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Spin amplification, reading, and writing in transport throu gh anisotropic magnetic molecules
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Inelastic transport through a single magnetic moleculeklyezoupled to metallic leads is studied theoreti-
cally. We consider dynamical processes that are relevanwifiting, storing, and reading spin information in
molecular memory devices. Magnetic anisotropy is foundetaroicial for slow spin relaxation. In the presence
of anisotropy we find giant spin amplification: The spin acalated in the leads if a bias voltage is applied to
a molecule prepared in a spin-polarized state can be madaexpally large in a characteristic energy divided
by temperature. For one ferromagnetic and one paramadeatiche molecular spin can be reversed by apply-
ing a bhias voltage even in the absence of a magnetic field. \dfsope schemes for reading and writing spin
information based on our findings.

PACS numbers: 73.63.-b, 75.50.Xx, 85.65.+h, 73.23.Hk

I. INTRODUCTION anism.Magnetic anisotropys a key ingredient for this effect
and for molecular memory devices in general. Since in the ab-
o . ._sence of a magnetic field the spin polarization vanishesdan th
Recently, a number of fgscmatmg experiments have studlegteady state, we expect any spin polarization to decay ie. tim
transport through magnetic molecules. The current thraugh For memory applications this relaxation should be slow.tTha

molepule wgakly coupled to metgl_lic leads shows StePS aS Qs can be accomplished by an easy-axis anisotropy, which
function of bias voltage when additional molecular traosis introduces arenergy barrierfor a change of spin directich,

become energetically available. The differential condoce has been shown fdfes complexes by Barrat all4 Typical

dI/dV then shows peaks. Zeeman splitting of the energy Iev'molecules we have in mind are ;
. planar complexes of magnetic
els and of the peaks i/ /dV has been observed for mag- ions, e.g., porphyrin complexes like heme.

netic moleculeg:? Magnetic anisotropy partially lifts the de-
generacy of molecular levels, leading to fine structure ef th
peaks even for vanishing magnetic field, which has been ob-

served fofMn;, complexes. Some of the fine structure peaks Il.  THEORY
show negative differential conductance (NDCJhe Kondo
effect has also been found for single molecédtéghe Zee- We consider a magnetic molecule with one orbital coupled

man splitting as well as spin blockade and NBZin mag-  to a local spirS, described by the Hamiltonian

netic molecules have been investigated theoreticallynsra

port through magnetic molecules has also been studied in the

STM geometry, where the coupling to the substrate is much

stronge® — K5 (8%)2 — B(s* + 57). 1)
Magnetic molecules are interesting for applications that

combine spintronicé? i.e., the idea to use the electron spin Here,n = ckT + ciq is the number operator{ creates an

in electronic devices, with molecular electronics, i.Bg titi-  glectron in the orbital) and = 3°_, ¢l (044 /2)co is the

. . . - oo’ “o

lization of molecules as electronic componeh$We study  corresponding spin operataris the single-electron energy in

processes that are relevant for the utilization of magnetighe orpital, which can be shifted by the gate voltageU is

molecules as memory cells, which has been discussed at legfe Coulomb repulsion between two electrons in the orbital,

since the early 199@&H:424%In this context it is crucial that  and J is the exchange interaction between an electron in the

the stored informatiopersistsover sufficiently long times and  grpital and the local spin of lengt$i > 1. Easy-axis magnetic

that one carread outandwrite the information. The read anisotropy is assumedst, > 0) for the local spin. We define
out process would naturally utilize the interaction of &less  he total spin operat®,; = s + S.

tunneling through the molecule with its local spin. The work  The Hamiltonian in Eq.[01) is the simplest one with an
mentioned above lay the ground for a study of this aspectnisotropy-induced energy barrier and already exhibéeth
On the other hand, the other two aspects—persistence andnial physics of reading, storing, and writing molecisigin
writing—have received little attention. information, as we show in this paper. Our model does not
In the present paper, we consider current-induced spin reallow for magnetic tunneling through the energy barrieihia t
laxation and propose schemes for reading and writing thabsence of electron tunneling involving the leads. Thiecff
molecular spin electronically. We show that the spin transis included in Ref[]3 but is assumed to be weak there. Our
mitted from one lead to the other before the molecular spirmodel is valid as long as the typical rate of spontaneous mag-
relaxes can be made very large. This interesting effespof  netic tunneling is small compared to typical electroniateln
amplificationforms the basis of our proposed read-out mech-ing rates.

U
Hyol = (= eVy)iv+ i —1) = Js -8
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The molecule is weakly coupled to two leads L (left) and Rstate|i). The current through lead is

(right) with HamiltoniansH,, = >",  €ako alkaaakg where
al, _ creates an electron in lead= L, R. The hybridization

of the molecular orbital with the leads is described by Hamil

toniansHiyb.o = 3y, (ta aly o + h.c.). In the following
we consider the case of symmetric contatitss ¢r, to avoid

unnecessary complications that have nothing to do with th
physics we are interested in. However, it should be noted th
asymmetry of the contacts, which is expected to be presen

can have a significant effect on transport propeftes.

The unperturbed Hamiltoniatt/,,, is easily diagonal-
ized. The eigenstates fall into sectors with = 0,1,2
electrons. SincdS:,, Hme| = 0 the eigenvaluen of
S¢. is another good quantum number. For= 0, 2 we
obtain2(2S + 1) eigenstateg|0, m), |2, m)} with energies
€(0,m) = —Kam? — Bm ande(2,m) = 2(e — eV,) + U —
K,m? — Bm, respectively. Fon = 1 we find the eigenstates,
in terms of spin states of the electron and the local spin,

_ _\2AEF(2K;—J)m
B 2V/AE
J/S(S+1)—m2+1/4
2V AE\2AE F (2K, — J)m

with energies

) [ $)lm +1/2)

[1,m

| T)im —1/2), (2)

et(1,m) = e—eVg—Bm—i—%—Kg (mz—i—i)iAE(m) (3)

where AE(m) = [Ko(Kqy — J)m? + (J/4)%(2S +1)?]V/2,
There are two orthogonal stat@sm)* for —S+1/2 < m <
S — 1/2. For the fully polarized stated, —S — 1/2) and
|1,S + 1/2) the upper (lower) sign applies K2 — J/2 is
positive (negative).

The hybridization is treated as a perturbation. The deriva-
tion follows Refs[}4,16.17.18 and is not repeated here. We

obtain coupled rate equations

P'=)"PIR;,i =Py Ri,;
J#i ji

(4)

for the probabilities”? of the molecular many-body statgs.
The steady staté( is the solution forP? = 0.

The transition rate®,_, ; are written as a sum over the two
leads and the two spin direction®;,; = >, R7%;, with

1
= — [f(ej — € +esaV/2) |C'fj|2
T0 ’

loge}
i—J

+ flej — €& — esaV/2) |CF]?], (5)

wheresy, g = +1, 1/79 = 27 |t|> Dy /R is the typical tran-
sition rate in terms of the density of statés(for one spin
direction) of the leads and their unit-cell volumg., V' is the
bias voltageg; is the energy of statg), f(x) is the Fermi
function, andC?; = (i|c, 7).

e
a

R

J—1

I = —e s, Z(nZ —n;) (R;il

ij

+ )P?,  (6)

where we count currents from left to right as positive. The
steady-statecurrents (/<) through the two leads are equal
Since the occupation is constant in time. The current scale
Is e/ 79, where the raté /7, comes from the transition rates.
omparing this to typical experimental current§)afnA 1:°
we obtainry ~ 1.6 ns. Thespincurrent
S
=32
3

(nl- - nj) (RTO‘ - Rla

i j—>i) Pj (7)

is generally nonzero if the molecule is prepared in a spin-
polarized state. The molecule relaxes exponentially tdear
the steady state, which fd8 = 0 is nonmagnetic. We can
thus define théotal transmitted spin

ASYP] = (8)

|z,
0

which depends on the probabiliti®s= (P!,...) att = 0.

To evaluate Eq[8) we require the time dependenck.of
We rewrite the rate equatiorid (4) in matrix forid,= AP,
where A has the componentd;; = R;_,; for i # j and
Ay = =42 Rimk. The solution isP(t) = At P(0),
which allows to calculate occupation, polarization, arar(s
current as functions of time for given initial conditions.

lll. RESULTS

As noted above, the anisotropy partially lifts the degeaera
of molecular levels. The resulting fine structure of the peak
in dI/dV is shown in Fig[L(a) for vanishing anisotropy and
in Fig.[l(b) for K5 = 0.04. In the latter case one of the peaks
exhibits NDC. To elucidate this effect we plot in FId. 1(c)
the current, differential conductance, and relevant oatiap
probabilities at constant gate voltage at a lower tempegatu

At low bias voltage only the degenerate ground states
|1,5/2) and|1,—5/2) are occupied and no current is flow-
ing. For increasing bias first the transitions [t +2) be-
come possible, cf. the energy-level scheme in the inset in
Fig.[(c). The current then increases to a plateau. On this
plateau the four states have equal probability and Eq. (6)
yields |(I%)] 5 Rl 152 50,49y Next, the transitions
from |0, £2) to |1,4+3/2)~ become active and the system
reaches a new plateau, denoted by an arrow ifFig. 1(c), with

€
(1) = 3 (Rli +5/2)—10,42) + Bli 23/2)- 5j0.22)) - (9)

Since for these particular parameters
R /oy joey/Blixs/2y 5040y < 1/2 due to the

The occupation and spin in a state described by probabilieoefficients in Eq.[{[2), the current smaller than on the

ties P are given byn = Y, n; P  andm = >, m;P?, re-
spectively. Heren; (m;) is the occupation (polarization) in

first plateau, leading to NDC in the crossover region. The
transitions between plateaus are rounded due to the nonzero
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bias voltage/ (V) FIG. 2: (Color online) (a) Occupation(t) and spin polarization

] ] m(t) for biasV = 0.2V, andT = 0.002, S = 2, ¢ = 0.12,
FIG. 1: (Color online)d//dV as a function of gate voltage; and 7 — 1 j — (.1, andB = 0 for various anisotropie&’. In this and
b!as voItageV. Yellow (bright) colors denote positive values of the he following figures we absorp the gate voltage int@he molecule
differential conductance, dark red (dark gray) colors dem®ga- s i state|0, 2) at timet = 0. (b) Molecular energy levels for states
tive values. In (a) results for an isotropic molecule arenshahe  \yith n — 0 (black bars) andh = 1 (red/gray bars with circles) for
parameters aré’ = 0.002, S = 2, ¢ = 02, U = 1, J = 0.1, the parameters from (a) ard, = 0.04. Active transitions are de-
K> = B = 0. Energies are here and in the following given in elec- hoted by dashed lines. The crosses denote the transitiahseht

tron volts. Coulomb blockade is found to the left and righthaf V- become thermally suppressed for largiér or smaller biad/.
shaped region, whereas within this region a nonzero stetdg-cur-

rent is flowing. The satelite line results from the excharngétmg

of energy levels forn = 1. In (b) an anisotropy of{> = 0.04 has

been assumed, leading to a complex splitting of dligdV” peaks.  sentially performing a one-dimensional random walk, asind

We find one peak with NDC (arrow). (c) Occupation, steadyesta cated in the level scheme, Hig. 2(b). Figlire 2(a) shows tigat t

current in units o/ 7o, dI/dV in units ofe/7o per volt, and prob-  spin relaxation initially becomes slightfgsterfor increasing

abilities of various states (dashed) for a cut through th&€NBgion £, This is due to the change of matrix elemeats with

in (b) at the lower temperatufE = 0.001. The arrow indicates the K,. For anisotropiesss > 0.04 the decay becomes very

plateau with reduced current. Inset: Molecular energyl$evEstates SIOW since two of the trarlwssitic;ns needed to reverse the spin

with n = 0 (black bars) gndz = 1 (red/gray bars with circles) and denoted by the crosses in FIg. 2(b), become higher in eneprgg/

magnetic quantum numbers. thaneV/2 and are thus forbidden f&f — 0 and thermally
activated forT" > 0.

temperature. This mechanism is different from the one for Importantly, in the regime of thermally activated (slow)
Mn;, complexed—in our case there is no blocking state Spin relaxation a sizeable steady-state current is flowimges
in which the molecule becomes trapped due to suppressdtansitions between the stats +2) and|1,£5/2) are still
outgoing transition rates. On the contrary, the probaddit possible, see Fi@l 2(b). As noted above, this should lead to a
P’ are equal for all accessable states. nonzero total transmitted spin, E@l (8). This is indeed tbun
We now turn to the relaxation of the molecular spin. For ain Fig.[d. Varying the bias voltage we observe four regimes:
molecule prepared in staf@ 2) at timet = 0, Fig.[2(a) shows (i) For small bias we are in the Coulomb blockade regime
the time dependence of occupation and spin polarizatioa. Thwith very small steady-state current. However, we find that
occupation approaches the constant véieon the timescale the total transmitted spin is exponentialfyge in a charac-
70, the typical time for a single tunneling event. teristic energy barrieA E' over temperature. In our example
The spin polarization shows a quite different behavior withA E is the difference between the enekgy(1, 3/2) — (0, 2)
two distinct timescales. Initiallyn(t) approaches a “quasi- necessary for apin-downelectron to tunnel in and the avail-
steady” state on the timescalg which in this case hasigher  able energyV/2 of an incoming electron, which is smaller.
polarization since the statd,5/2) has significant weight. While all transitions are thermally activated, the onesesec
Then,m(t) decays to zero more slowly. This decay is slowsary to relax the spin have a much higher energy than the
because the molecule must pass through several intermediansition between0, 2) and|1,5/2), which dominates the
ate states to reach a state with opposite spin polariza®n, current. However, the transmission takes exponentiatyg lo



: | ‘ ‘ ‘ — \ ‘
| initial state: [p,2> 10"~ \T: 0.002 initial state: [0,-2>
oal = 152> " |
' — [0,-2> /'/
% 101 o o |0'0> /,,/ i
= < o 02>
e N = -—- 152>/ ]
3 - g / = quench fronV = 0.207
2 T 8 0.2 / o 05& steady state ty =0 |
& 5 g / \
g =
@ 3

o
T

____Coulomb blockade

giant spin amplification

S
e

o

0.2

0.6

|
100
time tlr0

04
bias voltagey . L -,
98/ (V) FIG. 4: (Color online) Probabilities of molecular stateteainitial

preparation in stat@), —2) as functions of time at the bias voltage
. . . . V = 0.207 V. The probabilities of states with extremal spin polar-
nght leads for a magnetic molegule prepared invthe 0 maximum .ization and of the representative intermediate state) are shown.
spin stat40, 2), as functions of bias voltage. The parameters are as ITh, magnetic field B = 0.002) leads to spin relaxation towards larger
Fig.[@ with K> = 0.04. The steady-state current is also shown. TheSpin values. The parameters &e— 0.0002 (lower than before)
inset shows the _spin tra_nsmitted through the "?“ lead ogarlmmLc Ky = 0.04 ;emd otherwise as in Fif] Zl(a). Inset: Probabilities a’fter
scale as a function of bias voltage for three different tenaipees?® the bias voltage is suddenly switched off in the steady statehed

forV =10.207V.

FIG. 3: (Color online) Total transmitted spin through th& knd

since this transition is also thermally activated. _ _ _
(ii) For larger bias we find the most interesting regime. The (iil) Furtherincrease of the bias leads to a regime where the
spin relaxation rate is still small while the currentis lrghe ~ transmitted spin is nonzero but not exponentially enhanced

bias is too small to overcome the energy barrier between spif€r®; Poth spin relaxation rate and current are large. The

up and down, see Fifil 2(b). If the systems starts in tags, bias is large enough to overcome the energy barrier. l:_igqre
the only transition with large rate is {0, 5/2); the transitions 9 Shows that the spin transmitted through the left lead is (in

to|1,3/2)* are thermally suppressed in this regime [note thabsolute value) larger by two than through the right leade Th

they are higher in energy in Fig. 2(b)]. Thuspin-upelectron ~ "€&son is tha_t_the electrons flow from right to left and that th
has to enter since the process increases the total spinromSPin of the initial state has to leave the moleculetfer oo.
to5/2. This electron can leave the molecule through the other (i) At large biasall transitions between states with =
lead, returning it to the intial state. On the other hand,ca se 0,1 are possible. The spin transmitted through the right,
ond electron cannot enter the molecule since this would codficoming lead, AS™, essentially vanishes. The initial spin

a high Coulomb energlj. Therefore, the current f fully spin  1€aves the molecule through the left lead, leadingM' =
polarized until a transition tfi, 3/2) ~ occurs. This thermally ~—2. This is the nonmagnetic regime.

suppressed transition happens with a small rate propaition ~ The pattern seen in Fidl 3 is robust under change of
exp(—AE/T),whereAE = e (1,3/2) —€(0,2) —eV/2,as  anisotropyK,. For K> = 0 the regime of giant spin am-
above. Consequently, the current is spin-polarized fonan e plification is absent but for ani(, > 0 it exists at sufficiently
ponentially long (inAE/T) time leading to an exponentially low temperatures since the only requirement is that theggner
large transmitted spifA.S*| [the negative sign in Fig]3 can of state[1,5/2) is larger than the one ¢f, 3/2)~.

be understood by considering the transition rates, [Bqirf5),  Finally, for molecular memory application one also needs
detail]. The exponential dependence of the transmittenl spito write the information, i.e., to switch the molecule to a pre-
on AE/T is clearly seen in the inset in Fill 3. The averagedetermined state. An obvious idea is to apply a magnetic field
time 7™ = 1/|I2(t = 0)| for one unit of spin to be trans- to amolecule attached to the nonmagnetic leads considered s
mitted is of the order ofy.2? If TR is short compared to the far. However, applying a field at zero bias does not work since
spin relaxation time in the leads large opposite magnétizat ~ all transitions remain thermally suppressed so that réilaxa
will be accumulated in the leads, similarly to the effectjpifhs  to the spin-polarized steady state is exponentially slow.
injection studied intensively in recent yea&¢sThis effect is We find that reliable switching requires\ao-step scheme
induced by the breaking of spin symmetry#at= 0 only  First one applies a magnetic field, whiths the energy lev-
through the polarization of a single quantum spin, and carls in Fig.[2(b), and a bias voltage that is just large enough
thus be described agant spin amplification It is a promis-  to allow transitions in the desired direction but not in the o
ing method taread outthe spin information. The magnetiza- posite one at low temperatures. Since the Zeeman engrgy
tion in the leads could be detected with a pickup coil or by thes small this requires fine tuning f on the scaleB/e and
magneto-optical Kerr effeéd:24 A strong amplification mech- cooling toT < B. Figure[@ shows the change of proba-
anism could also facilitate the reliable transfer of spitween  bilities for all states withn = 0, 1 if one starts with|0, —2)
individual molecules in a device. and applies a positiv® field to switch the molecule to spin
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initial state [o,-2,>,‘/" initial state [0,2> _ exchange scattering between electron spin and local $yEn, t
V=TV ||v=ory log latter isincreased Figure[$(a) shows that all states except
. /! ' |0,2) and|1, 5/2), which have the largest positive magnetiza-
Y //' | )/ tion, die out. By switching the bias voltage 16 = 0 as in
2 / ig.[4 we can then make the molecule relax rapidly towards
2 Vo s ) Fig.[4 th ke th lecule rel dly t d
S L 02> / the unique staté0, 2) (not shown). For/ < 0, Fig.[(b),
So02 / 0-2> L 04 . .
S 4 - 100> /’ the electrons flow from left to right. Spin-down electrons ar
N 02> | / essentially trapped on the molecule until they perform a spi
Vil I LN exchange with the local spin, whictecreaseshe local spin.
o / /\4 < Nl As the result, the staté, —5/2) becomes populated at the ex-
0 .20 400 20 28 pense of all other states. Importantly, no fine tuning of las b
() timet/t, (b) time t/t,

voltage is required. Furthermore, the temperature needanot
small—Fig[® is calculated witli’ close to room temperature.
Both properties are desirable for molecular-electronpgdia
cations.

If one lead is ferromagnetic, the current is generally spin-
polarized even in the steady state. Then the total trarsunitt
spin, Eq. [B), diverges. However, we can define ¢éxeess
transmitted spin in a certain state relative to the steaatg st
ASY[P] = [T dt[I2(t,P) — (I2)]. This quantity exhibits
spin amplification as in the case of nonmagnetic leads.

FIG. 5: (Color online) Probabilities of molecular stateteafnitial
preparation in state (d)), —2) and (b)|0,2) as functions of time
at the bias voltage (dy = 0.7V and (b)—0.7 V. The right lead is
ferromagnetic with a ratio of densities of statesjf / Df = 0.001.
There is no applied magnetic field. The other parameterssane a
Fig.H except for thenuch highettemperaturd” = 0.02.

up. The Zeeman energy is chosen2aseV. The molecule
crosses over fron0, —2) to a steady state essentially con-
sisting of|0, 2) and|1,5/2) on a timescale of the same order
and of the same origin as the spin relaxation times, se€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 We have studied the inelastic charge and spin transport
inset of Fig[# shows that the system then relaxes towards thitbrough a magnetically anisotropic molecule weakly cou-
target staté0, 2) on the timescaley. pled to metallic leads. The three processes crucial for

This writing scheme is problematic because it requiresmolecular memory applications—uwriting, storing, and read
to reverse a large magnetic field between switching eventsng information—can be implemented in such a device. The
which is a very slow process. It also requires very low temperinformation storage is affected by spin relaxation, whieh c
atures. We can overcome these problems by using one ferrbe very slow for large easy-axis anisotropy. Also due to the
magnetic and one nonmagnetic lead. The ferromagnetic leaahisotropy, application of a bias voltage to a molecule in a
R is modelled by different densities of state§ for o =1,|  spin-polarized state can lead to the transfer of a large amou
electrons. We seDf‘/D? = 0.001 so that the lead is essen- of spin or magnetic moment from one lead to the other. This
tially a half-metallic ferromagnet such 2a8MnSb andCrO,.  transmitted spin increases exponentially for low tempeest
For less complete spin polarization in the lead the reliighil We propose that this giant spin amplification could be used
of the switching degrades. We note that spin injection fromto read out the spin information. Finally, we also propose
a ferromagnet is not trivial. However, in recent years digni a scheme to write the information, which does not require a
icant progress has been maddNevertheless, the most diffi- magnetic field but uses one ferromagnetic lead.
cult task in implementing this writing scheme probably is to
achieve a high degree of spin polarization of tunneling-elec
trons.

Figure[® shows that one can switch the spin polarization
in bothdirections on the timescale of typical spin relaxation
times by applying a bias voltage iranishingmagnetic field. We would like to thank J. Koch and F. von Oppen for help-
ForV > 0, Fig.[B(a), the electrons flow from right to left. ful discussions. Support by the Deutsche Forschungsgemein
SinceDf” is small, nearly all electrons have spin up. Due toschaft through Sfb 658 is gratefully acknowledged.
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