible. If the tetragonal phase has a Ty which follows the trend based on the other
rock-salt structure transition metal monoxides, as was shown in figure 5.6 on page 85,
we would expect T to be much higher than 160 K. No straightforward measurement of
the exchange bias would be possible even after taking any thickness effect into account.

Due to time restraints, only two samples were measured with the Sagnac setup
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Figure 5.17: Kerr rotation as a function of temperature on the left for 6.5 ML of SrRuOg
sample, with (black lines) and without (gray lines) 800 pls CuO, which shows a reduction in
the magnetic signal after the deposition of CuO. On 'the right the hysteresis loop taken at 4 K- -
for the same sample. Besides a reduction in Kerr rotation the coercive field is reduced as well
for part of the spins, whereas the total coercive field remains more or less the same. o

that was described in section 2.4.2 on page 23. The first had 6.5 ML of SrRuOj3 and .
the second one 9.5 ML. Both of the samples had 300 pls of CuO deposited on them.
The results for the 6.5 ML sample are shown in figure 5.17, where on the left side
the warm up curves for the sample with and without CuO are given. Two differences
- are immediately obvious: the maximum Kerr signal is much lower after CuQ has been
deposited (182 urad after against 387 urad before CuO) and the Curie temperature has
been reduced as well from 130 K to 96 K. No shift in the hysteresis loop (figure 5.17
right side) and no enhancement in the coercive field are observed either. The opposite
is happening, some spins are more easily flipped in the opposite direction, whereas the
field that is required to flip all the spins remains unchanged.

An unexpected result was the 9.5 ML sample did not show any ferromagnetic sugnal
after the deposition of .CuO and no hysteresis loop was observed, although before
deposition it showed a 650 urad signal at 4K and a Curie temperature of 128 K. -

5.3 Doping of tetragonal CuO

Doping a Mott insulator restores the electrical conductivity because empty sites are
created to which electrons can jump without having to incur a cost in Coulomb energy.

If the filling of the sites or the Coulomb interaction between the sites can be con-
trolled, the transport properties of the material can be changed. The material could
be brought from an insulating to-a metallic state; this is one form of a Metal-Insulator
Transition, or MIT. A model with which to describe such transitions is the Hubbard
model. 636465 The two important parameters in the Hubbard model are the electron

correlation strength U/t and the band filling 7. A schematic metal-insulator phase di-

agram is given in figure 5.18 on the next page. The n = 0 and n = 2 fillings correspond
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'Figure 5.18: A acﬁematic phase diagram of a Mott insu'lator, taken from Imada, Fujimors,
and Tokura,*° showing a metal-insulator transition can be accomplished by bandwidth control
(U/t) or by filling control (n). Note that this diagram is only valid when disorder plays no
role. ' ’

to the band insulator state. At half filling (n = 1), represented by the black line in

the center of the figure, the transition from the insulating to the metallic state can be

driven by changing U/t. This type of transition is called a bandwidth controlled {(BC)
MIT. To accomplish the transition the electron correlation strength is controlled by

modifying the lattice parameters or the chemical composition while essentially main-

taining the original lattice structure. The onsite (U) or intersite Coulomb interacting

is kept almost unchanged during the above procedure and control of electron correla-

tion is achieved by control of the transfer interaction (t), which is also known as the
_one-electron bandwidth. The one-electron bandwidth in 3d transition metal systems is

known to be quite narrow. In the ABO3 perovskite systems the bandwidth is reduced

by the buckling B—O-—B bond, since the effective 3d-electron transfer interaction be-

tween the neighboring B sites is governed by the supertransfer process via the O 2p

state. For CuO the 3d-electron bandwidth is still narrow, but no buckling will occur’
in the rock salt structure. According to Imada, Fujimori, and Tokura?? there are three

methods of bandwidth control:

1. applying pressure to the material;

2. modifying the chemical composition using the solid solution or the mixed-crystal
effect, a good example of which is the substitution of S with Se in NiS,;

3. modifying the ionic. radius of the A site in a perovékite—type compound, i.e.

These options are not easily accessible for our materials system, .or cause us to
cease measuring rock salt CuO. At the same time we need t0 remember that by using
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epitaxy to stabilize the structure, we apply significant pressure to the material. This .
will influence the bandwidth of the material and night make it easier to dope, it is,
however, not & parameter we can easily control. Therefore another route for doping
might be more appropriate. , ; .

A filling at noninteger n usually leads to the metallic phase. The most interesting
phase is the one right next to the n = 1 insulating line in figure 5.18 on the preceding

. page which is derived by filling control (FC-MIT) of the parent Mott insulator. The
-standard method for filling control is to replace an atom with a high valence, with

one with a lower valence, or vice versa. A good example is the high-T. compound
Laz_Sr,CuO4 compound where the trivalent La atoms are replaced with divalent
Sr atoms. Using the insulating compound as a reference, the filling is called hole
doping when the band filling is decreased and electron doping when the band filling
is increased. Replacing La with Sr in Las._»Sr,CuQ, is an example of hole doping.

Chemical substitution is one way to accomplish different filling, but this can also. be -

done by injecting or depleting charge carriers with an electric field or by using some
kind of modulation doping.

Comparing to doping experiments in tenorite could provide good insight on where
to start. However, there are few references in literature on the doping of tenorite. The -
most interesting experiments are those where tenorite is doped by substituting Li for
Cu. 4566 This substitution would result in hole doping, if the oxygen stoichiometry does
not change. Those authors find Li only substitutes Cu up to 1.7%. With increased
doping the Cu—Cu bond length is increased and the magnetic ordering temperature
is ‘decreased due to the weakening of the superexchange coupling along the (101).
direction. In other related work®” they show there is evidence for static charge ordering
and alignment of charge ordered domains in CuO analogous to the charge stripes-in
cuprate superconductors. The fact that a simple compound like CuO shows the same
electronic behavior as the high temperature superconductors is promising for doping
experiments. o '

5.3.1 Chemical doping through charge transfer

Without breaking vacuum, alkali metals were deposited on top of the tetragonal CuO
films in an attempt to transfer charge carriers into the material. The sources used
are described in section 2.2.4 on page 11. Alkali metals were chosen because their
outer electrons are very loosely bound and these can be transferred into the CuO. This
property also makes them very reactive and that likely prevents us from analyzing
the samples outside of vacuum conditions. Of course, even if charge is transferred the
question remains whether the charges will be mobile or localized.

The first alkali metal used was lithium, the lightest of the alkali metals. Deposition -

“was incremental and after each deposition photoemission spectra were taken. Valence

band spectra were taken with UPS to see whether the sample was a conductor and
core level spectra were taken to monitor the change in chemical environment. In
figure 5.19 on the facing page the Cu 2p spectrum is shown as Li is being deposited.
After half a monolayer of Li the spectrum changes considerably. The satellite peaks
diminish in intensity whereas the main peaks gain. The spectral shift can be explained
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.Figure 5.19: XPS Cu 2p spectrum of an as-deposited tetragonal CuO film and specird taken
after deposition of 0.5, 1.0, and 10 MLs of Li. The spectrum changes systematically towards
a Cu'* spectrum, which suggests charge carriers are created.

by doping of the Li electrons into the CuO: in a localized picture this would generate
more Cul™ at the expense of Cu?* and make the spectrum look more like CuzO. On the
other hand a similar effect would be expected to occur if Li removed oxygen from the
CuO, which also creates more Cul*. In both cases the CuO would be electron doped,
but UPS measurements showed no Fermi edge, charging was observed during XPS
measurements, and when the samples were removed from the system no conductivity
was measured. The RHEED spectra for the films with 0.5 and 1.0 ML of Li showed no
change with respect to the as-deposited sample, whereas after 10 ML of Li the RHEED
spectrum showed a disordered surface as one would expect from an amorphous layer
of Li. _ :
The Li was not easy to detect with XPS, which made it hard to verify how much
had been deposited. To be better able to detect the deposited amount Li was switched
for Cs.. Cs has a much higher sensitivity factor for XPS and turned out to be much
eagier to detect. The Cu 2p spectra for the Cs deposition are shown in figure 5.20 on
the next page and the systematic change in the spectra is similar to the sample with Li
as a dopant. The O 1s peak does not change significantly when Cs is deposited. The
Cs peaks themselves are lower than one would expect for elemental Cs by about 1 €V.
CsOH is 1.4 eV lower than Cs metal and the lower binding energy therefore suggests
that Cs has donated an electron. For this sample neither a Fermi edge nor conductivity
outside of vacuum, after 1ML was deposited, were observed. '

5.4 Discussion and conclusions

We have grown CuO with a higher degree of symmetry by using epitaxial stabilization
on a SrTiO; substrate. The in-plane lattice parameters were determined by RHEED.
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Fvigure 5.20: XPS Cu 2p spectrum of an as-deposited tetragonal CuO film and spectra taken

after deposition of approzimately %, %, £, and 1.0 MLs of Cs. The spectrum changes system-

atically towards a Cu'™ spectrum, which suggests charge carriers are created.

After taking forbidden reflections into account the CuO was found to grow cubé-6h4 '

cube on the SrTiOs, which results in an'in-plane lattice parameter of 3.905 A for CuO.

The out-of-planelattice parameter was measured with XPD and decided to be about
5.3 A after comparing to simulated data. On dual terminated substrates the growth:

yielded a mixture of tetragonal and monoclinic CuO. The unit cell on SrTiOg is highly
strained and for this reason the tetragonal CuO cannot grow coherently for more than a
few nm. Using substrates with larger in-plane lattice parameters, such as DyScOg and
GdScOs, might be able to help relax the strain and stabilize the tetragonal structure
for larger thicknesses, while at the same time influence the electron bandwidth. At
the moment though there is no reliable method to single-terminate these substrates,
resultmg in a mixed phase growth of the CuO.

The electronic structure of the tetragonal phase of CuO was found to differ from

" the monoclinic phase by examining the Cu 2p core level structure. The main peak
becomes broader and the satellite peak sharper when the tetragonal phase is formed.
The intensity distribution in the satellite peak shifts more to lower binding energies.
According to Van Veenendaal and Sawatsky, 3435 the width of the main peak is related
to whether the screening electrons come from the closest ligand atoms or from ligand
atoms further away. This would suggest that the screening electrons are more delo-
calized in the tetragonal structure. Note that while the shortest Cu—O bond lengths
in the tetragonal structure are similar to those in tenorite, there are also much longer
bond lengths in the tetragonal structure, which might have an influence on the nature
of the electrons. The structure of the satellite peak is harder to understand. The
similarity with CuCl, spectra from literature is striking though.3? Okada. et al.3¢ have
performed extensive modeling of the satellite peak. They argue that the shape of the

satellite peak is mostly determined by the coupling-strength ratio between the ¢ and
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7 bondings and the amount of hybridization of these states. Following their model
suggests that the degree of hybridization is weaker in the tetragonal structure than in
tenorite. In other words, the ionicity is stronger in the tetragonal structure. -

The tetragonal structure is more stable close to the interface as is evident from angle
dependent measurements. For the best samples exposure to air does not degrade the
quality of the film at the interface. The tetragonal CuO is not stable under vacuum
conditions over long periods of time resulting in a reduction of the films, an effect
observed previously on tenorite. 24 . _

The UPS spectrum of tetragonal CuQ is very similar to that measured for tenorite.
Some notable differences include the intensity of the low energy peak, the splitting of
the main peak, and a general shift of the spectrum to higher binding energies of about
half an eV. Delocalized band calculations (local density approximation) performed -
for tenorite do not reproduce measurements. Neglecting electron correlation effects
results in an incomplete DOS spectrum and a conducting ground state.” The best
predictions.come from cluster calculations (configuration interaction (CI) calculations),
which predict the entire spectrum accurately, but shifted to slightly lower binding
energy. Eskes et al.52 have investigated the nature of the first ionization state of CuO,
which has either a triplet or ‘a singlet character. The singlet state peak is the one
closest to the Fermi level (1.9 €V in our spectrum) and the triplet state is the next one -
up (3.6 €V for this work). The energy difference between these peaks is closely related
to the Cu-O distances, specifically the ratio between the Cu-O distance out-of-plane
and in-plane, which is about 1.4 for the tetragonal unit cell. Based on their model
we would expect to see an energy difference of 0.85 eV between the two peaks. The
-measured distance is much larger for reasons that are not well understood.

The magnetic properties were studied by measuring the exchange bias effect on a
very limited number of samples with an interface of CuO and SrRuQOgs. Instead of
increased coercivity and a shifted hysteresis loop, we observed a decrease in coercivity

- for part of the spins, no shift in the hysteresis loop, and a reduction in Kerr signal in
. general after deposition of the CuO. Thus far, no explanation has been found for these
- behaviors and more samples should be measured before any conclusions can be drawn.

We have attempted to dope the CuO by depositing alkali metals on top, which
might donate an electron to the CuO. Li and Cs were tried and showed similar results.
In both cases the Cu 2p XPS spectrum changed from Cu?* to Cul*, suggesting either
a direct doping of electrons by the alkali metal or oxygen reduction in the CuO due to

~the metal. In both cases the CuO would be electron doped.
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