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The charge and spin injections into semiconductors are determined by the quality of elec-
trode/semiconductor interface. The latter is defined by the atomic penetration depth when growing
metal electrodes on organic semiconductor thin films by physical deposition method. Although the
interfaces between top electrodes and a typical organic material, tris(8-hydroxyquinoline) aluminum
(Algs) thin films have been intensively investigated by several groups, their results on the atomic
penetration depth into Alqs film diverged from each other. In this paper, we studied the deposi-
tion of cobalt atoms onto Alqgs thin films using the molecular dynamics method. The intermixing
between Co and Alqs is calculated to be limited to the first Algs layer for low Co initial kinetic
energies, but spread to a few layers for high initial energies. Our calculation results indicate that
proper deposition method with low injection energy helps to reduce the amount of intermixing at
interfaces and to improve the magnetoresistance of organic-based magnetic junction.

PACS numbers: 36.40.Sx, 68.35.Fx, 61.46.-w

I. INTRODUCTION

Devices based on organic molecules such as organic
light emitting diodes’ and organic spin valves? have
gained wide interest. Most of these devices have a multi-
layer structure, with an organic thin film sandwiched be-
tween bottom and top metal electrodes."? Deposition of
the top metal electrode onto the organic thin film is often
the most difficult step in device preparation, because de-
posited metal atoms with high initial kinetic energy can
penetrate into the organic thin film and form a metallic
path connecting top and bottom electrodes.?

Studies of the deposition of noble metal atoms onto
organic self-assembled monolayers (SAMs) have shown
that terminal groups of molecules play a critical role:
molecules with reactive terminal groups prevent, while
inert terminal groups favor, penetration of metal atoms
into SAMs.3 10 Penetration of gold atoms into alka-
nethiol SAMs was reproduced by molecular dynamics
simulations,'! which also revealed differing dynamical be-
haviors for silver clusters of different sizes on alkanethiol
SAMSs.!'? Deposition of calcium and aluminum atoms on
self-assembled poly(para-phenylene vinylene) (PPV) sur-
faces were numerically simulated by Giro et al.'3'# using
the molecular dynamics method.

Concerning spintronics devices, the interface between
ferromagnetic metals and organic films, especially cobalt

atop amorphous Alqgs thin films, has attracted much
interest after observation of giant magnetoresistance in
LSMO/Alqs3/Co magnetic junctions? and in other or-
ganic spin valves'®!6 Bad interface caused by atom pen-
etration is the main reason for controversy on the sign
and the mechanism of the magnetoresistance in Alqs-
based spin valves.!” The electric current carrier injection
efficiency from magnetic electrodes into Algs thin film
spacer was fitted by modified space charge limited cur-
rent model to be different for interfaces grown by differ-
ent methods.'” For this reason, the penetration of metal
atoms into Alqgs thin film has been extensively investi-
gated by several groups but their results diverged with
each other. Xiong et al.? observed that magnetoresis-
tance exponentially decays as a function of the thick-
ness of Alqs space layers, but observed no magnetoresis-
tance when the thickness of Alqs was less than 100 nm.
They argued an “ill-defined” interface with thickness of
87 nm owing to interdiffusion exists between cobalt and
Alqs. Vinzelberg et al.'® used electron energy lose spec-
troscopy (EELS) to detect intensity profile of cobalt ele-
ment along a line perpendicular to Alqs/Co interface and
confirmed inclusion of cobalt atom in Alqs with distance
up to 50nm. In contrast to Refs. 2 and 18, Santos et
al.'® measured the spin-polarization of the tunnel current
from cobalt, iron, and permalloy through an Alqs barrier
into superconducting aluminum and argued that the Alqs



barrier is free from cobalt inclusions. X-ray and ultravio-
let photoelectron spectra of Algs/Co thin films provided
strong evidence of abrupt interface of cobalt atop of Alqs
thin films.?° The intermixing or diffusion of Co into Alqs
was observed to be limited and the interface width was
measured by high resolution transmission electron mi-
croscopy (TEM) to be similar to surface roughness of
Alqs thin film.2" These controversial results reflect diffi-
culties in preparing devices with clean and sharp Algs/Co
interfaces. A detailed study on surface topographies of
bare Alqs thin films and Co/Alqs bilayers revealed that
self-grown pinholes in Alqs thin film and pinholes induced
by substrates other than Co inclusions are the reason for
ill-defined interface.??

Interactions between cobalt atoms and Algs molecules
were also investigated. Cobalt-doped Alqs thin films pre-
pared by thermal co-evaporation exhibit ferromagnetic
behavior with a magnetization of ~ 0.33 up per cobalt
atom.?? Density functional theory with the generalized
gradient approximation (GGA) was used to reproduce
the ferromagnetic exchange interaction between cobalt
dopants, and it was found that there is strong attraction
between the aromatic ring in Alqs molecules and cobalt
atoms.?* However, investigations of the dynamical pro-
cess of cobalt atoms or clusters depositing onto Alqs films
is still lacking.

The aim of this paper is to try to answer this question:
Does cobalt penetrate deeply into Alqs films? In the pa-
per, we present our numerical simulations on deposition
of cobalt atoms onto amorphous Alqgs thin films. Cobalt
atoms instead of clusters were used in this study. Large
metal clusters are believed to penetrate more weakly than
atoms into soft substrates,!” so the penetration depth of
cobalt atoms into Alqs thin films should give the upper
limit of Alqs/Co interface thickness due to intermixing.
From our numerical simulations, we obtained statistics of
penetration depth and dependence on the initial kinetic
energy of the cobalt atom. With low initial energies,
cobalt atoms stay at the Alqs surface. Cobalt atoms can
penetrate into Alqs thin film with higher initial ener-
gies, with a penetration depth limited to a few nanome-
ters. The microscopic process of one cobalt atom collid-
ing with an Algs thin film was visualized and we found
8-hydroxyquinoline ligands perpendicular to velocity of
cobalt atom stop the penetration of the cobalt atom.

The paper is organized as following: In Section II,
computational details, in particular the construction of
the force field to describe interaction between Alqs and
cobalt atoms are presented. Molecular dynamics simula-
tion results, especially statistics on penetration depth of
cobalt atom into Alqs film are also presented in the same
section. In Section III, the microscopic collision process
of a cobalt atom with an Algs molecule is analyzed. In
addition, charge transfer and orbital hybridization be-
tween Alqs and an adjacent cobalt atom were obtained
using density functional method. Section IV contains a
summary.

II. SYSTEM AND SIMULATION RESULTS

The quality of the force field describing metal-molecule
interactions is very important to determine whether in-
jected metal atoms penetrate into molecular films or not.
Alkis et al.'' used a Lennard-Jones potential with en-
ergy parameter scaled by a factor of 5 and 10 to de-
scribe alkanethiol-Au interaction, because the unmodi-
fied Universal Force Field (UFF)?5 was found to give
a binding energy ten times smaller than that in first-
principles calculations. They found that Au atoms pene-
trate into self-assembled alkanethiol monolayer if the po-
tential well of the alkanethiol-Au interaction is deep.'!
Because of the relatively large amount of charge trans-
fer from reactive metallic elements to organic polymers,
the charge-equilibration method?® was used to describe
interactions between reactive metals (Ca and Al) and
poly(para-phenylene vinylene).!®14 However, we found
that the Algs-Co binding energy was also underestimated
by the charge-equilibration method?® compared to our
first-principle calculation results.

We thus used a method similar to that of Ref. 11
to construct a force field describing Alqs-Co interac-
tions. Binding energies of 72 different Alqs-Co configura-
tions were obtained by first-principle calculations. Den-
sity functional theory?” implemented in the QUANTUM
ESPRESSO package®® was used. The Perdew-Burke-
Ernzerhof parameterization® of the generalized gradi-
ent approximation on the exchange-correlation functional
was used. Interaction between valence electrons and
ions were described by projector augmented-wave3?:3!
datasets. Wave functions are expanded using plane-
waves, and kinetic energy cutoffs of 500 eV and 6,000 eV
were used for wave functions and charge density, re-
spectively. In order to perform Bader charge analysis®?,
all-electron charge density was recovered from calcula-
tions. In these calculations, the Alqs molecule was kept
fixed and the cobalt atom was placed at various loca-
tions around the Alqs molecule. Configurations of Alqs-
Co clusters were categorized into two groups, one in
which the cobalt atom was put on a line perpendicu-
lar to and through the center of an aromatic ring and
one through a N(O)-triangle. When the cobalt atom
is located near the center of an aromatic ring in an 8-
hydroxyquinoline ligand, the binding energy is calculated
to be 1.4-2.0eV, but only 1.0-1.3eV when near an
N(O)-triangle. This result indicates cobalt atom prefer
to be adsorbed near aromatic rings rather than near oxy-
gen or nitrogen atoms, which is consistent with previous
first-principle calculation result?*.

The Lennard-Jones potential, with the form U(r;;) =
4e((o/rij)'* — (0/ri;)], was chosen to fit the first-
principle binding energies in different configurations. Op-
timized Lennard-Jones parameters for Algs-Co interac-
tions used in this work are listed in Table I. The Lennard-
Jones potential and the first-principles binding energies
for a cobalt atom located on a line perpendicular to
and through the center of an aromatic ring and a O(N)-



triangle are plotted in Fig. 1. The potential well depth
and shape are well reproduced by the Lennard-Jones po-
tential with optimized parameters. The force field of Alqs
molecules was constructed following the same procedure
used in Ref. 33.

TABLE I. Optimized Lennard-Jones parameters for Alqs—Co
interactions. The pairwise Lennard-Jones potential between
atoms takes the form U(ri;) = 4e[(o/ri;)*% — (o/r:;)°®] where
e and o are energy and length scale parameters and r;; is
inter-atomic distance.

Co-C Co-O Co-Al Co-H Co-N
o (A) 1.78 1.96 1.78 1.78 1.96
e (kcal/mol)  6.92 4.61 2.31 4.61 2.31
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FIG. 1. Optimized Lennard-Jones potential (solid lines) and
first-principle binding energies (circles) along two lines per-
pendicular to and through the center of an aromatic ring (left)
and of a N(O)-triangle (right).

Our model system consists of an amorphous Alqsz thin
film with average thickness about 4.2 nm. The unit cell of
the system is a rhombus with side 5.0 nm, repeated in the
z-y plane. The amorphous Alqs thin film was prepared
using a two-stage strategy. 128 Algs molecules were ini-
tially put on a regular lattice with random orientations,
in analog to a high-temperature annealing process. At
the second stage, a molecular dynamics simulation in the
canonical (NVT) ensemble with Berendsen thermostat
at temperature of 300 K was used until the total energy
reaches equilirium. The prepared amorphous Alqs thin
film has a density of 1.25g/cm?®, which is close to the
experimental density.

Because of the roughness of the amorphous Alqs sur-
face, the penetration depth of a cobalt atom can not be
directly determined by its final position alone, but the
topography of the Alqs surface is also needed. One can
imagine a cobalt atom moving from (z, y, 2 = +00)
downwards towards the Alqs surface along a line perpen-
dicular to the z-y plane with infinitesimal kinetic energy.
If the z-y position of the cobalt atom is constrained, the
final position of the cobalt atom would be the first en-
ergy minimum it encounters. As a result, the surface of

the Algs thin film at (z, y) can be defined as the posi-
tion of the energy minimum with the highest z. There
are also other possible definitions for the surface, such as
the location with the same potential energy or with the
same potential energy derivative. The atomic force mi-
croscopy (AFM) technique belongs to the latter category,
whereas our definition has no parameters. Based on our
definition, the topography of the Alqs surface can be il-
lustrated by an AFM-like image, as shown in Fig. 2. The
root-mean-square roughness of the Alqs surface is 0.3 nm,
and its peak-to-peak roughness is 2.0 nm, values close to
those observed in experiments.?*3®> The Alqs thin film
used in our simulation is free from pinholes?? or small
grains®>36. As a result, the filling of Co atoms into pin-
holes in Algs thin film cannot be taken account for by
our simulations.

unit: nm
52

FIG. 2. (Color online) A 10 x 10nm? AFM-like image of the
surface of the Alqs thin film, with root-mean-square rough-
ness 0.3nm and peak-to-peak roughness 2.0nm. The white
dashed rhombus shows the unit cell of our model system.

After preparing the Alqs thin film, cobalt atoms were
projected onto the film. The initial velocity of cobalt
atom was along the —z direction, towards the Alqgs sur-
face. Initial positions for 200 cobalt atoms were gen-
erated randomly starting far away from the Alqs sur-
face. For each initial position, four trajectories with ini-
tial kinetic energies of 0.15 , 1, 5 and 10eV to simulate
different deposition methods used in experiments were
followed using molecular dynamics. The kinetic energy
of cobalt atoms deposited by the thermal evaporation
method has a narrow distribution®” with the most prob-
able energy of 0.15eV (kgTp ~ 0.15 eV, where kp is
the Boltzmann constant and T, = 1768 €V is the boil-
ing temperature of Co) . In contrast, the kinetic energy
of a cobalt atom deposited by the sputter method has a
much wider distribution3”, with a most probable energy
of 5eV. Initial kinetic energies of 1, 5 and 10eV were
chosen to model a low energy, the most probable energy,
and a high energy. The molecular dynamics simulation
was performed using the DL_POLY®® program with a time
step of 0.2fs. Each trajectory ended after 3—4 ps, when
the cobalt atom touches the Alqs surface. We are par-
ticularly interested in the energy exchange between Co
atom and Alqs thin film at the initial stage of Co deposi-
tion process. Concerning that significant energy transfer



from Co atom to Alqgs thin film happens in a short time
(3—4ps ), we neglect the relaxation of total energy dur-
ing our simulations. The microcanonical ensemble was
used to simulate the Co deposition process, namely the
total energy (kinetic energy plus configuration energy) is
kept constant.
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FIG. 3. (a) Frequency distribution of the z-component of
final position, and (b) penetration depth of cobalt atoms for
different initial energies. The dotted line in (a) shows the
average height of the Algs thin film.

Statistics of the final z-positions of cobalt atoms are
shown in Fig. 3(a). If the initial kinetic energy of the
cobalt atom is 0.15 eV, the distribution of final positions
is almost symmetrically centered at z = 3.9 nm, which is
about 0.4nm below the average height of the Alqs thin
film. When the initial kinetic energy of the cobalt atom
increases to 1eV, the distribution of final positions be-
comes asymmetric and a slight small-z tail develops, indi-
cating the beginning of cobalt penetration into the Alqs
film. When the initial kinetic energy of the cobalt atom
is 5eV, or even higher at 10eV, the small-z tail in final
position extends further, as shown in the last two panels
of Fig. 3(a). Penetration depth is calculated as the differ-
ence between the z-component of the final position of the
Co atom and the local height of the Alqs film. Statistics
of penetration depth are shown in Fig. 3(b). The cobalt
atom can penetrate into the Alqs film if its initial kinetic
energy is large. However, even with the largest initial
energy the penetration depth is limited to about 2 nm.

The penetration depth of cobalt atom is not con-
stricted by the thickness of Alqs film. We performed a
simulation with a 2nm thick Algs film and found that a
small portion of cobalt atoms penetrate the whole Alqs
film. In contrast, no cobalt atom penetrate the whole
4nm thick Alqs film. We also examined the correlation
between Alqs surface height and penetration depth of
cobalt atoms for different initial energies, and found that
the distribution of cobalt penetration depths are inde-
pendent of Alqs surface height, which indicates that the
cobalt atoms penetrate into Alqs uniformly.

The intermixing of Co atoms and Algs molecules at the
Alqs/Co interface was observed by our numerical simu-
lations. Given that the size of Algs molecule is about
1nm, it is observed that Co atoms with low initial en-
ergy, or grown by thermal evaporation method mix with
Algs molecules in the first layer. For Co atoms grown
by sputter method and with higher initial energies, the
intermixing of Co atoms and Algs molecules spreads to
the second Alqs layer. The simulation results indicate
that the intermixing at interface cannot be avoided. On
the other hand, the intermixing is limited to a few layers
of Algs molecules even if Co atoms were deposited by
sputter method. The intermixing at interface inevitably
affect the charge and spin injection into Algs thin film,
hence any theory trying to explain the transport proper-
ties of organic-based magnetic junctions should consider
this factor.

III. DISCUSSION

The microscopic collision process between a cobalt
atom and the Alqs surface can be studied by looking into
one trajectory in detail. Omne Algs molecule has three
mutually perpendicular 8-hydroxyquinoline ligands con-
nected to the Al atom by O and N atoms. A ligand
that lies parallel to z-axis would fail to stop the pen-
etration of cobalt atom with high velocity. However, a
cobalt atom stops penetrating further after collision with
a ligand parallel to the z-y plane. During the collision
of cobalt atom with Algs thin film, the local tempera-
tures of Alqs molecules near the cobalt atom trajectory
increase. In order to show the collision process clearly,
only Algs molecules with local temperatures higher than
a threshold value Ty, are shown. Local temperature T’
of one Algs molecule is defined by the kinetic energy as

f 1 2
Skl = o Zmzvz (1)

%

where kp and f are the Boltzmann constant and the total
number of freedom for one Alqs molecule, and m; and v;
are mass and velocity of ith atom in the Alqs molecule.
Temperature of one atom is defined in the same manner
with f = 3.

In Fig. 4, snapshots of one trajectory with initial en-
ergy 10eV and penetration depth 1.5 nm are shown. Be-
cause local temperatures (kinetic energies) of atoms in
Alqgs molecules increase after collision with the projec-
tile cobalt atom, local temperatures of atoms in Alqs
molecule are illustrated by different colors, which helps
us to understand the energy transfer from cobalt atom to
Algs molecules. At 1.6 ps, the cobalt atom has touched
one 8-hydroxyquinoline ligand of the Alqs molecule, as
shown in Fig. 4(a). This ligand, parallel to the z-axis,
failed to stop the cobalt atom with high velocity; how-
ever, the ligand was heated due to its interaction with
the cobalt atom. The cobalt atom next hits a ligand in
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FIG. 4. (Color Online) Snapshots at (a) 1.6ps, (b) 1.7 ps
and (c) 3.7ps of one trajectory with initial energy of 10eV
and penetration depth of 1.5nm. The largest sphere in each
snapshot represents the cobalt atom. Three Alqgs molecules
adjacent to trajectory of the cobalt atom are shown in each
snapshot. Atoms of the Alqs molecule, which is directly inter-
acted with the cobalt atom, are in different colors according
to their local temperatures. The other two Algs molecules
are in light gray in order to make the figures clear. Atoms in
Alqgs molecules are illustrated by spheres with radii Co > Al
> O > N > C > H. Local temperatures of atoms are defined
by Eq. (1). Coordinate system orientations for (a)-(c) are the
same.

a second Alqs molecule which is not parallel to z-axis,
as shown in Fig. 4(b). The direction of the cobalt atom
velocity was changed by collision with this ligand, and it
now moves in the z-y plane instead of penetrating fur-
ther. Finally, at 3.7 ps, the cobalt atom has found its
most stable adsorption site, near a third Alqs molecule as
shown in Fig. 4(c¢). This microscopic analysis shows that
collision of a cobalt atom with 8-hydroxyquinoline ligand
not parallel to the z-axis would stop its penetration. Be-
cause each Algs molecule has three 8-hydroxyquinoline
ligands perpendicular to each other, the probability is
large for one cobalt atom to be stopped by collision with
an Alqs molecule. As a result, penetration depth of
cobalt atom is limited to about 2 nm, even with the high-
est initial energy.

At its final position in each trajectory, the cobalt atom
is located near one aromatic ring in an Algs molecule, be-
cause aromatic rings are more attractive for cobalt atoms
compared to O or N atoms according to our DFT calcu-
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FIG. 5. (Color Online) Two different final positions of cobalt
with respect to Algs molecule: (al) and (bl), spin density
p+(7) — py(7) contour plots, positive for blue (heavy gray)
and negative for yellow (light gray); and (a2) and (b2), pro-
jected density of states for two Alqgs-Co clusters: dash line for
carbon, dot line for cobalt and solid line for oxygen. In (al)
and (bl), oxygen atoms are labeled.

lations results. To obtain the electronic structure of Co-
doped Alqs molecules, the cobalt atom and the nearest
Alqgs molecule are extracted to form an Alqs-Co cluster.
Geometries, spin density, and projected density of states
(PDOS) for two typical Alqs-Co clusters are shown in
Fig. 5. For one cluster [Fig. 5(a)] the cobalt atom is lo-
cated near the center of a C-N ring, but in the other
cluster [Fig. 5(b)] it is near the center of a Cg ring .
In both the cases, the magnetic moments of the cobalt
atom were calculated to be +1.0 ug. Spin-down elec-
trons, with spin is antiparallel to that of cobalt atom,
accumulate near the C-N ring in the 8-hydroxyquinoline
ligand in contact with the cobalt atom, while the oxygen
atom has positive magnetic moment, as shown in Fig.
5(al)(bl). In both cases, PDOS of carbon and oxygen
atoms show exchange splitting of spin-up and spin-down
channels around —1eV and around —2.5€V, as shown in
Fig. 5(a2) and Fig. 5(b2), which indicates indirect inter-
actions between cobalt atom and oxygen atom through
the aromatic rings®®. The atomic charge on the cobalt
atom in both cases was calculated using the Bader charge
analysis method*® to be +0.56, which is consistent with
previous DFT calculations.?*
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FIG. 6. Density profiles of carbon (dashed lines) and cobalt
(shadow) elements in arbitrary units for different cobalt initial
energies. The corresponding experimental deposition meth-
ods are shown.

IV. SUMMARY AND OUTLOOK

In summary, using density functional theory and
molecular dynamics simulations, we studied the deposi-
tion of cobalt atoms onto Alqs films. A density functional
theory calibrated force field was constructed to describe
interaction between cobalt atom and Algs molecule.
Statistics on penetration depths of cobalt atoms and
its dependence on initial kinetic energy were obtained.
A cobalt atom with low initial energy (0.15eV) pene-
trates little, but stays near the surface of the Alqgs thin
film. However, a cobalt atom with high initial energy
(1,5,10eV) could penetrate more into the Algs. The
penetration depth of the cobalt atom is limited to about
2nm. Microscopic analysis of the cobalt atom trajectory
shows that the injected cobalt atom loses its kinetic en-
ergy through collision with 8-hydroxyquinoline ligands of
the Algs molecules which are not parallel to velocity of

the cobalt atom. Additionally, orbital hybridizations of
carbon and oxygen atoms due to cobalt atoms and sizable
charge transfer from cobalt atoms to their nearest neigh-
boring Algs molecule were revealed by density functional
theory calculations.

In order to provide direct comparison to experimental
observation of metal penetration by EELS technique,'®
the density profiles of carbon and cobalt elements along
the z-axis for different initial energies are illustrated in
Fig. 6. As shown in Fig. 6, the intermixing of Co atoms
with Alqs molecules cannot be avoided but limited to a
few layers of Alqs near the interface, and the amount of
intermixing can be minimized if Co atoms were deposited
with the lowest kinetic energy, e.g., using thermal evap-
oration method.

The indirect deposition method used in Ref. 41, and
the buffer layer assisted growth method used in Ref. 17,
and firm-up of organic layer by heating used in Ref. 15
are efficient approaches to minimize the intermixing at
interfaces, although they are complex and suffer from
low product yield. However, it was proposed that the
formation of ill-defined interface does not result from the
inclusion of metal atoms in organic layers.?? In the pres-
ence of pinholes and grains in Alqs thin films, one possi-
ble approach to bypass the ill-defined interface problem is
to fabricate nanoscale junctions with small enough cross
section (e.g., < 50 x 50nm?)?%42  or even to fabricate
single-molecule magnetic tunnel junctions.
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