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Spin amplification, reading, and writing in transport through anisotropic magnetic molecules
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Inelastic transport through a single magnetic molecule weakly coupled to metallic leads is studied theoreti-
cally. We consider dynamical processes that are relevant for writing, storing, and reading spin information in
molecular memory devices. Magnetic anisotropy is found to be crucial for slow spin relaxation. In the presence
of anisotropy we find giant spin amplification: The spin accumulated in the leads if a bias voltage is applied to
a molecule prepared in a spin-polarized state can be made exponentially large in a characteristic energy divided
by temperature. For one ferromagnetic and one paramagnetic lead the molecular spin can be reversed by
applying a bias voltage even in the absence of a magnetic field. We propose schemes for reading and writing

spin information based on our findings.
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I. INTRODUCTION

Recently, a number of fascinating experiments have stud-
ied transport through magnetic molecules. The -current
through a molecule weakly coupled to metallic leads shows
steps as a function of bias voltage when additional molecular
transitions become energetically available. The differential
conductance dI/dV then shows peaks. Zeeman splitting of
the energy levels and of the peaks in dI/dV has been ob-
served for magnetic molecules.'> Magnetic anisotropy par-
tially lifts the degeneracy of molecular levels, leading to fine
structure of the peaks even for vanishing magnetic field,
which has been observed for Mn;, complexes.> Some of the
fine structure peaks show negative differential conductance
(NDC).3 The Kondo effect has also been found for single
molecules.!” The Zeeman splitting* as well as spin blockade
and NDC?*3 in magnetic molecules have been investigated
theoretically. Transport through magnetic molecules has also
been studied in the STM geometry, where the coupling to the
substrate is much stronger.®

Magnetic molecules are interesting for applications that
combine spintronics,”? i.e., the idea to use the electron spin
in electronic devices, with molecular electronics, i.e., the uti-
lization of molecules as electronic components.®!'? We study
processes that are relevant for the utilization of magnetic
molecules as memory cells, which has been discussed at least
since the early 1990s.%!"13 In this context it is crucial that
the stored information persists over sufficiently long times
and that one can read out and write the information. The read
out process would naturally utilize the interaction of elec-
trons tunneling through the molecule with its local spin. The
works mentioned above lay the ground for a study of this
aspect. On the other hand, the other two aspects—persistence
and writing—have received little attention.

In the present paper, we consider current-induced spin
relaxation and propose schemes for reading and writing the
molecular spin electronically. We show that the spin trans-
mitted from one lead to the other before the molecular spin
relaxes can be made very large. This interesting effect of spin
amplification forms the basis of our proposed read-out
mechanism. Magnetic anisotropy is a key ingredient for this
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effect and for molecular memory devices in general. Since in
the absence of a magnetic field the spin polarization vanishes
in the steady state, we expect any spin polarization to decay
in time. For memory applications this relaxation should be
slow. That this can be accomplished by an easy-axis aniso-
tropy, which introduces an energy barrier for a change of
spin direction,? has been shown for Feg complexes by Barra
et al.'"* Typical molecules we have in mind are planar com-
plexes of magnetic ions, e.g., porphyrin complexes like
heme.

II. THEORY

We consider a magnetic molecule with one orbital
coupled to a local spin S, described by the Hamiltonian

U
Hypo = (6= eV )it + Eﬁ(ﬁ —1)—Js-S—K,(59% - B(s°+ 59).

(1)

Here, ﬁEc$CT+cIcl is the number operator (cj', creates an
electron in the orbital) and s== ¢} (0,,/2)c, is the cor-
responding spin operator. € is the single-electron energy in
the orbital, which can be shifted by the gate voltage V,, U is
the Coulomb repulsion between two electrons in the orbital,
and J is the exchange interaction between an electron in the
orbital and the local spin of length = 1. Easy-axis magnetic
anisotropy is assumed (K,>0) for the local spin. We define
the total spin operator S, =s+S.

The Hamiltonian in Eq. (1) is the simplest one with an
anisotropy-induced energy barrier and already exhibits the
essential physics of reading, storing, and writing molecular-
spin information, as we show in this paper. Our model does
not allow for magnetic tunneling through the energy barrier
in the absence of electron tunneling involving the leads. This
effect is included in Ref. 3 but is assumed to be weak there.
Our model is valid as long as the typical rate of spontaneous
magnetic tunneling is small compared to typical electronic
tunneling rates.

The molecule is weakly coupled to two leads L (left) and
R (right) with Hamiltonians H,=3y €00y daks Where
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al,, creates an electron in lead a=L,R. The hybridization of

the molecular orbital with the leads is described by Hamil-
tonians thb,azﬁkg(taazkocg+ h.c.). In the following we
consider the case of symmetric contacts, #; =fg, to avoid un-
necessary complications that have nothing to do with the
physics we are interested in. However, it should be noted that
asymmetry of the contacts, which is expected to be present,
can have a significant effect on transport properties.'>

The unperturbed Hamiltonian H , is easily diagonalized.
The eigenstates fall into sectors with n=0,1,2 electrons.
Since [ S5, Hmo]=0 the eigenvalue m of S, is another good
quantum number. For n=0,2 we obtain 2(25+1) eigenstates
{|0,m),|2,m)} with energies €(0,m)=—K,m>~Bm and
6(2,m)=2(e—eVg)+U—szz—Bm, respectively. For n=1
we find the eigenstates, in terms of spin states of the electron
and the local spin,

L= T V2AE F (2K, = J)m
,m)y- = +
2VAE

JNS(S+ 1) —m?+1/4
R =
2VAEV2AE ¥ 2K, —J)m

|| )m + 1/2)

[Dm=1/2), (2)

with energies
N J , 1
€(1,m)=e—eVg—Bm+Z—K2 m +4—1 +AE(m) (3)

where AE(m)=[K,(K,—J)m>+(J/4)*(25+1)?]"2. There are
two orthogonal states |1,m)* for =S+1/2<m<S-1/2. For
the fully polarized states |1,-S—1/2) and |1,5+1/2) the up-
per (lower) sign applies if K,—J/2 is positive (negative).

The hybridization is treated as a perturbation. The deriva-
tion follows Refs. 4 and 16—18 and is not repeated here. We
obtain coupled rate equations

P'=X PR, ,~P2R, )
JFi JFi

for the probabilities P’ of the molecular many-body states |i).
The steady state P} is the solution for P=0.

The transition rates R;_,; are written as a sum over the two
leads and the two spin directions, R, ;=2 R/ » with

1
R = —[f(€;— €+ es,VI2)|C]; “+fle— € es,VI2)|CF, 7,
0

i—j =
)

I
where s; g==1, 1/79=2m]t|*Dv,/# is the typical transition
rate in terms of the density of states D (for one spin direc-
tion) of the leads and their unit-cell volume v, V is the bias
voltage, €; is the energy of state |i), f(x) is the Fermi func-
tion, and Cj;=i[c,l))-

The occupation and spin in a state described by probabili-
ties P’ are given by n=3n,P" and m=3,m;P', respectively.
Here, n; (m;) is the occupation (polarization) in state |i). The
current through lead « is

1=~ es, 2 (= n) (R}, + R )P/, (6)

J—i J—i
ij
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where we count currents from left to right as positive. The
steady-state currents (/%) through the two leads are equal
since the occupation is constant in time. The current scale is
e/ 1), where the rate 1/7, comes from the transition rates.
Comparing this to typical experimental currents of
0.1 nA,"" we obtain 7,~ 1.6 ns. The spin current

s .
= 36*2 (n;—n) (R}~ R )P (7)
ij

is generally nonzero if the molecule is prepared in a spin-
polarized state. The molecule relaxes exponentially towards
the steady state, which for B=0 is nonmagnetic. We can thus

define the total transmitted spin

ASYP] = f i dt I2(t,P), (8)
0

which depends on the probabilities P=(P',...) at t=0.
To evaluate Eq. (8) we require the time dependence of P.

We rewrite the rate equations (4) in matrix form, P=AP,
where A has the components A;=R;_; for i#j and A;
=—3+R;_ The solution is P()=¢*P(0), which allows to
calculate occupation, polarization, and (spin) current as func-
tions of time for given initial conditions.

III. RESULTS

As noted above, the anisotropy partially lifts the degen-
eracy of molecular levels. The resulting fine structure of the
peaks in dI/dV is shown in Fig. 1(a) for vanishing anisotropy
and in Fig. 1(b) for K,=0.04. In the latter case one of the
peaks exhibits NDC. To elucidate this effect we plot in Fig.
1(c) the current, differential conductance, and relevant occu-
pation probabilities at constant gate voltage at a lower tem-
perature.

At low bias voltage only the degenerate ground states
1,5/2) and |1,-5/2) are occupied and no current is flowing.
For increasing bias first the transitions to |0, +2) become
possible, cf. the energy-level scheme in the inset in Fig. 1(c).
The current then increases to a plateau. On this plateau the
four states have equal probability and Eq. (6) yields |(I")]
=§R\Ll,x5/2)—>\0,:2)' Next, the transitions from |0,%2) to
1,+3/2)” become active and the system reaches a new pla-
teau, denoted by an arrow in Fig. 1(c), with

€ L L
|<IL>| = g(R\1,¢5/2)~\0,¢2> + R|1, + 3/2>—ﬁ|o,12>)' )

Since for these particular parameters Rll;‘ﬁ /2>__)‘0’t2>/
Rh,¢5/2>_>\o,¢2><1/ 2 due to the coefficients in Eq. (2), the
current is smaller than on the first plateau, leading to NDC in
the crossover region. The transitions between plateaus are
rounded due to the nonzero temperature. This mechanism is
different from the one for Mn;, complexes>—in our case
there is no blocking state in which the molecule becomes
trapped due to suppressed outgoing transition rates. On the
contrary, the probabilities P’ are equal for all accessable
states.
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FIG. 1. (Color online) dI/dV as a function of gate voltage V,
and bias voltage V. Yellow (bright) colors denote positive values of
the differential conductance, dark red (dark gray) colors denote
negative values. In (a) results for an isotropic molecule are shown,
the parameters are 7=0.002, S=2, €=0.2, U=1, J=0.1, K,=B=0.
Energies are here and in the following given in electron volts. Cou-
lomb blockade is found to the left and right of the V-shaped region,
whereas within this region a nonzero steady-state current is flowing.
The satelite line results from the exchange splitting of energy levels
for n=1. In (b) an anisotropy of K,=0.04 has been assumed, lead-
ing to a complex splitting of the dI/dV peaks. We find one peak
with NDC (arrow). (c) Occupation, steady-state current in units of
el 1y, dI/dV in units of e/ 7, per volt, and probabilities of various
states (dashed) for a cut through the NDC region in (b) at the lower
temperature 7=0.001. The arrow indicates the plateau with reduced
current. Inset: Molecular energy levels of states with n=0 (black
bars) and n=1 (red/gray bars with circles) and magnetic quantum
numbers m.

We now turn to the relaxation of the molecular spin. For a
molecule prepared in state |0, 2) at time =0, Fig. 2(a) shows
the time dependence of occupation and spin polarization.
The occupation approaches the constant value (n) on the
timescale 7, the typical time for a single tunneling event.

The spin polarization shows a quite different behavior
with two distinct timescales. Initially, m(z) approaches a
“quasi-steady” state on the timescale 7), which in this case
has higher polarization since the state |1,5/2) has significant
weight. Then, m(z) decays to zero more slowly. This decay is
slow because the molecule must pass through several inter-
mediate states to reach a state with opposite spin polariza-
tion, essentially performing a one-dimensional random walk,
as indicated in the level scheme, Fig. 2(b). Figure 2(a) shows
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FIG. 2. (Color online) (a) Occupation n(z) and spin polarization
m(t) for bias V=0.2 V, and T=0.002, §=2, €=0.12, U=1, J=0.1,
and B=0 for various anisotropies K,. In this and the following
figures we absorp the gate voltage into e. The molecule is in state
0, 2) at time 7=0. (b) Molecular energy levels for states with
n=0 (black bars) and n=1 (red/gray bars with circles) for the pa-
rameters from (a) and K,=0.04. Active transitions are denoted by
dashed lines. The crosses denote the transitions that next become
thermally suppressed for larger K, or smaller bias V.

that the spin relaxation initially becomes slightly faster for
increasing K,. This is due to the change of matrix elements
le; with K,. For anisotropies K,=0.04 the decay becomes
very slow since two of the transitions needed to reverse the
spin, denoted by the crosses in Fig. 2(b), become higher in
energy than eV/2 and are thus forbidden for 7— 0 and ther-
mally activated for 7> 0.

Importantly, in the regime of thermally activated (slow)
spin relaxation a sizeable steady-state current is flowing
since transitions between the states |0, +2) and |1, +5/2) are
still possible, see Fig. 2(b). As noted above, this should lead
to a nonzero total transmitted spin, Eq. (8). This is indeed
found in Fig. 3. Varying the bias voltage we observe four
regimes:

(i) For small bias we are in the Coulomb blockade regime
with very small steady-state current. However, we find that
the total transmitted spin is exponentially large in a charac-
teristic energy barrier AE over temperature. In our example
AE is the difference between the energy € (1,3/2)—€(0,2)
necessary for a spin-down electron to tunnel in and the avail-
able energy eV/2 of an incoming electron, which is smaller.
While all transitions are thermally activated, the ones neces-
sary to relax the spin have a much higher energy than the
transition between |0, 2) and |1,5/2), which dominates the
current. However, the transmission takes exponentially long
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FIG. 3. (Color online) Total transmitted spin through the left and
right leads for a magnetic molecule prepared in the n=0 maximum
spin state |0, 2), as functions of bias voltage. The parameters are as
in Fig. 2 with K,=0.04. The steady-state current is also shown. The
inset shows the spin transmitted through the left lead on a logarith-
mic scale as a function of bias voltage for three different
temperatures.?’

since this transition is also thermally activated.

(ii) For larger bias we find the most interesting regime.
The spin relaxation rate is still small while the current is
large. The bias is too small to overcome the energy barrier
between spin up and down, see Fig. 2(b). If the systems
starts in state |0, 2), the only transition with large rate is to
[1,5/2); the transitions to |1,3/2)* are thermally suppressed
in this regime [note that they are higher in energy in Fig.
2(b)]. Thus a spin-up electron has to enter since the process
increases the total spin from 2 to 5/2. This electron can leave
the molecule through the other lead, returning it to the intial
state. On the other hand, a second electron cannot enter the
molecule since this would cost a high Coulomb energy U.
Therefore, the current if fully spin polarized until a transition
to |1,3/2)” occurs. This thermally suppressed transition hap-
pens with a small rate proportional to exp(—AE/T), where
AE=€(1,3/2)-€(0,2)—eV/2, as above. Consequently, the
current is spin-polarized for an exponentially long (in AE/T)
time leading to an exponentially large transmitted spin |AS?]
[the negative sign in Fig. 3 can be understood by considering
the transition rates, Eq. (5), in detail]. The exponential de-
pendence of the transmitted spin on AE/T is clearly seen in
the inset in Fig. 3. The average time 7%= 1/|I%(t=0)| for one
unit of spin to be transmitted is of the order of 7.2 If TX is
short compared to the spin relaxation time in the leads large
opposite magnetizations will be accumulated in the leads,
similarly to the effect of spin injection studied intensively in
recent years.?? This effect is induced by the breaking of spin
symmetry at t=0 only through the polarization of a single
quantum spin, and can thus be described as giant spin am-
plification. It is a promising method to read out the spin
information. The magnetization in the leads could be de-
tected with a pickup coil or by the magneto-optical Kerr
effect.”?* A strong amplification mechanism could also fa-
cilitate the reliable transfer of spin between individual mol-
ecules in a device.
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(iii) Further increase of the bias leads to a regime where
the transmitted spin is nonzero but not exponentially en-
hanced. Here, both spin relaxation rate and current are large.
The bias is large enough to overcome the energy barrier.
Figure 3 shows that the spin transmitted through the left lead
is (in absolute value) larger by two than through the right
lead. The reason is that the electrons flow from right to left
and that the spin of the initial state has to leave the molecule
for t— 0.

(iv) At large bias all transitions between states with
n=0,1 are possible. The spin transmitted through the
right, incoming lead, ASR, essentially vanishes. The initial
spin leaves the molecule through the left lead, leading to
ASt=-2. This is the nonmagnetic regime.

The pattern seen in Fig. 3 is robust under change of an-
isotropy K,. For K,=0 the regime of giant spin amplification
is absent but for any K, >0 it exists at sufficiently low tem-
peratures since the only requirement is that the energy of
state [1,5/2) is larger than the one of |1,3/2)".

Finally, for molecular memory application one also needs
to write the information, i.e., to switch the molecule to a
predetermined state. An obvious idea is to apply a magnetic
field to a molecule attached to the nonmagnetic leads consid-
ered so far. However, applying a field at zero bias does not
work since all transitions remain thermally suppressed so
that relaxation to the spin-polarized steady state is exponen-
tially slow.

We find that reliable switching requires a two-step
scheme: First one applies a magnetic field, which ftilts the
energy levels in Fig. 2(b), and a bias voltage that is just large
enough to allow transitions in the desired direction but not in
the opposite one at low temperatures. Since the Zeeman en-
ergy B is small this requires fine tuning of V on the scale B/e
and cooling to T<B. Figure 4 shows the change of prob-
abilities for all states with n=0,1 if one starts with |0,—2)
and applies a positive B field to switch the molecule to spin
up. The Zeeman energy is chosen as 2 meV. The molecule
crosses over from |0,-2) to a steady state essentially consist-
ing of |0,2) and |1,5/2) on a timescale of the same order and
of the same origin as the spin relaxation times, see Fig. 2.
Note that in a molecular circuit one could apply a magnetic
field to many molecules and address a specific one with the
bias voltage. In the second step the bias is switched off. The
inset of Fig. 4 shows that the system then relaxes towards the
target state |0,2) on the timescale 7.

This writing scheme is problematic because it requires to
reverse a large magnetic field between switching events,
which is a very slow process. It also requires very low tem-
peratures. We can overcome these problems by using one
ferromagnetic and one nonmagnetic lead. The ferromagnetic
lead R is modeled by different densities of states DX for
o=1,] electrons. We set D?/D?:0.00l so that the lead is
essentially a half-metallic ferromagnet such as NiMnSb and
CrO,. For less complete spin polarization in the lead the
reliability of the switching degrades. We note that spin injec-
tion from a ferromagnet is not trivial. However, in recent
years significant progress has been made.?? Nevertheless, the
most difficult task in implementing this writing scheme prob-
ably is to achieve a high degree of spin polarization of tun-
neling electrons.
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FIG. 4. (Color online) Probabilities of molecular states after
initial preparation in state |0,—2) as functions of time at the bias
voltage V=0.207 V. The probabilities of states with extremal spin
polarization and of the representative intermediate state |0, 0) are
shown. A magnetic field (B=0.002) leads to spin relaxation towards
larger spin values. The parameters are 7=0.0002 (lower than be-
fore), K,=0.04 and otherwise as in Fig. 2(a). Inset: Probabilities
after the bias voltage is suddenly switched off in the steady state
reached for V=0.207 V.

Figure 5 shows that one can switch the spin polarization
in both directions on the timescale of typical spin relaxation
times by applying a bias voltage in vanishing magnetic field.
For V>0, Fig. 5(a), the electrons flow from right to left.
Since le is small, nearly all electrons have spin up. Due to
exchange scattering between electron spin and local spin, the
latter is increased. Figure 5(a) shows that all states except |0,
2) and |1,5/2), which have the largest positive magnet-
ization, die out. By switching the bias voltage to V=0 as in
Fig. 4 we can then make the molecule relax rapidly towards
the unique state |0, 2) (not shown). For V<0, Fig. 5(b), the
electrons flow from left to right. Spin-down electrons are
essentially trapped on the molecule until they perform a spin
exchange with the local spin, which decreases the local spin.
As the result, the state |1,—5/2) becomes populated at the
expense of all other states. Importantly, no fine tuning of the
bias voltage is required. Furthermore, the temperature need
not be small—Fig. 5 is calculated with T close to room tem-
perature. Both properties are desirable for molecular-
electronics applications.

If one lead is ferromagnetic, the current is generally spin-
polarized even in the steady state. Then the total transmitted
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FIG. 5. (Color online) Probabilities of molecular states after
initial preparation in state (a) [0,-2) and (b) |0, 2) as functions of
time at the bias voltage (a) V=0.7 V and (b) —0.7 V. The right lead
is ferromagnetic with a ratio of densities of states of D‘f/D]F
=0.001. There is no applied magnetic field. The other parameters
are as in Fig. 4 except for the much higher temperature 7=0.02.

spin, Eq. (8), diverges. However, we can define the excess
transmitted spin in a certain state relative to the steady state,
AS[P]=[;di[1%(z,P)—(I$)]. This quantity exhibits spin am-
plification as in the case of nonmagnetic leads.

IV. CONCLUSIONS

We have studied the inelastic charge and spin transport
through a magnetically anisotropic molecule weakly coupled
to metallic leads. The three processes crucial for molecular
memory applications—writing, storing, and reading
information—can be implemented in such a device. The in-
formation storage is affected by spin relaxation, which can
be very slow for large easy-axis anisotropy. Also due to the
anisotropy, application of a bias voltage to a molecule in a
spin-polarized state can lead to the transfer of a large amount
of spin or magnetic moment from one lead to the other. This
transmitted spin increases exponentially for low tempera-
tures. We propose that this giant spin amplification could be
used to read out the spin information. Finally, we also pro-
pose a scheme to write the information, which does not re-
quire a magnetic field but uses one ferromagnetic lead.
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