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Vibron-assisted spin relaxation at a metal/organic interface
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Inspired by recent experiments for hybrid organic-ferromagnet interfaces, we propose a spin-relaxation
mechanism which does not depend on either the spin-orbit or the hyperfine interaction. This takes place when a
molecule with initial spin imbalance is weakly coupled to a metal surface and can be excited in various vibrational
states. In such a situation the electron-vibron interaction promotes the exchange of spin-polarized electrons
between the molecule and the surface, serving as an energy and angular momentum reservoir. This process leads
to an effective spin relaxation of the electron population in the molecule. We suggest that this nonequilibrium
mechanism can be investigated through time-resolved spin-polarized scanning tunneling microscopy experiments.
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I. INTRODUCTION

Organic spintronics [1,2] is the study of spin-dependent
electronic transport in organic semiconductors. These materi-
als have potential for novel device applications owing to their
long spin lifetimes [3,4], but at present there is an open debate
about the causes of spin relaxation [5-7], with the hyperfine
interaction associated with hydrogen [8—10] and the spin-
orbit coupling [11-14] being the two suggested mechanisms.
Besides the study of spin transport in bulk organic materials,
significant research effort has been dedicated to understand the
electronic properties of hybrid interfaces between molecules
and ferromagnetic metals, and their relation to the spin-
injection process [15,16]. However, so far, most of the work
has focused on measuring the energy level alignment [17-21]
and the interface states [19-26], while very few studies have
addressed the fast spin dynamics.

In an important work, Steil ef al. [27] measured the spin
lifetime of a state at the interface between tris(8-hydroxy-
quinolinato)-aluminum(III) (Alq;) and Co by two-photon pho-
toemission (2PPE). The experiment showed that the majority
spins relax twice as fast as the minority, with typical lifetimes
of the order of picoseconds. Remarkably, these results are
in contrast to those usually reported for free ferromagnetic
surfaces, where the spin relaxation time is several orders of
magnitude shorter and the minority excited electrons decay
faster than the majority [28]. This indicates that spin relaxation
at hybrid interfaces is a complex phenomenon that challenges
our fundamental understanding. Furthermore, it may have
dramatic consequences for the operation of devices, since spin
relaxation may occur already in the first few molecular layers
near the electrode, regardless of the intrinsic properties of the
organic compound and of the bulk spin relaxation.

In this article we propose a mechanism which accounts for
spin relaxation at hybrid interfaces and does not involve either
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spin-orbit coupling or hyperfine interaction in the molecules.
This mechanism is the result of a series of allowed charge
and spin exchange processes between the molecules and the
substrate, whose rates depend on the interaction of electrons
with the molecular vibrations. Such processes have the net
effect of changing the relative occupation of the two spin
directions in the organic, thus leading to a net spin depo-
larization. Hereby the metal surface serves as a reservoir for
energy and angular momentum, and no spin relaxation occurs
in the molecule in the absence of electron-vibron interaction.
Although this mechanism may be partly responsible for the
spin-dependent lifetime reported in the experiments by Steil
et al. [27], a quantitative analysis is rather difficult. In fact,
in actual samples, an amorphous Alq, thin layer is deposited
on Co resulting in a large spread of the molecule-substrate
couplings and in a ill-defined interface. Therefore, here
we suggest an alternative direct way to measure the pro-
posed spin-relaxation mechanism. This consists in performing
time-resolved spin-polarized scanning tunneling microscopy
(spSTM) experiments which probe well-defined molecules
on a substrate. We will show that the required time res-
olution is indeed achievable with this technique [29-32].
The article is organized as follows: First, we introduce the
proposed model and we describe the employed theoretical
methods (Sec. IT). Then we present the results, discuss their
physical interpretation, and analyze their dependence on the
model parameters (Sec. III). Finally, before concluding, we
show some transport simulations which demonstrate that the
proposed spin-relaxation effect could be measured in spSTM
experiments (Sec. IV).

II. MODEL AND METHOD

We model the molecule by means of a single molecular
energy level €, and a single vibrational mode of frequency w
(see Fig. 1). This choice is supported by the fact that often
only the mode with the largest coupling to the electrons is
relevant for transport experiments at the molecular scale [33].
The molecule is assumed weakly coupled to an electrode,
which acts as a charge reservoir at the chemical potential
u = 0. The total (molecule plus electrode) Hamiltonian reads
[34-38] H = Hyo + Hiead + H;. The Hamiltonian of the
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FIG. 1. (Color online) Cartoon describing the system. A metal
surface (left), represented by its Fermi distribution with chemical
potential p, can exchange charges with a molecule, described by a
Franck-Condon diagram (right). The potential energy surfaces for the
molecule in the n; = 0 and n,; = 1 charging states are shifted with
respect to each other by g. For a given charging state we show the
three lowest energy levels and the electron injection energy barrier
Eqct(1),g=0 — Eaco g0 = (€4 — g2 hw) = &,.

electrode Hj.,q, and the coupling Hamiltonian H;, have
standard forms, and we refer to Refs. [34-38] for details.
H; is proportional to a tunneling amplitude V between the
molecule and the electrode. Weak coupling means that any
relevant energy difference in the problem is much larger than
V. The Hamiltonian of the molecule reads

U
Hno = €afiy + —-Aa(ia = 1) + gho(b' + b)iy

+hw<bTb+ %) (1)

The operator dj, (d,) creates (annihilates) an electron of
spin o on the molecule (iy = Y__ dld,), and b' (b) creates
(annihilates) a vibron. The molecule charging energy is U.
The term gha)(be + b)iiy in Hy,, describes an electron-vibron
coupling with coupling constant g.

H,,o is diagonalized by the Lang-Firsov canonical trans-
formation [36,37,39,40], and the eigenenergies are

Eotq = gdnd,a + %ndﬁa(nd,a - 1) + hw(q + %>’ (2)
with &; = ¢; — g*hw and U = (U — 2g*hw) being the renor-
malized molecular and charging energies, respectively. The
corresponding eigenstates are |«,q), where o € {0,1,],1}}
specifies the electronic state, g = {0,1,2,3, ...} is the vibron
occupation number, and ny4, = {0,1,2} is the number of
electrons in |«,q), i.e., figla,q) = ngqole,q) [41].

The energy difference Ey)0 — Eoo = €; between |o =
1),g =0) and |& = 0,9 =0) can be interpreted as the
electron injection energy barrier (see Fig. 1).

We treat tunneling as a perturbation and evaluate the
dynamics of our system through a master equation [38,40]

szq(t) = Z Aa’q’,aq Pa’q’(l)v (3)
a'q’

where Awyaq = Rugsag = Sarq.aq 2arg Rurg'—argr- This
describes the time evolution of the probabilities P, of
occupying a state with quantum numbers {«,q} through a
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FIG. 2. (Color online) Squared values of the FC matrix elements
|qur|2 for 0 < ¢,q’ < 30 and for g = 1,2,3,4.

Markov process [42]. The transition rates are

Fs,a
Raq%a’q’ = Z A f(Ea’q’ - an)

o

X(|Dga’ 2|qu’|2+|Dg’a|2|F4’q|2)’ )

where f is the Fermi function and I'y, =27 Vp, is the
effective electrode-molecule coupling, which depends on
electrode density of states p,. DJ, = (o|dy|a’) are the
electronic matrix elements, while F,, are the Franck-Condon
(FC) matrix elements between two states with ¢ and ¢’

vibrons [35,37,38], which read

R 7 e (oL | =
Foq = q>!g e T Ly (g% 1 if ¢g<q,
5)

where g is the electron-vibron coupling, ¢. = max(q,q’), and
Lj.(x) are the generalized Laguerre polynomials. The squared
values of the FC matrix elements |F,,/|? are plotted in Fig. 2
for g = 1,2,3,4. For small g the FC matrix is almost diagonal,
while for large g, transitions between low lying vibron states
are suppressed.

The general solution [43] of Eq. (3) is

Pug(t) =) ciboge ", (©)
1

where —1/7; = A; and (]} are, respectively, the ith eigen-
value and eigenvector of the matrix A. The constants ¢; are
determined by the initial condition P,,(0). Although A is not
Hermitian, all A; are real and negative (7; > 0), except for
A1, which vanishes (7; = 00) [43]. The expression for Py, (),
therefore, is a sum of many decaying exponents, each one
characterized by the relaxation time ;. The existence of A} = 0
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implies that in the infinite time limit a stationary solution is
always reached, and the probability of being in a state with
quantum numbers « and g is ¢, &, g

III. RESULTS

In order to evaluate the spin-relaxation time we choose an
initial condition with a significant spin imbalance, which can
be obtained experimentally for instance via optical excitation
from the spin-splitted d band of the magnetic electrode [27,44],
or else by application of a large magnetic field, switched
off at time 0. Then we evaluate the time evolution of the
probabilities { Py, (t)} computed by solving Eq. (3), with initial
conditions P4 ((0) = 0.8, P o(0) = 0.2, and P, (0) =0 for
any other pair {o,g} [45]. We set ' =T =T, to be
constant, which means that the molecular state is hybridized
only with the largely energy independent and spin degenerate
s band of the transition metal. This extends much further away
from the surface than the spin-split d bands. Note that we
assume the molecule to be weakly coupled to the surface, so
that the formation of spin-split hybrid states can be neglected.
Although we chose a rather large value for |P"=1-4=9(0) —
P"=1-4=9(0)| in order to magnify the effect, we have verified
that the results are qualitatively independent of the initial spin
population as long as P; o(0) > P, ¢(0). Furthermore, they
hold also assuming a small nonzero initial probability for states
with @ = 1(]) and ¢ # 0. In a similar way, the study can be
extended to the case when I'y # I' . Throughout this work, the
renormalized charging energy is setto U = 4 so to be repulsive
and disfavoring the double occupation of the molecule and €; is
kept positive so that the ground state of Hy, is |@ = 0,q = 0),
i.e., the level is empty and with no vibrons (note that é,, U
and the temperature kg7 are in units of hw).

As representative results in Fig. 3 we show {P,,(?)}, for
€;=4,2g=0,2,4, and kgT = 0.2. When g =0, i.e., there
is no electron-vibron coupling, Pj() 0 decays exponentially
in time, with the decay constant simply determined by the
coupling to the electrode. At the same time Py (¢) increases
with time up to Py o(¢) = 1, when the system reaches its ground
state. Importantly, the average number of electrons N, and the
spin polarization of the molecule S* also decay exponentially
with the same constant (upper right panel of Fig. 3). This means
that the relative spin-polarization Sp = S*/N, is constant in
time and there is no net spin relaxation as expected for a
model which does not include explicitly any spin-flip term,
such as spin orbit. Note that in this case, for the chosen initial
conditions, no vibrons are excited since the FC matrix, whose
elements F,, enter the transition rates of Eq. (4), is the identity
matrix [35,37,38].

In contrast, when electrons on the molecule couple to the
vibron (g # 0), the decay of N, and S becomes progressively
slower as g increases (note the different time scales in the
graphs of Fig. 3) and Sp is surprisingly no longer constant
in time. In fact for strong enough coupling (e.g., g = 4), Sp
vanishes when N, is still large, i.e., the spin on the molecule
relaxes. The picture is then that of electrons being on average
trapped on the molecule for long times, during which their spin
population becomes fully depolarized. This vibron-induced
mechanism for spin relaxation represents the main finding of
our work.
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FIG. 3. (Color online) Time evolution of the occupation proba-
bilities { P, ,} (left panels) and of the average number of electrons N,
spin polarization S¢, and relative spin polarization Sp (right panels)
for g =0,2,4 (kgT = 0.2). Here €, = 4 and U = 4. The results are
for Py (black), Py (cyan), Py, (magenta), Py 3 (orange), Py 4 (blue),
P; o (red), and P, (green), while here P, , ~ 0 for ¢ > 4. The two
lower panels display {P, ,} for g = 2 and g = 4, but plotted on a log
scale over a long time interval.

In order to understand such behavior, we inspect the time
evolution of the individual P, ,(¢). We see in Fig. 3 that the
decay rates become systematically slower for larger g and
several states with no electrons, but containing several vibrons,
acquire a finite probability of being populated during the
transient regime. These are long living and die out over a much
longer time scale, eventually bringing the system to its ground
state @ = 0, = 0) (see lower panels of Fig. 3). The inclusion
in the model of vibron dissipation can result in a faster
relaxation, but the overall results remain valid as long as the
vibron dissipation rate is small compared to the electron one.

This evolution follows from the important fact that now
the FC matrix is nondiagonal and transitions from |o =
1),g = 0) to some of the states | = 0,q # 0) become
allowed [35,37,38]. For a small g (e.g., g = 1), the transition
rates from |o = 1(]),q = 0) to the states |« = 0,9 =n)
(n =1, 2, 3) are the largest, while all the others are negligible.
These transitions correspond to the process schematically
sketched in Fig. 4(a), where an electron is transferred to
the surface leaving the molecule empty in a state of lower
energy, but vibrationally excited. For a large g, the same
transitions become less probable, since the corresponding FC
matrix elements are negligible. In fact, the matrix elements
connecting | = 1(}),g = 0)to |a = 0,q > 5) are the largest,
but the related transitions are energetically not allowed, i.e.,
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FIG. 4. (Color online) Cartoon illustrating possible transitions, with the arrows’ size indicating the relative rates. An electron (blue sphere)
is transferred to the surface, leaving the molecule in a state with no electron of (a) lower energy, the opposite process is suppressed since it is
unlikely to find an electron at high energies above u in the metal; (b) higher energy, the process itself has low probability since it is unlikely
to find an empty state in the metal far below w; and (c) approximately the same energy, the opposite process has a similar probability. Only
process (c) leads to significant electron exchange both from surface to molecule and vice versa. Since the initial and final spin on the molecule
are not related, the process can lead to an effective spin relaxation on the molecule.

Et),0 — Eo4>5 > kgT. This means that the system will be
blocked in the initial state for a longer time, as demonstrated
by the monotonic increase of the lifetime of |« = 1(]),g = 0)
with g (Fig. 3). This is in essence a manifestation of the
FC blockade predicted for molecular transistors [36,37] and
recently observed experimentally [46].

Next, in order to understand the behavior of Sp, we observe
from Fig. 3 that for g = {2,4}, as soon as the probability
Py 4(t) for o = 0,q = 4) reaches a maximum, P ((¢) changes
its characteristic decay. This becomes much slower until
the characteristic time ¢', when P o(t') = P4 o(t') # 0. Then
both Py o(t) and Pj o(?) start to relax at the same rate. This
occurs because the states |« = 1({),q = 0) are resonant with
e =0, =4), ie., Eyy)0= Eoas [see Fig. 4(c)]. Then the
transition rates Ry 004 and Ros—q0 (¢ = 1,]) are equal,
and during the transient time, the relaxation process balances
the three probabilities P, o(f) (¢ = 1,|) and Py 4(f). Since
H,,1 does not contain any term explicitly breaking the spin
degeneracy, the system tends to dynamically equilibrate the
spin dependent electron occupation probabilities.

We expect the described processes to occur at a hybrid
interface, so that both up and down spin electrons initially
diffuse from the organic into the surface, leaving the molecules
in a vibronic excited state. The electrons in the surface can be
then transferred back into the organic through the absorption
of a number of vibrons. As the surface serves as a reservoir
of angular momentum, the electrons transferred back to the
organic do not necessarily have to conserve their spin. Together
with the fact that the initial electron population on the molecule
has a positive imbalance of majority electrons, this leads to
an effective spin down “refilling* of the molecular state. For
an electron-vibron coupling large enough this process lasts
until a full spin depolarization of the electron population is
achieved. This system evolution is enhanced via the described

resonance mechanism. However, importantly, we found that
the spin relaxation is present also when there is no exact
resonance (Ej)0 # Eoqg for all @ and g), although it is
slightly less pronounced. This is shown in Fig. 5, which
displays the average number of electrons N,, spin polarization
S%, and relative spin polarization Sp for €; = 3.5. Furthermore,
we note that the dependence of the results on €, indicates
that, even if the spin relaxation is stronger for small &, it
becomes important also for values a few times larger than
hw for a large enough g. This is shown in Fig. 6, where
the dependence of occupation probabilities {P, ,(¢)} on &;
is plotted. For é; = 2, the states |«,qg = 0) (@ = 1, ) are in
energy resonance with o =0,q =2) (i.e., Ey)0 = Eo2),
and only |« = 0,q = 1) is excited during the transient regime.
Since the transitions from |«,g = 0) (¢ = 1,]) to these two
states have small associated FC matrix elements and, therefore,
small rates already for g = 2, |o,g = 0) (o = 1,]) are very
long lived. Even more drastically, if we set g = 4, the refilling
of o = |,q = 0) will be so fast that, after the initial decay,
P, o(¢) inverts its trend and starts increasing until P o(?)
becomes equal to P o(¢) and the molecule is completely spin
depolarized. In contrast, for €; = 6, many states assume a
nonzero probability during the transient time and the resonant

Y " S — — e
| g=4 — N, Jos
\ — 5 Jos
B \ Sp Jo2s
L. —
0 5 10 15 0 a0t axi0t exio?
time-I'/h time-I'/h

FIG. 5. (Color online) Time evolution of N,, S%, and Sp for €; =
3.5and g = 2 (left) and g = 4 (right) at kg7 = 0.2.
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FIG. 6. (Color online) Time evolution of occupation probabili-
ties {Py,} for & =2 (left) and &€; = 6 (right) at kg7 = 0.2 and
U = 4. Data are for Py, (black lines), Py (cyan), Py, (magenta),
Py 3 (orange), Py 4 (blue), Py s (yellow), Py (violet), P; o (red), and
P, o (green).

state with |o,q =0) (¢ = 1,]) is |o = 0,9 = 6). Now the
refilling mechanism becomes important only for g = 4, when
the FC matrix elements connecting the states with ¢ = 0 and
q = 6 are non-negligible.

Finally, we discuss the temperature dependence of the
spin relaxation. Specifically, we note that increasing the
temperature kg7 leads to a faster decay of both S° and
Sp. In fact, besides the resonant state, there are several
other states with a large number of vibrons, which are
progressively populated during the transient regime because
of thermal smearing, and all of these relax in such a way to
depolarize the molecule. This is shown in Fig. 7 (left panels),
where we plot the time-dependent probabilities {P*9(¢)} at
different temperatures kz7T = 0.6 and 1.4 and for g = 3,
€; =4, and U = 4. The refilling of the state |a = |,q = 0)
is clearly visible for every temperature. However, now, alike
for the case for kg7 = 0.2, the dynamics does not depend
just on the energy resonance with the state |« = 0,g = 4)
and we observe that, during the transient phase, several
states | = 0,q # 0) with higher energies than E,_;(}) 4=0
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FIG. 7. (Color online) Time dependence of the occupation prob-
abilities {P, 4} (left panels) and of the average number of electrons
N,, spin polarization S%, and relative spin polarization Sp = S*/N,
(right panels) for kg7 = 0.6 and 1.4 and g = 3. The renormalized
on-site and charging energies are & = 4 and U = 4 like in Fig. 3.
The results are for Py (cyan), Py, (magenta), Py (orange), P4
(blue), Py s (yellow), Py (violet), Py o (red), P o (green), and Py
(gray).
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are progressively populated [for example, P*=%9=3(¢) and
Pe=%9=6(¢) for kz T = 1.4]. However, those states can transit
back to | =1(|),g =0) at a large rate and, after an
initial increase of their probabilities, they relax to the benefit
of P«=1).4=0_This process dynamically re-establishes the
equality between P*=14=0 and Pe=V-4=0 5o that, together
with the energy-resonance mechanism, it leads to the decay
of the spin-polarization $*, which is shown in Fig. 7 (right
panels). Besides, we note that, at the considered temperatures,
the average occupation N, does not go to zero even in the
steady state as |& = 1({),g = 0) has a finite probability.

IV. TRANSPORT AND EXPERIMENTAL IMPLICATIONS

We now turn our attention to discuss how the proposed
spin-relaxation process can be addressed experimentally. Its
main fingerprint is the crossover in the time evolution of the
minority electron population from an initial fast exponential
decay to a slower one, or, in some extreme cases, even to
a slight enhancement, which lasts until the system is fully
depolarized (see Fig. 3). In principle, one could look for
evidence of such mechanism in the results of the recent 2PPE
experiments of Steil er al. [27]. However, these experiments
are, in practice, difficult to model quantitatively because of
the amorphous nature of Co/Alq;. In contrast, an alternative
strategy consists in employing an experimental tool capable of
probing single molecules and, therefore, here we propose the
use of spSTM. In order to simulate a spSTM experiment, we
connect the molecule to a ferromagnetic tip described through
an additional spin-dependent coupling parameter Iy . Then,
the constant I, is replaced with Iy ¢ = I's,s + I'iip,» in the
expression for the transition rates [Eq. (4)], and the time-
dependent electrical current induced by the initial excitation
of the molecule can be computed as

e
I1(t) = _ﬁ g(nd,a - nd.a’)Ra/q’ﬁaq Pa’q’(t)~ @)

The calculated time-dependent currents are shown in Fig. 8
foré; =4,U =4, kgT = 0.2, and for both g = 0 and g = 4.
By switching the tip magnetization from parallel to antiparallel
with respect to the molecule initial spin polarization [i.e.,
by inverting the ratio Iy 4/ I'yp,; while keeping constant
P4 0(0)/ P, o(0)], the time evolution of either the spin up or spin
down electron population is probed (compare Figs. 3 and 8).
Then, for large enough electron-vibron coupling (g = 4) and
for tip/molecule parallel spin polarization, the refilling of the
minority spin channel is seen as a transient regime that extends

-4

1 T T T T T . T T T T T ] 1x10
] ] -5
C 0.8 ] —_ parfillel ] SXIO,s
o 06F . — anti-parallel —|6x10
< o4 . I g
< b i ] 4><10§
—~ 02} ‘ - ‘ —|2x10”
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0 2 4 60 10" ax10t 6x10’
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FIG. 8. (Color online) Time evolution of the current for the
spSTM model with g =0 (left panel) and g =4 (right panel).
Here & =4, kT =0.2, while 'y, = 0.2, 4 = 0.2I" (paral-
lel) and Ty, 4 =0.2Ii,, =0.2I' (antiparallel) with, as before,
F=r,,=T,,.
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over a time-interval At = time - I'/h & 10*, during which the
current decays slowly. Therefore, the value of At sets an upper
bound to the time resolution that a spSTM experiment needs
in order to be able to access the spin-relaxation dynamics.
Notably, by assuming I' = 1 meV (a realistic value for a
molecule physisorbed on a surface) we can estimate At to
be 26 ns for g = 4 and about an order of magnitude smaller if
g = 3, with a current of the order of 1 nA. Since nanosecond
resolution has been recently achieved in pump-probe spSTM
experiments [29-32], a verification of our proposed vibron-
induced spin relaxation at hybrid interfaces is possible.

V. CONCLUSIONS

In conclusion we have demonstrated that a spin-polarized
electron population at a hybrid interface can undergo spin

PHYSICAL REVIEW B 91, 224427 (2015)

relaxation even in the absence of spin-orbit and hyperfine
interaction. Our proposed mechanism is based on an electron
exchange processes between the surface and the molecule,
which is promoted by the electron-vibron coupling. We
propose that this mechanism can be experimentally accessed
using spSTM experiments.
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