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Pentacene thin films deposited on a ferromagnetic electrode, Lag;Sro3MnO; (LSMO), have been studied
using near-edge x-ray absorption fine structure (NEXAFS), ultraviolet photoemission spectroscopy (UPS), and
atomic force microscopy (AFM). Here we present electronic structure and molecular orientation of pentacene
thin film on LSMO. No evidence related to covalent bonding or significant charge transfer between pentacene
and LSMO has been found in the NEXAFS or UPS results. UPS measurements suggest that the vertical
ionization potential of pentacene on LSMO is 4.9 eV. Our results extracted from NEXAFS indicate that
molecular long axis of pentacene stands on the LSMO substrate surface with a tilt angle of about 22° +2°
between the main molecular axis and the substrate surface normal. AFM images show the terracelike crystal-
line grain formed by stacking pentacene crystalline layers and a rough crystal-layer spacing of 14—15 A.
Findings deduced from UPS, NEXAFS, and AFM consistently demonstrate that pentacene stands on LSMO

with a tilt angle.
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I. INTRODUCTION

The 2007 Nobel Prize in physics was awarded to Albert
Fert and Peter Griinberg for the discovery of giant magne-
toresistance (GMR) which is considered as the birth of
spintronics.l’2 Spintronics, an extension to electronics, de-
scribes technology that makes use of the spin state of elec-
trons. The most successful spintronic device to date is the
spin valve, due to their widespread application in disk read/
write heads. This device utilizes a layered structure of thin
films of magnetic materials which changes electrical resis-
tance depending on the applied magnetic field direction. Or-
ganic spintronics is a new branch of the field of molecular
electronics.? It deals with the injection and detection of spin-
polarized carriers in organic semiconductors by means of
spin-valve devices. Injection and detection of spins is real-
ized by a pair of ferromagnetic electrodes, for example,
LSMO (Ref. 4) and cobalt (Co) (Ref. 5) whereas the trans-
port and manipulation of spins is realized in the organic
semiconductors between the two ferromagnets. In order to
understand spin injection and detection in spin-valve de-
vices, it is critical to study the organic-ferromagnetic inter-
faces. Organic molecular materials offer a new and highly
promising route toward spintronics mainly due to the advan-
tage of weak spin-orbit coupling in organic molecules,® en-
abling the preservation of spin coherence over times and dis-
tances much longer than in conventional, inorganic
semiconductors. Concerning spin injection, half metals such
as LSMO are especially attractive since the conductivity
mismatch limitation for direct spin-polarized injection at the
ferromagnetic-semiconductor interface does not apply to
these fully spin-polarized systems. Prototype spin valves
based on LSMO and organic semiconductors have recently
been demonstrated.>> In particular planar-type spin valves
based on a pentacene thin film with LSMO electrodes have
been achieved, in which it was found that the spins were
scattered by grain boundaries, carriers, and impurities in
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films.” Therefore, it is necessary to characterize the nano-
scale structure to establish relationships between chemical
structure, processing, morphology, fundamental electronic
properties, and performance. Morphology, energy-level
alignment, molecule-molecule or molecule-substrate interac-
tion, and molecular orientation of pentacene thin films on
various nonferromagnetic substrates including inorganic and
organic materials have been investigated extensively.3-!4
However so far a systematical study of pentacene on ferro-
magnetic substrates has not reported yet. Here we focus on
electronic structure at the interface/surface and molecular
orientation of pentacene thin films on LSMO surface, which
largely determine spin injection, using ultraviolet photoelec-
tron spectroscopy (UPS), near-edge x-ray absorption fine
structure (NEXAFS), and atom force microscopy (AFM).

II. EXPERIMENTAL

The LSMO films were deposited by pulsed electron-
deposition technique (channel spark ablation) following the
protocols reported previously.'> Pentacene was used as deliv-
ered from Sigma-Aldrich. Organic thin films were deposited
on LSMO substrates by thermal evaporation in situ from a
Knudsen cell in vacuum with a base pressure 107 mbar.
When the LSMO substrates are annealed in ultrahigh
vacuum and then in oxygen atmosphere for half an hour at
~500 °C, the work function (WF) of such a clean LSMO is
4.8-4.9 eV.' However, this treatment procedure is not ap-
plicable for the practical device fabrication. For many appli-
cations, the electrode surfaces are only cleaned by ex site
procedures using ultrasonic treatment in organic solvents
prior to the deposition of organic materials.” 4.0-4.2 eV is
the WF of LSMO exposed to ambient atmosphere and ultra-
sonically cleaned in acetone and isopropanol prior to putting
into the vacuum chamber for the measurement of UPS be-
cause of the contaminants on surface.!”!® In order to remove
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organic contaminants and increase oxygen stoichiometry on
LSMO surface, we used a different ex sifu cleaning proce-
dure, i.e., after ultrasonic treatment in organic solvents,
LSMO is heated in the solution so-called TL1 (Ref. 19)
(5H,0, INH,OH, and 1H,0,) at 85 °C for 5-10 min. The
WF of LSMO treated by TL1 is 4.6-4.9 eV depending on
treatment time.

The UPS characterizations were carried out with mono-
chromatized Hel radiation at 21.2 eV for every step of or-
ganic molecular deposition. The deposition process was ad-
ditionally aided by x-ray photoelectron spectroscopy that
was used to monitor the thickness of organic-material over-
layer from the attenuation of the substrate core-level signal.
Polarized x-ray absorption spectroscopy (XAS) measure-
ments were performed at beam line D1011 of the MAX-II
storage ring, located at the MAX Laboratory for Synchrotron
Radiation Research in Lund, Sweden. X-ray absorption spec-
tra of Mn L edge were recorded with the electron-emission
direction along the sample normal, for which the incident
angle of the beam was 50°. NEXAFS spectra of C K edge
were collected in the total electron yield (TEY) mode by
measuring the sample current at the five incident angles of
the beam which were 10°, 30°, 50°, 70°, and 90°, respec-
tively. Both the photon linewidth and the energy resolution
of the electron analyzer were kept well below 100 meV. The
raw data have been corrected for the energy dependence of
the incident x-ray beam and subsequently normalized to have
the same absorption edge step well-above threshold. The sur-
face morphology of pentacene thin films was imaged by a
Dimension 3100 AFM. AFM measurements were performed
under ambient conditions using a Digital Instrument Multi-
mode Nanoscope IIIA operating in the tapping mode. The
thickness value of 20 nm pentacene in the AFM images was
obtained directly from AFM measurements while the thick-
ness value of a (sub)monolayer about 1 nm was estimated by
evaporation rate and time. The thickness values mentioned in
the NEXAFS and UPS spectroscopic measurements were es-
timated by the attenuation of La4d core-level signal of
LSMO substrates. It should be noted that this procedure to
determine the film thickness is only correct for a layer-by-
layer growth of the organic film. If the organic film is not
uniform, this method underestimates the film thickness. We
estimate the error of film-thickness determination to be on
the order of 20%.

III. RESULTS AND DISCUSSION

The electrical and magnetic properties of manganites are
mainly determined by the Mn valence, which is traditionally
described as a mixture of Mn®** and Mn**. Recently by
means of XAS, de Jong et al.?®?' and Valencia et al.?>>
have presented evidence of the presence of Mn”* ions on
LSMO and La,;Ca;;3MnO; (LCMO) thin films, respec-
tively. Moreover the formation of divalent Mn can be a gen-
eral feature occurring on lanthanum-manganese perovskites,
particularly when exposed to ambient atmosphere.”> Even
though de Jong et al.?! concluded that the presence of unde-
sirable Mn?* at the surface would not form a major obstacle
for spin injection, Valencia et al.?> have found that LCMO
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FIG. 1. (Color online) X-ray absorption spectra of Mn L edge of
LSMO exposed to ambient atmosphere for three weeks and ultra-
sonically cleaned in acetone and isopropanol (bottom), LSMO
treated by TL1 (middle), and 5 nm pentacene vacuum deposited on
LSMO treated by TL1 (top). All spectra were collected by means of
both total yield mode (black line) and partial yield mode (300 V
suppression, red dashed line and 500 V suppression, blue dashed
line, which has a strongest intensity at 639.7 eV in the bottom
spectra and a weakest intensity at 640.6 eV in the middle spectra).

samples exposed to ambient atmosphere for weeks exhibited
reduced magnetic and magnetotransport properties due to the
appearance of Mn?* in addition to the expected Mn** and
Mn**. Therefore, it is necessary to decrease Mn?2* jons at the
surface as greatly as possible. In this study, we use TL1 to
treat LSMO as described in experimental section. After TL1
treatment, not only WF of LSMO increased from 4.3 to 4.7
eV but also the peak corresponding to Mn>* became weak-
ened due to the removal of some contaminants and an in-
crease in oxygen content at the surface. Figure 1 shows
Mn L-edge XAS spectra in the region of the L; transition,
namely, 2p;/, hole state, for LSMO exposed to ambient at-
mosphere for three weeks and cleaned by organic solvent
prior to measurement, LSMO treated by TL1 prior to mea-
surement and 5 nm pentacene in situ vacuum deposited on
LSMO treated TL1. The spectra of all samples were obtained
using TEY mode (without suppression, black line) and par-
tial electron yield (PEY) mode (300 V suppression, red
dashed line; 500 V suppression, blue dashed line) resulting in
probing different depths. It is clear that there exist abundant
Mn?* ions corresponding to the peak at 639.7 eV in addition
to the mixture of Mn** and Mn** ions corresponding to the
peak at 641.1 eV for LSMO substrate exposed to ambient
atmosphere for three weeks (bottom spectra). PEY mode is
more sensitive to surface than TEY. Particularly PEY mode
applying 500 V suppression probes an about 1-nm-thin sur-
face region. As expected, a sharp peak at 639.7 eV produced
by Mn?* ions become stronger and stronger when secondary
electron suppression voltage V, changes from 0 and 300 to
500 V. It indicates that there are more Mn** ions at the sur-
face than in the bulk. However after TL1 treatment, the sharp
peak at 639.7 eV disappears as shown in the middle spectra
of Fig. 1. There is a main peak at 642.5 eV accompanied by
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FIG. 2. (Color online) (a) UPS spectra of LSMO treated by TL1 and pentacene thin films with thickness from 0.8 nm (red line) to 10 nm
(blue line) on LSMO. Inset shows valence-band spectra blown up from —=0.5 to 2.5 eV. (b) Energy-level alignment diagram derived from (a)

for a bulk pentacene thin film on LSMO treated by TL1.

a shoulder at 640.6 eV. More importantly the intensity of this
shoulder peak becomes weak gradually with increasing sup-
pression voltages from 0 and 300 to 500 V. It means that TL1
treatment results in a removal of Mn?* due to an increase in
oxygen content at the surface of LSMO. In order to check the
influence of the deposition of pentacene on the oxidized
states of Mn at the surface of LSMO, XAS spectra of 5 nm
pentacene on LSMO treated by TL1 were also collected us-
ing V=0, 300, and 500 V. A main peak at 642.1 eV with a
shoulder around 640.2 eV appears in the top spectra. An
obvious difference cannot be found for the three probing
depths. The reason may be an island growth of pentacene on
LSMO which will be discussed in the following AFM im-
ages. The shape and peak position of the top spectra for after
the deposition of pentacene do not show an obvious differ-
ence from the middle spectra for before the deposition of
pentacene. This suggests an absence of covalent bonding and
no significant charge transfer at the interface.
Orientation-dependent vertical ionization potentials (IP)
of ordered organic semiconductor thin films have been inves-
tigated recently.!’:1224-26 The IP of pentacene depends dra-
matically on  molecular orientation on  various
substrates.!!122® Electronic structure and energy-level align-
ment at the interface between LSMO and pentacene with the
evolution of thickness were investigated using UPS. Figure
2(a) shows the UPS spectra of LSMO treated by TL1, pen-
tacene submonolayer (0.8 nm) and three pentacene
multilayer (2.2, 5.4, and 10 nm) samples deposited in situ on
LSMO at room temperature in the secondary electron cut-off
region and the valence-band region. Here we simply refer to
more or less 1 nm pentacene as a submonolayer since at this
range of thickness the pentacene film is not able to fully
cover the LSMO. The WF is defined by the secondary elec-
tron cutoff in the left-hand panel. When a pentacene sub-
monolayer is vapor deposited on the LSMO substrate, WF of
the LSMO substrate slightly changes from 4.7 to 4.6 eV.
With increasing pentacene deposition, the WF of pentacene

thin films on LSMO substrates eventually reaches a steady
value 4.3 eV at full coverage of the LSMO surface indicating
an interface dipole energy of 0.4 eV for the pentacene/LSMO
contact. The resulting WF is similar to that of “dirty” LSMO
(Ref. 18) and the interface dipole is thus likely due to the
so-called push-back effect.”’” From the experimental UPS
spectra depicted in Fig. 2(a), the vertical IP of pentacene vs
vacuum level can be determined from the onset of highest
occupied molecular orbital (HOMO) in the valence-band
spectra and WF. In the valence-band spectra, the features of
pentacene become gradually visible with increasing the cov-
erage of pentacene on LSMO. The onset of HOMO for 0.8
nm pentacene is around 0.5 eV. IP of the submonolayer pen-
tacene is estimated to be 5.1 eV because its WF is 4.6 eV.
The 2.2 nm pentacene thin film also has the IP of 5.1 eV due
to the onset of HOMO of 0.6 eV and WF of 4.5 eV. The IP
value equal to 5.1 eV is in agreement with one of unordered
pentancene thin film on highly ordered pyrolytic graphite
(HOPG) (Ref. 11). It is possible that the first few monolayers
of pentacene aggregate randomly on LSMO. However when
thickness of pentacene reaches 5.4 nm, the IP changes to 4.9
eV because the onset of HOMO is still 0.6 eV while WF is
decreased to 4.3 eV. Further increasing the coverage of pen-
tacene up to 10 nm does not lead to a further change in IP
because onset of HOMO and WF reach steady value 0.6 eV
and 4.3 eV, respectively. The IP value equal to 4.9 eV is
same with value reported by Duhm et al.?® for pentacene on
Si0, in standing orientation. Figure 2(b) shows energy-level
alignment derived from left hand in Fig. 2(a) for a bulk pen-
tacene thin film on LSMO substrate treated by TL1. The IP
and onset of HOMO versus Fermi level have been measured.
The position of the pentacene lowest unoccupied molecular
orbital (LUMO) level was estimated by the transport gap of
2.2 eV (Refs. 13 and 28) instead of the optical gap.

No significant modification of the spectral features in the
region between HOMO level and Fermi level is observed as
shown in inset of Fig. 2(a). Covalent bonding and/or substan-
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FIG. 3. (Color online) (a) C K-edge NEXAFS spectra collected at different angles (90°, black line; 70°, red line; 50°, green line; 30°,
blue line; and 10°, cyan line) of the beam relative to the substrate plane for a 5 nm pentacene thin film deposited on LSMO treated by TLI.
(b) 7" intensity normalized versus the squared sine of incident angle.

tial charge transfer at the interface can thus be ruled out,
supporting the assignation of the interface dipole origin to
the push-back effect. This is in agreement with the results
from Mn L-edge XAS spectra in Fig. 1.

The carbon K-edge NEXAFS spectra were collected with
linearly polarized synchrotron radiation at several incident
angles relative to substrate plane, as shown in Fig. 3(a) to
characterize the molecular orientation of pentacene on
LSMO. The remarkable variations in intensity of peaks cor-
responding to 7 and o™ resonances as a function of polar-
ization angles clearly indicate the formation of ordered pen-
tacene layers with a preferential direction of orientation.’
The most prominent absorbance is the carbon-carbon 1s
— 77" transition, which is split here into several peaks in the
area from 282.5 to 287.5 eV, in which absorption features
lower than 285 eV correspond to empty LUMO =" state
while absorption features higher than 285 eV correspond to
empty LUMO+1 7" state.® The resonance close to 295 eV is
carbon-carbon 1s— ¢ transition of the single bond. Both
transitions exhibit angular variation. The 7" orbital intensity
is greatest near normal incidence and ¢ orbital intensity is
greatest near grazing incidence. The orientation of pentacene
can be extracted from Fig. 3(a) by considering the pentacene
carbon-carbon molecular-orbital orientation. 7" intensity
versus the square sine of incident angle is roughly plotted in
Fig. 3(b). According to the following equations,?®*° the con-
jugated plane normal has an average orientation angle of
about 68° *2° away from surface normal:

A AK
I==(1+K)—-—sin’ 6,
3 2

K=3cos® a— 1.

Here, A is a constant, roughly analogous to the extinction
coefficient of conventional optical spectroscopy, 6 is the
angle of the beam relative to the substrate plane, and « is the
angle of the vector orbital relative to substrate normal. We

here assume that the polarization factor is 1 at the D1011 end
station.

Based on such analysis, the molecular long axis of penta-
cene is found to stand on the LSMO substrate surface with a
tilt angle of about 22° = 2° between the main molecular axis
and the substrate surface normal. It is quite similar to the
molecular orientation of thermally evaporated pentacene thin
film on self-assembled monolayer (SAM) (Ref. 8) and inert
substrates.3%3!

AFM images of pentacene thin films on LSMO give
NEXAFS results a cogent support by images as well as a
layer height value. Figure 4 demonstrates AFM images of (a)
bare LSMO, (b) 1 nm pentacene, and (c) 20 nm pentacene
thin films. First the morphology of the first submonolayer
pentacene on LSMO was studied using AFM compared to
bare LSMO. Figure 4(b) shows AFM images of 1 nm penta-
cene on LSMO that resemble the morphology of the first
monolayers pentacene on inert substrates such as silicon
oxide®? or passivated Si.>* When deposited on LSMO, pen-
tacene molecules diffuse on the substrate nucleating mono-
layer islands with fractal shapes. Conventional concepts of
diffusion-mediated growth apply to the formation of the first
pentacene layer on the inert substrates.>*3 Diffusion-
mediated growth involves four qualitatively different steps.3¢
Initially, molecules diffuse on an almost bare substrate and a
stable nucleus is formed when a critical number of them
meet. In a second (intermediate) step, adsorbates still nucle-
ate new islands but also start aggregating into existing ones.
Later, in the aggregation regime, the incoming material ag-
gregates into the existing islands only. Finally, islands coa-
lesce. Interestingly each of four steps can be observed clearly
in Fig. 4(b). Insets from local enlargement in Fig. 4(b1) cor-
respond to first step. Top inset corresponds to the condition
before nucleation while a preisland with terrace is nucleating
as shown in bottom inset. More importantly step height of
the terrace equal to 1.4—1.5 nm is obtained from the bottom
inset. Some islands corresponding to second or third step
exist in the green circle while the red circle highlights a
happened coalescence in the Fig. 4(b2).
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FIG. 4. (Color online) AFM images of (a) bare LSMO, (b) 1 nm pentacene, and (C) 20 nm pentacene thin films on LSMO. (b) shows
different steps for diffusion-mediated growth of a submonolayer (Inm) of pentacene on the LSMO substrate and step height of the terrace
equal to 1.4-1.5 nm obtained from the bottom inset of (b1). (c) shows AFM images of a 20 nm pentancene thin film deposited on LSMO
with the sizes of 5X5 um? (c1) and local enlargement by the area of 1.5X 1.5 um? (c2) which displays an obvious stepwise structure in
each grain and where height line gives a rough step height of stacking pentacene crystalline layers (c3).

Second the morphology of bulk pentacene thin films on
LSMO was characterized using AFM as well. As shown in
Fig. 4(c) for images of 20 nm pentacene vapor deposited on
LSMO, the terracelike crystalline grains are formed by stack-
ing pentacene crystalline layers. The average grain size of
pentacene on LSMO is 1.0-1.5 wm and each grain has a
layered structure in Fig. 4(c1). A rough crystal layer spacing
of 14—15 A can be derived from Figs. 4(c2) and 4(c3),
which is very similar to the step height of 1.5 nm for 10 nm
terracelike pentacene on ITO substrate’” and almost same to
the value from Fig. 4(b1). This value is close to the molecu-
lar long axis edge on height [16.5 A (Ref. 38)], which also
implies that the pentacene molecules in this structure are
oriented in standing mode on LSMO substrate with a some-
what tilted angle related to the substrate surface normal.

It has been reported that there is a facile charge transport
within each two-dimensional herringbone-packed pentacene
crystal layer but negligible charge transport through the ver-
tically stacked layer direction. As a result, the pentacene
films on LSMO potentially exhibits a high hopping resis-
tance in the vertical direction, which is nearly parallel to the
substrate-standing molecules. The interfaces are crucial for

both injection (GMR) and tunnelling (tunnel magnetoresis-
tance) devices. While injection and transport could be ac-
companied by quite high resistance in that the pentacene
molecules stand up on the injector LSMO surface, this con-
figuration could be extremely appealing for tunnelling spin-
tronic devices. It should be noted that in other cases penta-
cene molecules may lay down on the injector surface and
allow good injection efficiency.

IV. CONCLUSION

No evidence related to covalent bonding or significant
charge transfer between pentacene and LSMO has been
found in the XAS of Mn L edge or UPS results. In addition,
an interface dipole of 0.4 eV reduces the work function to
4.3 eV upon pentacene film deposition, mainly due to the
push-back effect. UPS measurements suggest that the verti-
cal IP of pentacene on LSMO is 4.9 eV, same as the value
reported for pentacene on SiO, in standing orientation. Find-
ings deduced from NEXAFS, AFM, and UPS spectra consis-
tently demonstrate that pentacene stands on LSMO with a tilt
angle. The results extracted from NEXAFS demonstrate that
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molecular long axis of pentacene stands on the LSMO sub-
strate surface with a tilt angle of about 22° = 2° between the
main molecular axis and the substrate surface normal. AFM
images further give an additional support that the terracelike
crystalline grain is formed by stacking pentacene crystalline
layers and pentacene molecules in this structure are tilted in
standing mode on LSMO substrate.
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