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ABSTRACT: We report fabrication of a hybrid organic semi-
conductor—inorganic complex oxide interface of rubrene and
Lay¢;S1933MnO; (LSMO) for spintronic devices using pulsed
laser deposition (PLD) and investigate the interface structure and
chemical bonding-dependent magnetic properties. Our results
demonstrate that with proper control of growth parameters, thin
films of organic semiconductor rubrene can be deposited without
any damage to the molecular structure. Rubrene, a widely used
organic semiconductor with high charge-carrier mobility and spin
diffusion length, when grown as thin films on amorphous and
crystalline substrates such as SiO,-glass, indium—tin oxide (ITO),
and LSMO by PLD at room temperature and a laser fluence of 0.19
J/cm?, reveals amorphous structure. The Raman spectra verify the
signatures of both A, and B, Raman active modes of rubrene molecules. X-ray reflectivity measurements indicate a well-defined
interface formation between surface-treated LSMO and rubrene, whereas X-ray photoelectron spectra indicate the signature of
hybridization of the electronic states at this interface. Magnetic measurements show that the ferromagnetic property of the
rubrene—LSMO interface improves by >230% compared to the pristine LSMO surface due to this proposed hybridization.
Intentional disruption of the direct contact between LSMO and rubrene by insertion of a dielectric AlO, layer results in an
observably decreased ferromagnetism. These experimental results demonstrate that by controlling the interface formation
between organic semiconductor and half-metallic oxide thin films, it is possible to engineer the interface spin polarization
properties. Results also confirm that by using PLD for consecutive growth of different layers, contamination-free interfaces can be
obtained, and this finding is significant for the well-controlled and reproducible design of spin-polarized interfaces for future
hybrid spintronics devices.
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Bl INTRODUCTION

hyperfine coupling arising from the light constituent atoms

Hybrid electronics is the future of electronics, and proper
understanding of the interface between the hybrid components
is key to the development of this field. For the nanomagnetism
and spintronics community, the interface between inorganic
ferromagnets and organic semiconductors is an area of major
research interest due to the possibility of incorporating the best
potential materials for optimally functional devices."* For
spintronic components the inorganic ferromagnetic (FM)
functional oxides and organic semiconductor (OS) small
molecules and polymers form a promising combination as
inorganic complex oxides show nearly 100% spin polarization®
and organic compounds are supposed to have very long spin
relaxation length and time due to their smaller spin—orbit and
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such as C, H, and N.° During the first decade of the
development of “organic spintronics”, many successes were
reported including spin injection” and transport' in low-
mobility OS molecules, sizable giant and tunneling magneto-
resistance effects (GMR and TMR, respectively) in organic spin
valves and magnetic tunnel junctions, and measurement of
sizable spin diffusion length and time in OS small molecules®
and polymers.” However, with the rapid advancement of the
field, more and more challenges also started to appear. One
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such challenge is temperature-dependent s;pin relaxation length
in OS small molecules and polymers,”'® which leads to
negligible GMR response from the spin valve devices at room
temperature. Also, the absence of a Hanle effect in organic
semiconductor-based spintronic components raised a debate
about spin injection through organics; however, it is also not
clear whether the Hanle effect can be expected in a system
where spin transport is mainly through incoherent hopping
transport. M

Another important concern for the research community is to
understand and control the FM/OS interface designed for
functional devices. It has been recently reported by several
groups that p-d hybridization and charge transfer reaction at the
interface can significantly modify the spin polarization
property.'”"? It was also shown that p-d hybridization and
charge transfer strongly depend on the position and orientation
of the aromatic molecule surface on the ferromagnetic
interface.'* Therefore, the atomic level control over the growth
of OS on the FM surface and the hybrid interface can
significantly modify and improve the performance of this
spintronic devices. However, for precise control over the p-d
hybridization at the interface, it is essential to measure and
control the purity of the interface with minimum defects.
Fabricating a clean and well-defined interface between the
magnetic oxides and the organics is a challenging task because
the fabrication process of hybrid devices often involves the use
of different deposition methods for oxides and organic
materials. The ferromagnetic oxides require high-temperature
growth in a controlled oxygen atmosphere, whereas organic
materials require evaporation or spin coating in a vacuum or
inert environment. Therefore, the device fabrication process
needs transfer of samples between the chambers for inorganic
and organic thin film depositions. Transferring samples under
ultrahigh vacuum (UHV) (107 mbar) conditions is an option
for maintaining the purity of the interface; however, under
UHYV conditions, oxides such as LSMO can lose oxygen from
the surface, which can significantly modify its surface magnetic
properties. Also, many laboratories do not have UHV facilities
for sample transfer, and in many cases sample transfer is done
by breaking the high-vacuum condition between the two
deposition steps. This contaminates the interface with environ-
mental carbon, oxygen, and other impurities during sample
handling, and this unintentional contamination of the device
interfaces can consequently cause significant variation in the
device properties. It has been also shown experimentally that
introduction of this contamination changes the interface
energetics significantly. '

Within the framework of the present study, we explored the
possibility of growing an OS, which is of interest for spintronic
applications, in a way different from the traditional routes to
improve control over the interface properties and minimize the
contamination effects. PLD is a versatile technique for
stoichiometric deposition of materials in a controlled way in
clean conditions and is generally used for inorganic metals and
oxides."”'” As the high energy of the laser pulses can destroy
the soft organic molecules, this technique has not been
popularly used for deposition of organic semiconductors. In
this work PLD has been used to grow the thin film of rubrene
(C4Hyg), a widely used OS material for transistors with
reasonably good charge carrier mobility and spin diffusion
length.® Although a literature review shows only a few papers
on the growth of organic semiconductors such as penta-

cene'®"” and a few different polymers™ using PLD, the report

of back-to-back fabrication of complex metal oxides and soft
organic materials using the same PLD, or other fabrication
methods, is missing. The possibility of using the same method
to deposit both types of materials provides an opportunity to
fabricate atomically clean device interfaces and simplifies the
device fabrication process for future industrial applications. The
PLD technique requires optimized parameters for growth of
thin films with identical structural and electronic properties as
the bulk target material. Also, the possibility of engineering
materials at the nanoscale by varying the laser fluence, substrate
temperature, deposition rate, annealing, etc., offers the
opportunity for modified structure and functionality. For
organic materials, using the pulsed laser requires careful control
as high-energy laser pulses can destroy the molecular structure.
The literature shows that a high-quality ¢* axis oriented
pentacene film can be grown using PLD with significant
improvement in device performance when the proper growth”!
and annealing conditions are applied.”” Salih et al. showed that
among different parameters, laser wavelength and fluence
determine the properties of the films.”® In the present work,
rubrene, a well-studied organic small molecule without any
heavy elements in its structure and consequently promising
charge and spin transport properties, has been chosen to test
whether it is possible to grow more crystalline phases using
similar PLD parameters. The success of the process could lead
to better control of crystallinity and hence carrier mobility and
spin diffusion lengths of OS.

In this work, we have developed and optimized the PLD
growth process of rubrene molecules’™ and systematically
studied the effect of removal of contaminations at the FM/OS
interface by studying the structural, electronic, and magnetic
properties. For this purpose, rubrene films were grown on
Lay¢;Sr933Mn0O; (LSMO), a well-known half-metallic man-
ganite.” Although manganites are not considered as industrially
viable materials, the choice of manganites in the current context
was made to investigate a proof of concept system where
controlled interface formation between a magnetic oxide and an
organic semiconductor can be studied for understanding the
spin engineering phenomenon at the interface. This result
could be tested in the future for other half-metallic oxides such
as Fe;O, and CrO, that could be useful for industrial
application. The LSMO/OS interface was modified by different
conditions such as high temperature in situ annealing before
OS deposition and by insertion of the dielectric AlO, layer.
High-temperature (500 °C) annealing of LSMO was performed
under vacuum conditions (107 mbar) to reduce contamination
on the surface of the LSMO film and hence at the hybrid
interface, as previously reported by Grobosch et al.'* The effect
of removal of contamination and insertion of a seed layer on
the structural and magnetic properties of the LSMO/rubrene
interface were then thoroughly studied, and this knowledge
could consequently lead to improved control of the device
properties.

B EXPERIMENTAL SECTION

The rubrene target for the PLD process was prepared in the form of a
pellet from commercially available powder (Sigma-Aldrich, purity >
98%) and annealed to the melting point (315 °C) in an inert
atmosphere. The PLD process was carried out in vacuum conditions
(5 X 107 mbar) at room temperature. The radiation of a Nd:YAG
laser (Quantel) operating at 1064 nm, 6 ns pulse duration, and 2 Hz
pulse repetition was focused on the target surface using quartz lens.
The pulsed laser energy for organic layer deposition was chosen on the
basis of the literature value,”® which showed that it is safe to grow
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Figure 1. Schematic diagram of the architectures of the grown multilayers with LSMO crystal structure and chemical structure of the rubrene

molecule.

Table 1. Description of the Samples Together with Characteristic Physical Parameters: Surface Roughness, RMS Value,
Saturation Magnetization Mg, Curie Temperature T, Coercive Field H¢, and Relative Change in Magnetization Due to

Modified Interface AM/M

sample description RMS roughness (nm) M at SK (10° A/m) T (K) Hc at SK (mT) AM/M at SK (%)
LSMO as grown 20 nm 0.5 4.66 322.7 0.5 0
A rubrene (8 nm)/LSMO(20 nm) 2.0 4.85 333.4 1.5 4.2
B rubrene (8 nm)/vac-treated LSMO (20 nm) 1.2 448 319.8 2.5 -3.8
C rubrene (8 nm)/AlO,(1—2 nm)/LSMO (20 nm) 1.0 4.07 319.8 2.5 -12.8
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Figure 2. (a) Raman spectrum of rubrene thin film on glass at room temperature taken with excitation at 785 nm together with reported Raman
active frequencies from ref 28 (blue lines); (b) same spectra for rubrene on LSMO/STO (purple line) together with Raman active modes of the

rubrene powder (black line) and STO substrate (green line) for reference.

organic thin films within the laser fluence range of 0.06—0.9 J/cm? For
the rubrene deposition the laser fluence was established at the level of
0.19 J/cm? to produce a growth rate of up to 0.26 nm/min. In the case
of AlO, deposition, the growth rate at the level of 1 nm/min for laser
fluence of 0.8 J/cm?® was measured. Details of the rubrene deposition
have been reported elsewhere.**

Initially, the rubrene films were grown on SiO, glass substrates, and
the profilometric inspection was performed for calibrating the
thickness and for further understanding of the deposition parameters.
To check the molecular structure of the deposited rubrene, the Raman
spectra of the films were measured using the micro-Raman
spectrometer (InVia, Renishaw) operating with 785 nm excitation.
Atomic force microscopy (AFM), X-ray reflectivity (XRR), and X-ray
photoelectron spectroscopy (XPS) measurements were also per-
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formed to characterize the surface morphology, interface roughness,
and chemical structure of the grown films. AFM was done using a
microscope model 5000 (Veeco Dim.) operating in tapping mode, and
the XRD and XRR characterization was performed using the
spectrometer X 'Pert (Panalytical) with Cu Ko radiation. XPS spectra
were measured using a PerkinElmer PHI 5400 spectrometer with a
monochromatized Al Ka X-ray source operating at 14 keV and an
analyzer pass energy of 18 eV. For transport measurements, the
growth of rubrene films of thicknesses of 42 and 56 nm on the etched
ITO-coated glass substrates was followed by deposition of the Al top
electrodes (ITO/rubrene/Al sandwich structure), and the I-V
characteristics were measured using a Keithley semiconductor
analyzer. After the structural and transport properties of the grown
rubrene samples had been verified, several rubrene samples were
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Figure 3. XRR patterns of the (a) rubrene thin film on glass and (b) LSMO film on STO (open circles) and of (c) sample A, (d) sample B, and (e)

sample C, together with model fitting (solid lines).

deposited on LSMO. The 20 nm thick LSMO films were previously
grown on SrTiO; (STO) (001) substrates using the procedure
reported elsewhere.”” The 8 nm thick rubrene film on as-grown
LSMO was deposited using identical parameters as mentioned above
and named sample A. Next, vacuum annealing at S00 °C was done on
LSMO to remove the carbon contamination on the LSMO surface,
and then rubrene of similar thickness was deposited and named sample
B. The sample prepared with a 1—2 nm aluminum oxide (AlO,) film
between the LSMO (as-grown) and the rubrene layers was named
sample C. The schematic of the device architectures, together with the
crystal structure of LSMO and chemical structure of rubrene molecule,
is shown in Figure 1. Magnetization measurements as a function of
temperature (M-T) and magnetic field (M-B) were conducted using a
SQUID-MPMS (Quantum Design) magnetometer on all of the above-
mentioned samples together with sample A after its rubrene layer had
been cleaned with acetone and alcohol (sample D). To avoid the issue
of reproducibility of magnetic properties among different LSMO films,
all the rubrene samples were grown on 5 X 5 mm? pieces cut from one
single 10 X 10 mm? LSMO film. Description of the samples and their
important parameters are summarized in Table 1.

B RESULTS AND DISCUSSION

Structural Properties. Profilometry confirmed continuous
growth of the 8 nm rubrene film on SiO,, and the AFM
characterization in tapping mode showed complete coverage of
rubrene film on glass and growth of a relatively smooth surface
without scattered island formation.**

Raman spectra of the 8 nm rubrene film on SiO,, although
dominated by the fluorescence, showed the signature of Raman
active modes (Figure 2, left panel) of the rubrene molecule
reported in the literature.”® This molecule consists of a
tetracene backbone and four phenyl side groups, where the
tetracene backbone of the rubrene molecule is planar. In
Raman spectra the tetracene core is represented as B, mode,
whereas the phenyl groups are shown by the A, mode. The
presence of both B, and A, modes in the Raman spectra and the

g
broad band at 1373 cm™' verifies the growth of amorphous
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rubrene thin films. For the rubrene film on LSMO, the
spectrum is dominated by Raman active modes of STO single-
crystal substrate, making observation of the Raman signal from
thin rubrene films and LSMO challenging. This is under-
standable due to much larger thickness of the STO substrate
(500 um) compared to LSMO (i.e, 20 nm) and rubrene (8
nm). However, small bands near 1000 and 1500 cm™" could be
linked to the Raman signal of the rubrene molecules.

The structural properties of rubrene films were also
investigated by means of the XRR, XRD, and XPS techniques.
The thickness of the individual layers, the surface and interface
roughnesses, and the average density of the system of the
rubrene thin film, LSMO, and samples A, B, and C were
calculated from XRR data and model fitting (Figure 3). For
rubrene, the XRR curves confirm that the grown films are
continuous, with densities close to the reported values®” and
smooth surfaces. Calculation of the average roughness of
rubrene on glass gives a value of 1.3 nm and a thickness of 8.5
nm of the grown layer, in agreement with the thickness value
shown by the profilometer. The mass densities of the films
grown on glass substrates are 1.22 g/ cm3, which is quite close
to the reported value of 1.26 g/cm®”’ For the single-layer
LSMO, the surface roughness is 0.5 nm for a 20 nm film, and
the mass density is 6.2 g/cm®.

For rubrene on LSMO, the reflectivity signals from the
samples are dominated by that of LSMO due to higher atomic
weight of LSMO compared to rubrene. However, the critical
angle (below which total reflection occurs) reduces in
comparison to LSMO, suggesting a combined signal from
both higher and lower density materials. Another noticeable
feature is the improved oscillation with lesser slope for sample
B compared to samples A and C. This indicates that due to
vacuum annealing treatment before the rubrene deposition, the
interface between LSMO and rubrene becomes better defined
and the roughness at the interface of LSMO and rubrene
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decreases. Although simulation of parameters from an XRR
pattern of a multilayer is dependent on many factors, the
improved roughness values of rubrene layer on samples B (1.2
nm) and C (1 nm) compared to sample A (2.0 nm) are
consistently observed. This confirms the improved growth
conditions of the rubrene layer due to vacuum annealing and
inclusion of an AlO,, layer. Growth of better quality rubrene on
an AlO, seed layer was also reported previously by the
Moodera group.’

X-ray diffraction of rubrene powder generally shows
orthorhombic crystal structure; however, the XRD spectra of
the thin films (8 and 44 nm) showed no peaks from rubrene on
glass, indicating growth of amorphous phase in agreement with
Raman measurements. This indicates that the growth of
crystalline rubrene phase will require additional thermal
treatment or modified PLD growth conditions of the films.

Electronic Properties of the FM/OS Interface. XPS is a
powerful technique for understanding the interface chemistry
and the energy level alignments in organic/inorganic-based
devices. To study the electronic properties at the LSMO/
rubrene interface, XPS measurements were performed on all of
the samples. Figure 4 shows O 1s and C 1s spectra from these
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Figure 4. X-ray photoelectron spectroscopy of (a) C 1s and (b) O 1s
core levels for pure LSMO and rubrene samples together with the
LSMO coated with rubrene (as grown, surface treated, and one with
an AlO, layer in between).

five chosen samples without any specific surface treatments.
The pure rubrene sample showed a significant charging effect,
which caused a shift of the C 1s peak to the higher binding
energy side. In the recorded spectra, this charging effect has
been compensated by taking the SiO, peak as reference. It
follows from the figure that the C 1s core level peak of rubrene
can be fitted with four components, which in turn can be
attributed to the pure aromatic carbon (C—C) (282 eV), C=
C (283.8 eV), and C—OH or C—O (286 eV) bonding sites.
The literature shows that pure rubrene depicts only the
aromatic carbon peak and the peaks O 1s are not revealed.
Therefore, our core level spectra indicate that the top layer of
the rubrene film is oxidized due to exposure to atmosphere. For
the LSMO, the C 1s peak constituted of two components C—
C (284.1 eV) and C—O—C (284.6 eV) is mainly due to
atmospheric C as the pristine sample does not contain any C.
For samples A, B, and C, three contributions of the C 1s spectra
are present corresponding to the atmospheric C, aromatic C,
and hydroxyls of C. Compared to samples A and B, the

aromatic carbon peak in sample C is shifted toward the higher
binding energy (BE) side by 0.1 eV. This indicates that the
growth of rubrene is quite different on AlIO, compared to that
on LSMO. Also, whereas sample A reveals the aromatic C peak
almost at the same location as the pristine rubrene sample, this
peak for sample B shows a shift toward lower BE by 0.09 eV.
Therefore, it can be concluded that the lower BE peak (284.47
eV) is due to atmospheric carbon and the higher BE peak
corresponds to aromatic carbon of rubrene. The shift of this
peak observed for three differently grown samples indicates that
due to modified LSMO surface and hence LSMO/rubrene
interface, the electronic bonding of rubrene molecules becomes
affected. Compared to samples A and B, the carbon peak is
broadened to the higher BE, indicating that the growth of
rubrene is quite different on AlO, compared to that on LSMO.

For the pristine LSMO, the O 1s peak around 528 eV is
observed with a little shoulder on the higher BE side at 530 eV.
This high-energy shoulder is most probably caused by surface
contaminants (the surface was not treated before XPS), which
is consistent with the appearance of the C 1s emission. The
surface contamination may be the result of physisorbed,
chemisorbed, and structural H,O together with hydroxide
(OH-) and CO, contributions.*® Both the rubrene single layer
and the samples on LSMO also showed oxygen peak due to
atmospheric oxygen (~532 eV). For samples A and B, both the
peaks from LSMO O 1s and atmospheric oxygen are observed
without any significant shift in the BE value. The O 1s peak of
pure rubrene film can be fitted using four curves corresponding
to C=0, C—0, C—0—C, and O—C=O0O bonding
environments from lower to higher BE, respectively. Samples
on LSMO, however, show better fitting with three components
corresponding to C—0O, C—O0—C, and O—C=0. The
lower BE peak of O 1s becomes suppressed for sample B of the
surface treatment performed before rubrene deposition, which
indicates a decreased oxygen level in this sample. For sample C
the LSMO peak O 1s could not be measured due to the
presence of an additional AlO, layer.

The Mn 2p;, core level spectra of LSMO reveal peaks at 642
and 654 eV, and both of these peaks can be fitted using three
different components as shown in Figure 5a. A possible
explanation for these components could arise from the fact that
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Figure S. XPS core level spectra of (a) Mn 2p and (b) Sr 3d for pure
LSMO and rubrene samples together with the LSMO coated with
rubrene (as grown, surface treated, and one with an AlO, layer in
between).
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two of them of the lower BE are due to the exchange
interaction between the core holes and the valence electrons. In
this picture, the high- and low-BE components correspond to
the majority and minority of spin core—hole states, respectively,
and the energy separation between them, A, corresgonds to
the exchange splitting of the Mn 2p core—hole states.”' Due to
deposition of rubrene (in both samples A and B), a shoulder
structure starts to appear at the higher BE side of both peaks (at
655 V). This shoulder structure is previously interpreted as the
well-screened peak of the Mn’' state, and its intensity is
considered to represent the metallicity of the system.’
However, between the as-grown and surface-treated samples,
no significant changes in the Mn 3d core states can be
observed.

For the Sr 3d core-level spectra of LSMO (Figure Sb),
however, surface treatment before rubrene deposition made a
significant difference in the peak intensity and binding energies,
mainly in the higher BE peak.

The Sr 3d spectra of LSMO show splitting of the Sr peak
into 3d;/, to 3ds;, components. Whereas the observed spin—
orbit splitting of about 1.8 eV is expected, it can be observed
that the interface-related Sr component, that is, the small-
intensity solid line peak around 133.4 eV, is shifted as
compared to the pure LSMO. This shift to the high BE side
reflects a rubrene-induced interface effect, which leads to a
decrease of the electronic potential around the interface Sr
atoms at the rubrene interface, as compared to the pure Sr. The
line shapes of both Mn 2p and Sr 3d spectra change
substantially due to the growth of rubrene, indicating that the
hybrid interface formation results in a change of the electronic
environments around the Mn and Sr ions. Larger differences in
the Sr 3d peaks between as-grown and surface-treated LSMO
sample thus clearly indicate that the La—Sr—O plane is the
terminating layer of LSMO and becomes more modified due to
rubrene deposition compared to the Mn—O plane (as shown in
Figure 6). However, a small change in the Mn 2p line shape
also indicates that some rubrene molecules penetrate the
surface layer and modify the Mn electronic environment as
well.

Figure 6. Schematic interpretation of the interface electronic structure
between LSMO and rubrene molecules.

Transport Properties of ITO/Rubrene/Al Diodes. To
check if the grown OS layer reveals the charge-transport ability
required for spintronics application, the test ITO/rubrene (42
nm)/Al device structure (details given under Experimental
Section) has been produced under identical deposition
condition as sample A. The measured I-V characteristic is
shown in Figure 7. It reveals nonlinear behavior with a little
asymmetry for the positive and negative applied bias. Also,
depending on the thickness of the rubrene layer, the device
currents change (not shown here), which indicates that charge
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Figure 7. I-V characteristics of the ITO/rubrene/Al diode device at
room temperature showing nonlinear, asymmetric nature.

transport takes place via a hopping mechanism through the
deposited rubrene layer and not through metallic pinholes.

To confirm this conclusion, the charge carrier mobility was
calculated for the deposited rubrene layer using the relationship
o = ney, where o, n, and y are the conductivity, charge carrier
density, and carrier mobility, respectively. Calculating ¢ from
the I-V data at 1 V, and using the carrier density value from
the literature,”” carrier mobility of the order of 107 cm?/(V s)
was estimated, which is in good agreement with the
experimentally obtained mobility values for amorphous
rubrene.” The result again confirms that the grown rubrene
layer is amorphous with randomness in intermolecular
separation leading to the formation of defects and grain
boundaries that could trap charge carriers. However, sizable
current through the device is an indication that charge and spin
polarized carriers can pass through this layer by hopping for
thick layers or by multistep tunneling via localized states for the
thinner rubrene layer. An increase in the crystalline order can
be expected with further control of the growth parameters and
could lead to higher carrier mobility and spin diffusion length,
too.

Magnetic Properties of FM/OS Interfaces. For inves-
tigation of the magnetic properties and hence the spin
polarization of the hybrid interfaces, detailed temperature (M-
T) and field dependent (M-B) magnetization measurements
were carried out on the samples. Results indicate that
paramagnetic (PM) to FM phase transition starts similarly in
all samples, but eventually in the FM phase there are distinct
differences in the magnetic moment values. The saturation
magnetic moment (M) value of the pristine LSMO film is
5.135 ug/formula unit (fu), which is higher than the
theoretically calculated value of 4.657 ugp/fu for 33% hole-
doped LSMO (using the Mn** moment of S yy/fu and the
Mn* moment of 3.9 up/fu for octahedral co-ordination),
indicating the good quality of the deposited LSMO films. The
M-T data indicate improvement of the ferromagnetic properties
of LSMO due to the presence of the rubrene. The Mg value
increases from 5.135 to 5.819 ug/fu, and the Curie temperature
(T¢) increases from 322.8 to 333.4 K, as shown in Figure 8a,b
in the case of rubrene deposited directly on LSMO. This
improved ferromagnetism due to organic coating can be
attributed either to the prevention of dangling oxygen bonds,
which often are observed at the surface of the film as result of
abrupt termination of the MnOg octahedra,™ or to the
proposed hybridization process that allows a charge-transfer
mechanism between aromatic molecules and ferromagnetic
oxide, consequently improving ferromagnetism.*® Also, there
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Figure 9. (a) Relative change in magnetization (AM/M) as a function of temperature for sample A, B, and C together with (b) M versus T for pure,
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could be effects from an induced moment on rubrene due to
close contact with a ferromagnetic electrode. More on this will
be discussed later. Due to the surface treatments done with
high-temperature vacuum annealing, the magnetic properties of
the ferromagnetic/organic interface become suppressed
compared to sample A and the bare LSMO. This can be
attributed to the loss of oxygen at the LSMO surface at high
temperature, leading to a surface with oxygen vacancy related
defects. Also, loss of oxygen causes reduction of Mn*" to Mn®"
ions in the mixed valence phase of Mn, leading to reduced
double-exchange interaction (Mn**—~O—Mn*") suppressing
ferromagnetism. This loss of ferromagnetism results in reduced
Mg and T (319.8 K) of the films. Also, the zero-field cooled
(ZFC) and field-cooled (FC) magnetization curves start to
separate from each other below T, which indicates that a weak
antiferromagnetism or frustrated ferromagnetic phase begins to
develop due to the surface treatments. Another interesting
observation is reduced ferromagnetism in the sample where an
AlO, layer is inserted between the LSMO and rubrene

22234

molecule. In this case the direct contact between the d orbital
of Mn and the 7 orbital of rubrene is intentionally restricted,
and a decrease of both Mg and T is observed.

Also, the coercive fields (H.) increase in all of the samples
compared to pristine LSMO (0.5 mT). This increase in H. is
nearly 3 times that in the as-grown sample and nearly 5 times
that in the vacuum-annealed one or in sample with an AlO,
layer. This indicates the formation of trapping/pinning sites for
the magnetic domains at the interface that is formed due to
coating of the rubrene molecules, where a higher external
magnetic field is only able to switch the magnetization direction
of LSMO. Additional trapping sites at the hybrid interface due
to vacuum treatment of LSMO and the presence of Al can
increase the coercive fields even further.

For an in-depth knowledge of the modified magnetic phase
at the LSMO/rubrene interface, the relative change in
magnetization (AM/M) is calculated using the formula [(M
— Mygmo)/Mysmo] and plotted as a function of temperature for
samples A, B, and C in Figure 9a. For all of the samples the

DOI: 10.1021/acsami.5b04840
ACS Appl. Mater. Interfaces 2015, 7, 22228—-22237


http://dx.doi.org/10.1021/acsami.5b04840

ACS Applied Materials & Interfaces

Research Article

maximal change is observed near the Curie temperature T¢.
AM/M decreases with decreasing temperature and eventually
reaches a saturation value below 100 K. For sample A, the AM/
M is positive, whereas for samples B and C its value is negative.
Sample C shows a larger negative saturation (AM/M) value
(nearly —13%) with a sharper transition compared to sample B
and sample A reaching a saturation value below 300 K. This
indicates that due to direct chemical bonding between the
LSMO and the organic molecule, redistribution of electronic
charges across the interface causes some defect sites, making
the transition from paramagnetic to ferromagnetic phase rather
gradual. This hypothesis is also justified by the increased H,
values observed for these samples. Also, on vacuum-treated
LSMO surfaces, oxygen vacancy related defects can hamper
sharp switching to long-range FM ordering and cause decreased
magnetization compared to pristine LSMO. Separation
between ZFC and FC branches of magnetization for sample
B also verifies that created defects or anti-ferromagnetic
domains are present in them, which upon field cooling
transforms into FM domains causing the observed pattern.
For sample C, where rubrene was grown on AlO, the PM-FM
switching is much sharper, indicating fewer defect states at the
interface, which is also supported by XRR data and earlier
works in which the authors reported better growth of rubrene
on AlO,.° Also, it can be noted that after removal of rubrene
molecules, the improved ferromagnetic property of LSMO
surface still exists as shown in Figure 9b, although the M value
decreases to 5.727 pg/fu. This indicates that there are two
contributions present simultaneously. First, the rubrene
molecule is chemically absorbed on the LSMO surface and
changes its electronic and magnetic properties permanently,
which was also observed for other organic materials.”’ ™
Second, in close contact with ferromagnetic LSMO, a magnetic
moment is induced in rubrene molecules that increases the
saturation moment of the LSMO/rubrene sample. After
removal of the rubrene layer from the LSMO surface, the
real effect at the modified interface can be seen. It is clear that
the saturation moment of LSMO is increased by 0.592 ug/fu
considering the entire 20 nm thickness of LSMO. Because the
main change is taking place in the top 1 nm layer (~2—3 unit
cells) of the LSMO, the change in magnetization in the first 1
nm thickness of the film is 11.84 ug/fu, and the improvement
in surface magnetization of LSMO is >230%.

This experimental observation of greatly modified magnetic
property at the hybrid LSMO/organic interface is of major
importance for the spintronics community. It has been already
shown theoretically that the spin-resolved local density of states
at the interface between a ferromagnet Fe and benzene
molecule is modified due to the hybridization between 7 (p,)
orbitals of organic molecules and the d orbitals of the
ferromagnet.”” Tt was also shown that out-of plane spin d
states of the clean ferromagnetic surface atoms are strongly
modified under the or§anic molecules as a result of the
hybridization. Said et al.’® showed that this p-d hybridization
and charge transfer strongly depend on the position of the
aromatic molecule surface on the ferromagnetic interface.
Therefore, we can conclude that by the different growth
techniques of organic molecules it is possible to significantly
modify the magnetic properties and hence the spin polarization
of the hybrid interfaces. Insertion of AlO, layer restricts this p-d
hybridization and at the same time creates a modified band
structure of LSMO. Rizwan et al*' have shown that the
complex band structure of the amorphous insulating AlO,

temporarily modifies the majority and minority band edges.
This modified band structure can lead to decreased
ferromagnetism at the LSMO/AIO, interface. Earlier, Yamada
et al*’ showed that ferromagnetic properties are strongly
suppressed at the insulating oxide STO and LSMO interface. In
the absence of any d elements in AlO,, the bonding at this
interface is predominantly of the sp-d character, which is
expected to lead to less ferromagnetism suppression at the
LSMO/ALO interface compared to that of LSMO/STO.
Indeed, that is something we also observe experimentally.
Whereas Yamada et al. reported strong suppression of T at the
LSMO/STO interface, we observe a nearly 7% reduction in M g
and slightly decreased T at the LSMO/AIO, interface.

Therefore, we can conclude that using pulsed laser
deposition, it is possible to fabricate well-controlled interfaces
with fewer defects for the hybrid spintronics devices. Further
optimization of the growth parameters can lead to more
improved molecular arrangements of organic semiconductors,
leading to more versatile transport and magnetic properties of
the spintronics components. Sensitive balance of molecular
orientation at the FM-OS interface and better growth due to
insertion of the tunnel barrier layer should be more carefully
studied for confirming the p-d hybridization in the optimally
functional devices.

B CONCLUSION

We have demonstrated that a continuous, contamination-free
hybrid inorganic ferromagnet/organic semiconductor interface
can be fabricated using pulsed laser deposition techniques.
Study of electronic properties and magnetic properties at the
hybrid interface reveals the signature of hybridization of p
orbitals of organic molecule and d electrons of the inorganic
ferromagnet, which takes place at the interface leading to
modified ferromagnetic properties of LSMO. The surface
modification of ferromagnetic properties of LSMO leads to a
change in saturation magnetic moment exceeding 230% and an
increase in Curie temperature by 11 K in contact with the
rubrene molecule. Intentional disruption of direct contact
between LSMO and rubrene by insertion of a dielectric AlO,
layer leads to suppressed ferromagnetism of the hybrid
interface. Previous ab initio calculation indicated that the
position and orientation of the organic molecule on the
ferromagnetic surface can substantially influence the interface
magnetic properties, and together with the present results we
can conclude that PLD can be used to grow different hybrid
interfaces with substantial flexibility for designing the desired
spin polarization properties. This result is of significance for
artificial engineering of a highly spin polarized interface for
future spintronics devices.
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