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Fig. 4. Profile of charge carrier density
across the LSCO-LCO interface. (A) The open
dots represent the measured Sr concentra-
tion profile due to diffusion of Sr atoms from
the LSCO layer to the LCO layer. Solid black
dots show the charge carrier density in
individual CuO, layers, as determined in this
work. The nominal LSCO-LCO interface is
between the layers N = —1 and N = 1. (B)
The so-called generic phase diagram of HTS,
i.e., the dependence of T. on the carrier
density. The dashed lines between (A) and
(B) show interrelation between the charge
profile across the interface and the corre-
sponding T; in the respective CuO, planes.
Apparently, only the N = 2 CuO, plane is
expected to have the value of T, near that in
optimally doped LSCO, whereas the over-
doped N = 1 plane can have T, as low as
10 K and the N = 3 plane is underdoped
and may not be superconducting at all.

N-th CuQ;, layer

Te (K)

transistors) with ultrathin HTS electrodes trans-
parent to electric and magnetic fields.

Apart from superconductivity (15, 26), strong-
ly correlated oxide heterostructures show a range
of other fascinating interface electronic phenome-
na, including formation of high-mobility 2D elec-
tron gases, the quantum Hall effect, and magnetism
(27-29). With the proper choice of dopant atoms to
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which the property of interest is most sensitive, our
§-doping tomography technique can also be applied
to profile with atomic resolution these electronic
states and to engineer the interface properties.
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Reconstruction of Molecular Orbital
Densities from Photoemission Data

Peter Puschnig,™* Stephen Berkebile,? Alexander ]. Fleming,? Georg Koller,? Konstantin Emtsev,’
Thomas Seyller,? John D. Riley,* Claudia Ambrosch-Draxl,* Falko P. Netzer,”> Michael G. Ramsey?

Photoemission spectroscopy is commonly applied to study the band structure of solids by measuring
the kinetic energy versus angular distribution of the photoemitted electrons. Here, we apply this
experimental technique to characterize discrete orbitals of large -conjugated molecules. By measuring
the photoemission intensity from a constant initial-state energy over a hemispherical region, we
generate reciprocal space maps of the emitting orbital density. We demonstrate that the real-space
electron distribution of molecular orbitals in both a crystalline pentacene film and a chemisorbed
p-sexiphenyl monolayer can be obtained from a simple Fourier transform of the measurement data.
The results are in good agreement with density functional calculations.

ighest occupied and lowest unoccupied
Helectronic orbitals of molecules are the
prime determinants of the respective com-
pounds’ chemical, electronic, and optical proper-

ties. The electronic states of extended periodic
systems are described by band structures, allowed

energies £ for given momentum values £, and the
orbitals are Bloch wave functions associated with
a particular & point. For finite systems, such as
molecules, the orbitals are viewed as a particular
spatial distribution of the electron density at dis-
crete energies. Several experimental methods have

enabled imaging of molecular orbitals under cer-
tain conditions (/). For simple diatomic molecules
in the gas phase, high harmonic generation using
femtosecond laser pulses allows a tomographic
reconstruction of the highest occupied molecular
orbital (HOMO) (2). Electron momentum spec-
troscopy, also applied to molecules in the gas
phase, can provide the spherically averaged or-
bital electron density in momentum space (3). In
the solid state, scanning tunneling microscopy
(STM) is a powerful technique for mapping orbital
structures of more complex molecules, particular-
ly at cryogenic temperatures on inert decoupling
layers (4). However, strong bonding interactions
with the substrate complicate interpretation of the
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images (5), making complementary experimental
techniques desirable. Here we demonstrate that
ultraviolet angle-resolved photoelectron spectros-
copy (ARPES) allows molecular orbital densities
to be reconstructed in real space in a rather simple
way, as exemplified by analyses of a crystalline
pentacene film and a chemisorbed monolayer,
p-sexiphenyl on Cu (110).

In ARPES (schematically depicted in Fig. 1),
an incident photon of energy 4w excites an elec-
tron from a bound initial state, described by wave
function y; and energy E;, to a final electron state
¢ with kinetic energy Ey;,. Because energy and
momentum parallel to the surface are conserved
during the photoemission process, the mea-
surement of the emitted electron’s energy and mo-
mentum probes the band structure of solids.
ARPES is commonly used to study band dis-
persions, Fermi surfaces, and many-body correla-
tions in a wide range of materials (6). A theoretical
description of the angle-resolved photocurrent
intensity is generally rather involved, and attempts
to analyze it in a quantitative manner are rather
scarce.

In this work, we treat the photo-excitation as a
single coherent process from a molecular orbital
to the final state, which is referred to as the one-
step model of photoemission (PE). The PE in-

tensity 1(6,0;E;,) is given by a Fermi golden rule
formula (7).

1(8,0; Exin) = 2w, (8, 03 Ein)[A - plw)”

><5(Ei + (I)+Ekin*h0)) (1)

Here, the polar and azimuthal emission angles
defined in Fig. 1 are denoted by 6 and o, re-
spectively. The photocurrent / is given by a sum
over all transitions from occupied initial states 7
described by wave functions ; to the final state
v characterized by the direction (6,0) and the
kinetic energy of the emitted electron. The &
function ensures energy conservation, where @
denotes the sample work function. The transition
matrix element is given in the dipole approxima-
tion, where p and A, respectively, denote the mo-
mentum operator and the vector potential of the
exciting electro-magnetic wave. The difficulty in
evaluating Eq. 1 lies in the proper treatment of
the final state. In the most simple approach, it is
approximated by a plane wave (PW) character-
ized only by the direction and wave number of
the emitted electron. This has already been pro-
posed more than 30 years ago (8), with some
success in explaining the observed PE distribu-
tion from atoms and small molecules adsorbed at
surfaces. Using a PW approximation is appealing

EA B

Fig. 1. Momentum maps in angle-resolved PE experiments. (A) The incident photon with energy hv
and vector potential A excites an electron from the initial state y; to the final state s characterized
by the kinetic energy Ey;, and the momentum vector k. The polar and azimuthal angles 6 and ¢,
respectively, define the direction of the photoemitted electron. (B) Schematic energy-level diagram
showing the energy of the initial state E;, the Fermi level Erermi, the vacuum level £, and the
final-state energy E;. (C) Model of the pentacene multilayer arrangement on a Cu(110)-(2 x 1)O
surface: The long molecular axis points along the x axis, and the (022) surface (indicated by the red
plane) features pentacene molecules tilted by B = 26° out of the xy plane. (D) Square root of the
PE intensity as a function of azimuthal and polar angle after conversion to momentum (azimuthal
scan) at a constant binding energy of 1.3 eV (hv = 35 eV) corresponding to the pentacene HOMO.
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because the evaluation of Eq. 1 renders the photo-
current /; arising from one particular initial state
proportional to the Fourier transform (FT) ¥, (k)
of the initial-state wave function corrected by the
polarization factor A - k:

1:(6,¢)

] = @)

Thus, if the angle-dependent photocurrent of
individual initial states can be selectively mea-
sured (as it can for organic molecules where the
intermolecular band dispersion is often smaller
than the energetic separation of individual orbit-
als), a one-to-one relation between the photo-
current and the molecular orbitals in reciprocal
space can be established. This allows the mea-
surement of the absolute value of the initial-state
wave function in reciprocal space and, via a sub-
sequent FT, a reconstruction of molecular orbital
densities in real space.

However, attempts to explain ARPES data of
oriented films of large polyatomic molecules by a
PW final state led to the conclusion that it should
not be used in this context (9, /0) because it does
not take into account spherical wave effects of
the outgoing wave. Thus, the independent atomic
center (IAC) approximation was adopted by
calculating the emission as an independent, but
coherent, sum from individual atomic centers (/7).
The TAC approximation has been used to account
for the observed take-off angle dependence of the
photocurrent of thin films of organic molecules
(12). As a further improvement over the IAC,
single-scattering (SS) events of the emitted elec-
tron have also been taken into account and shown
to be important in some applications (13, /4).
Here we argue that, despite the obvious simpli-
fication of the PW final-state assumption over the
more accurate IAC and SS theories, the PW as-
sumption can still lead to a meaningful description
of the observed PE intensity of large n-conjugated
molecules. As already noted by Grobman (17),
the IAC expression for the photocurrent can be
considerably simplified if the initial molecular or-
bital comprises atomic orbitals of the same chem-
ical and orbital character. This situation is met by a
7 molecular orbital of a planar polyatomic mol-
ecule for which the contributing atomic orbitals
are all of p, character. For such a case, we show
in the supporting online material (SOM) that the
angular-dependent photocurrent, computed with-
in the IAC approximation, is given by the FT of
the initial state modulated only by a weakly
angular-dependent function (/5). Furthermore,
for the special case where the electric field
vector of the photon is parallel to the direction
of the emitted electron, the IAC reduces ex-
actly to Eq. 2 (15, 16). Thus, the PW final-state
assumption can be expected to be valid if the
following conditions are fulfilled: (i) n-orbital
emissions from large planar molecules; (ii) an
experimental geometry in which the angle be-
tween the polarization vector A and the direc-
tion of the emitted electron k is rather small
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(Fig. 1A); and (iii) molecules consisting of
many light atoms (H, C, N, O). The third re-
quirement is a result of the small scattering cross
section of light atoms and the presence of many
scattering centers expected to lead to a rather
weak and structureless angular pattern (14, 7).
In the SOM, we compare the PW approach with
calculations within the framework of the IAC
and SS theories from the literature for a typical
n-conjugated organic molecule satisfying the
above-mentioned conditions, thereby demon-
strating the agreement among the theoretical
results as well as with the experimental data
15).

We continue by demonstrating the viability
of the PW approach for both reciprocal space
mapping as well as real-space reconstructions
of relatively complicated molecular orbitals. We
first present results for the organic m-conjugated
molecular semiconductor pentacene in a multi-
layer thin film, focusing on the emission from the
HOMO. As a second example, we show that the
approach allows reconstruction of the orbitals of
p-sexiphenyl bonded to the Cu (110) surface. Not
only do we reconstruct a real-space image of the
HOMO, but we also show that the PE intensity at
the Fermi level that appears on adsorption has the
orbital structure of the lowest unoccupied mo-
lecular orbital (LUMO).

Pentacene is a planar aromatic molecule
consisting of five linearly edge-fused phenyl
rings, and has been extensively studied owing to
its interesting optoelectronic properties. Its elec-
tronic structure, in particular the intermolecular
HOMO dispersion, has been analyzed by means
of both PE experiments (/8—20) and calcula-
tions within the framework of density function-
al theory (DFT) (2/-23). When the molecule
is vacuum deposited on the p(2 x 1) oxygen-
reconstructed Cu(110) surface, its long axis
orients parallel to the oxygen rows, resulting in
crystalline pentacene(022) films (24) (Fig. 1C).
The (022) surface termination exhibits mole-
cules with their long axis parallel to the surface
but with the & face tilted out of the surface
plane by an angle of § =26°. Figure 1D shows
a momentum map at the HOMO energy of a
pentacene multilayer using a toroidal electron
energy analyzer at the synchrotron radiation fa-
cility BESSY 1II (25). As a function of the mo-
mentum vector parallel to the molecular axis, &,
there is a pronounced intensity maximum of the
PE intensity centered at 1.15 A", as observed
previously (20). In the momentum maps, these
intense features extend about +0.8 A™' in the
k, direction, and in addition, there are weaker-
intensity lobes at about the same £, value around
ky~+2 A"

To illustrate the relation between the measured
PE intensity and the FT of the emitting orbital, we
calculate the electronic structure of an isolated
pentacene molecule using DFT (26). The result-
ing HOMO orbital is depicted in Fig. 2A, and
its corresponding three-dimensional FT in Fig.
2B. Because the momentum maps are measured

at constant binding energy, we evaluate the FT
on a hemisphere of radius k = / (2m /hz)Ekin

(indicated in red). The value of the FT on that
hemisphere for a kinetic energy of 29.8 eV is
shown in Fig. 2C. However, a comparison with
the photoelectron momentum map (Fig. 1D) ap-
pears to be unsatisfactory. In particular, the min-
imum at k, = 0, reflecting the nodal structure of
the pentacene HOMO, seems to be absent in the
measurement. The reason for this apparent dis-
crepancy is a geometric one: the presence of both
+26° and —26° tilt angles B in the film structure.
Once this factor is taken into account, the agree-
ment between experiment (Fig. 1D) and theory
(Fig. 2D) is excellent. Both the strong maxima at
k, = 0 and the weak peaks at k, = 2 A" result
from the out-of-plane tilt angle of the pentacene
molecules (15). Clearly, the FT approach describes
the PE intensity well and therefore allows mo-
lecular orientations to be determined with a pre-
cision comparable to that of standard in situ
techniques such as near-edge x-ray absorption
fine structure (NEXAFS). By varying the tilt
angle B in the simulations, we estimate the ac-
curacy of the ARPES approach to be better than
5° (fig. S3). A comparison between the PE in-
tensity and the FT has the added advantage that
rather than giving an average orientation, multi-

ple orientations are immediately apparent and can
be resolved. Moreover, ARPES works at low pho-
ton energies, minimizing damage to the sample,
and does not require a tunable photon source.
We next apply the approach to an adsorbed
monolayer bound to a metal surface. p-Sexiphenyl
adsorbs on the Cu(110) surface with its molecular
planes parallel to the surface, and orients with its
long axis parallel to the Cu rows (27), as seen in
the STM image in fig. S2B. Upon the adsorption
of the molecules, we recognize two new features
in the low—binding energy region in the ARPES
data acquired parallel to the molecular axis (fig.
S2C): one centered at 0.3 eV below the Fermi
level, and the other at a binding energy of 1.9 eV
at the intersection of the Cu sp and d bands.
Momentum maps at these two binding energies
(Fig. 3, A and C, respectively) compare well to
the calculated FTs of the HOMO and LUMO from
an isolated sexiphenyl (Fig. 3, B and D). The main
characteristics, maxima at &7OM° =~ +1.45 A™!
reflecting the spatial periodicity set by the length
of one phenyl ring (2r/k,/"OMC = 4.3 A) (28), are
observed in the data as well as in the calculation.
Also, the width Ak,, which is inversely propor-
tional to the length of the molecule, appears
consistent in the PE data. The same holds for
the extension in y direction, Ak,, which is related
to the width of a phenyl ring. These findings are
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Fig. 2. Calculation of the PE intensity from the FT of the molecular orbital. (A) Line drawing and HOMO
of pentacene as obtained from a DFT calculation for an isolated molecule. The choice of the coordinate
system is indicated, where x and y are parallel to the long and short molecular axis, respectively, and z
is perpendicular to the molecular plane. (B) Three-dimensional FT of the HOMO as an isosurface
plot; blue indicates negative and yellow, positive values, together with a hemisphere of radius
k = \/(2m/h?)Ey, with a kinetic energy Ey;, = 29.8 eV (see text). (C) Absolute value of the HOMO FT on
the hemisphere shown in (B). (D) Simulation of PE intensity of the pentacene multilayer film, taking into
account molecules with tilt angles of B = +26° and B = —26° out of the xy plane (see text).
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strong evidence that the molecular feature ob-
served at a binding energy of 1.9 eV can indeed
be attributed to the sexiphenyl HOMO and, more-
over, that its character is preserved even in a
strongly interacting monolayer on a metal surface.
In a similar manner, we unambiguously assign the

intensity close to the Fermi level to an emission
from the filled LUMO (Fig. 3, C and D). This
emission thus indicates electron transfer from the
metal into the former LUMO of the isolated mol-
ecule; as was the case for the HOMO, the nodal
structure of the LUMO is found to be preserved

REPORTS I

on adsorption. Thus, PE momentum maps pro-
vide fingerprints of molecular states, allowing for
their unique identification even in cases where
there is a rather strong bonding interaction.

The ability to reproduce the PE momentum
maps with FTs of the initial-state wave functions

encouraged us to reconstruct real-space images
of the molecular orbital densities from the experi-
mental PE data. From Eq. 2, we take the square

— ek

Ui (k) root of the PE data and divide it by the polariza-

tion factor |A - k| o¢ |sin® cosy — cosO siny].

igs Restricting the data to positive k, values and
53 considering the incidence angle x = —40° of the

o% p-polarized photons (Fig. 1A), this function has a
: maximum for a take-off angle 6 = 50° and a

minimum value of 0.64 at normal emission. Be-

b fore performing the inverse FT of the processed

PE data, we mirror the data to the negative &,
plane and change its sign (or leave it unchanged)
according to the parity of the wave function,
which is even for the HOMO (and odd for the
1 LUMO). By the latter procedure, we restore phase
information on the wave function to facilitate the

-

|di(k) comparison with calculated orbitals. The inverse

0.75 0.75 FTs of the PE data for the adsorbed sexiphenyl
o o HOMO and LUMO are compared with the DFT
S : calculated orbitals of the isolated molecule in Fig.
05 05 4. Spatial periodicities and nodal structure are
well conserved across theory and experiment.

Because the resolution Ax in the reconstructed

0.25 0.25 images is inversely proportional to the PW cut-

off kmax (thus Ax = /knay), Kinetic energies of
around 30 eV as used in our experiments lead to
Ax=1A.

Compared to the DFT orbitals, both the HOMO
and LUMO electron densities obtained from pho-
toemission are more weighted around the center
of the molecule, a distinction we tentatively attri-
bute to the interaction with the Cu surface. Indeed,
in sexiphenyl charge-transfer salts, the local dis-
tortions and the transferred electrons are located
around the center of the molecule (29). Further-

k. (A)

Fig. 3. Measured PE intensities compared to calculated FTs. (A) PE momentum map (square root of
the intensity) from a monolayer of sexiphenyl on Cu(110) at a binding energy of 1.9 eV, which
corresponds to the sexiphenyl HOMO. (B) Absolute value of the FT of the sexiphenyl HOMO calculated
for an isolated molecule within DFT. (C) Same as in (A) but for a binding energy of 0.3 eV. (D) Same as
in (B) but for the sexiphenyl LUMO. Characteristic features in the computed FTs are indicated by the
white arrows, as described in the text.

Fig. 4. Molecular orbitals reconstructed from PE data as com-
pared to DFT orbitals. (A) The HOMO of sexiphenyl reconstructed
from the PE momentum map at a binding energy of 1.9 eV. (B)
HOMO of an isolated sexiphenyl molecule from DFT. (C) The
LUMO of sexiphenyl reconstructed from the momentum map at
a binding energy of 0.3 eV. (D) LUMO of an isolated sexiphenyl
molecule from DFT. Experimentally determined orbitals are
displayed as density plots, where red colors indicate positive
and blue, negative values. For clarity, isolines (dashed lines) are
also included. The DFT orbitals are represented as isosurface
plots using the same color code. The molecular backbone is
indicated by black lines.

[=]
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more, although STM images typically do not
match molecular orbital images exactly, an STM
image of a monolayer of sexiphenyl adsorbed on
Cu (110) does show an electron density distribu-
tion that is weighted toward the center of the
molecules (fig. S2B). Nonetheless, improvements
in the PE signal-to-background ratio are neces-
sary before any strong conclusions can be reached
concerning the extent of orbital distortion intro-
duced by the metal surface.

The demonstrated simple relation between the
PE intensity and the FT of the molecular orbital
should be a valuable tool for further investigation
of organic molecular films and monolayers.
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Synergic Sedation of Sensitive Anions:
Alkali-Mediated Zincation of Cyclic

Ethers and Ethene

Alan R. Kennedy," Jan Klett,* Robert E. Mulvey,™* Dominic S. Wright®

Deprotonation of alkyl and vinyl carbon-hydrogen bonds for synthetic purposes is often hindered not
merely by the need for an exceptionally strong base, but by the inherent instability of the resultant
anion. Metalation of cyclic ethers adjacent to oxygen, for example, has invariably initiated a ring-
opening decomposition pathway. Here, we show that the use of a bimetallic base can overcome such
instability through a cooperative combination of zinc-carbon and sodium-oxygen bonding. Both
tetrahydrofuran and tetrahydropyran reacted cleanly over days at room temperature to yield o-zinc—
substituted products that were sufficiently stable to be isolated and crystallographically characterized. A
related zincation-anion trapping strategy, with sodium replaced by potassium, induced clean
deprotonation of ethene to yield a stable product. Preliminary electrophilic quenching experiments
with the a-zinc—substituted cyclic ethers and benzoyl chloride gave satisfactory yields of the
tetrahydrofuran-derived ketone but only trace amounts of the tetrahydropyran-derived ketone.

ransforming relatively inert carbon-hydrogen

bonds to more reactive, more useful

carbon-metal bonds, or metalation, is an
essential tool for constructing compounds. Met-
alation is usually performed with organolithium
reagents because the high electropositivity of
lithium leads to polar, reactive C*- Li®" bonds,
which can metalate C-H bonds in organic com-
pounds. Despite their widespread use, organo-
lithium reagents (/, 2) have major limitations,
including an inability to metalate low-acidity hy-
drocarbons (that is, those with high pK, values,
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where K, is the acid dissociation constant). A
pertinent example would be ethene, the simplest
alkene, which has very weakly acidic H atoms
(its estimated pK, is ~44) (3); and although
ethene’s carbometalation (RLi addition across the
C=C bond) and polymerization are common, its
metalation in contrast is exceedingly difficult and
to date has only been achieved in a few select
cases with aggressive, structurally ill-defined su-
perbasic mixtures. Other common drawbacks
with organolithium reagents are poor functional
group tolerance and low stability of lithiohydro-
carbon intermediates. Seeking improved metalat-
ing agents, a few groups worldwide have recently
pioneered bimetallic alternatives. Notable exam-
ples include the lithium zincate LiZnBu,(TMP)
[where TMP = 2.2,6,6-tetramethylpiperidide,
cyclo-NC(Me),(CH,);C(Me),] made by Kondo

and Uchiyama and colleagues (4) and the lithium
magnesiate (TMP)MgCl.LiCl made by Knochel
and colleagues (5), both of which can selectively
metalate a wide variety of aromatic compounds.
Bimetallic bases can also effect unusual regiose-
lectivities, as we have shown with the sodium mag-
nesiate [ TMEDA)Na(TMP)("Bu)Mg(TMP)] (where
TMEDA =N,N,N’,N’-tetramethylethylenediamine,
Me,NCH,CH,NMe,), which metalates toluene
in the meta position (6), in contrast to the com-
mon lateral- and ortho-metalation of aromatic
compounds that occurs with conventional bases.

Metalation of ethers is also particularly
challenging because metalated ethers are gener-
ally highly unstable and rapidly cleave. Such
metal-induced ether cleavage is extremely com-
plicated, with several different pathways possible
(7). With strong bases such as organolithium
reagents, metalation (exchange of a C-H bond for
a C-metal bond) is generally the opening attack
leading to the breakdown of the ether ( “proto-
philic ether cleavage”) (8). Specifically with the
cyclic tetrahydrofuran (THF), metalation at the
o-position localizes a high degree of negative
charge on the 0-C atom adjacent to the electron-
rich O atom, causing a severe destabilization that
incites a spontaneous ring opening. The final de-
composition products depend on conditions, but
a mixture of ethene and the enolate of acetalde-
hyde is common (Fig. 1) (9).

Synthetically useful controlled metalation of
THF would therefore appear to be an insurmount-
able challenge. However, we report successful met-
alation achieved by using a synergic mixed-metal
strategy that has far-reaching implications for met-
alation and organometallic chemistry in general.
By mixing an alkali metal with zinc in the same
coordination compound, or “‘alkali-metal-mediated
zincation” (AMMZn) (10—12), we show that not
only is it possible to directly metalate (zincate) the
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