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We use the orthodox theory to study current-induced magnetization reversal in ferromagnetic quantum dots.
Current-induced spin accumulation causes a free energy change comparable to the charging energy. The free
energy change depends both on the current direction, the direction of the equilibrium magnetization, and the
characteristic features of transition-metal electronic states. Magnetization reversal occurs when the free energy
change is comparable to the anisotropy energy, which is experimentally feasible.

DOI: 10.1103/PhysRevB.70.140406 PACS number(s): 73.23.Hk, 73.63.Kv, 72.25.Pn

Controlling the magnetization direction is of fundamental
interest and crucial to magnetic access memories. Current-
induced dynamics of the ferromagnetic magnetization in thin
films have attracted attention in the scientific community af-
ter predictions by Berger and Slonczewski that spin waves
can be excited, or that torques are exerted on the
magnetization.1 Several experiments have observed spin-
wave excitations and magnetization reversal by spin-
polarized current in a nanoscale-sized magnetic multilayer,
see, e.g., recent developments in Ref. 2 and references
therein. Microscopic and phenomenological theories have
been developed to clarify the mechanism of the spin transfer
and spin torques exerted by the spin-polarized current.1,3 In
elemental ferromagnets like Co, Ni, and Fe spin currents
transverse to the magnetization direction decay after a couple
of monolayers, and the angular momentum is transferred as a
spin torque on the magnetization.1,3

dc magnetoresistance(MR) phenomena have also been
studied in much smaller systems in the mesoscopic single-
electron tunneling(SET) regime.4 Several interesting results
such as the oscillation of MR as a function of bias voltage,
and spin accumulation in the quantum dot have been re-
ported. The oscillation of MR was recently measured in
granular ferromagnets.5 However, ac MR phenomena such as
magnetization switching and precession in ferromagnetic
dots by spin-polarized currents have, to the best of our
knowledge, not been addressed. Interestingly though, spin
precession innormal metal dotscoupled to ferromagnetic
leads has recently been predicted.6 An open question is
whether magnetization switching ofall-ferromagnetic SETs
is possible. Current-induced magnetization reversal in ferro-
magnetic single-electron systems fundamentally differs from
current-induced magnetization reversal in larger metallic sys-
tems. The spin-polarized current density is much smaller in
quantum dot systems than in metallic systems due to the
large tunnel resistances. The current density in double-tunnel
barrier quantum dot systems is smaller by an order of
10−5–10−6 than in metallic systems, while the magnetization
is reduced only by an order of 10−3.2,5,7 The spin transfer
torques are proportional toI /M, and consequently may be
too weak to cause switching or precession. On the other
hand, spin accumulation in ferromagnetic dots can be large
and thus affect the stability of the magnetization of the dot.
The purpose of this work is thus to study the latter effect,
magnetization switching induced by spin accumulation. We
demonstrate that this is experimentally feasible.

To this end we compute the free energy changedV caused
by spin accumulation in ferromagnetic quantum dots con-
nected to ferromagnetic leads by treating the electronic states
in transition-metal quantum dots, typically Co, within the
orthodox theory of the Coulomb blockade phenomena. Mag-
netization reversal occurs whendV exceeds the magnetic
anisotropy energy of the dot. We demonstrate that the char-
acteristic features of the electronic state of the transition-
metal dot qualitatively determine the dependence ofdV on
the spin accumulation.

Let us first discuss the electronic states in nanoscale quan-
tum dots of transition-metal ferromagnets. In normal metals,
without spin-orbit interaction, random matrix theory predicts
the Wigner distribution Psxd=sp /2dexps−px2/4d with
x=DE/d, whered is a scaling parameter for the energy lev-
els for a single band model.8 It is not obvious, however, that
this type of distribution holds for real quantum dots of
transition-metals. Therefore, we perform an exact diagonal-
ization study of thes,p,d tight-binding Hamiltonian for
small clusters to study the energy level distributions. Values
of the hopping integrals are taken from Ref. 9. The calcu-
lated results are averaged over 10 clusters with a truncated
fcc structure with 80–100 atoms. We assume a reasonable
geometric shape of the small cluster.10 Calculated results of
the distribution of the energy level spacing are shown in Fig.
1. The distribution differs strongly from the Wigner type, but
may instead be fitted bytwo Wigner distribution functions
with different values of the level spacingsd. The fitted curve
is shown by a solid curve in Fig. 1. We interpret the sharp
peak as arising from narrowd bands and the broad peak as
arising from widersp bands. The inset shows the calculated
density of states(DOS) with high and narrow DOS consist-
ing of mainly d orbitals, and low and wide DOS consisting
mainly of s andp orbitals. We have thus confirmed that the
DOS of ferromagnetic dots consist ofd- and sp-like states
and that the energy level statistics is established for each
state.

We generalize our previous work11 on ferromagnetic SETs
to a model which characterizes the basic feature of the elec-
tronic states obtained above with narrow and broad bands.
Since the energy levels of the former are denser than those of
the latter, we model the electronic states so that the energy
level spacingsDE of lower and higher DOS regions are
DE=0.3EC and 0.1EC, respectively, whereEC is the charging
(Coulomb blockade) energy. We discuss the relation between
the level spacing and the charging energy below. The Fermi
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energy«F determines the boundary between high and low
DOS states. Ferromagnetism is realized by introducing an
effective fieldK originated from ans-d type exchange inter-
action. The values of«F and K determine the number of
electronsN=N↑+N↓ and magnetic momentM =N↑−N↓ in the
equilibrium state. Here,N↑ andN↓ are the numbers of up and
down spin electrons. The magnetic energy is −KM, and
whenK.0s,0d, M .0s,0d.

In the orthodox theory12 N↑ and N↓ determine the Gibbs
free energyV. The equilibrium state is determined by
]V /]N=0 and]V /]M =0. Out of equilibrium, the average
number of electronskNl, the average magnetizationkMl, and
the free energykVl are governed by a probability function
PsN↑ ,N↓d determined by detailed balance11

kVl = o
N↑,N↓

VsN↑,N↓dPsN↑,N↓d. s1d

The properties of the leftsLd and rightsRd tunnel barriers
are characterized by tunnel rates, which we assume to be
identical for all states, and the voltage drop at the barriers as
used before,11 that is, the voltage drop of theL andR barriers
are assumed to beh eV and s1−hd eV, respectively, with
h=0.1. We consider tunnel ratesG↑

L=0.15G, G↑
R=0.5G,

G↓
L=0.05G, andG↓

R=1.5G. The choiceG↑
L.G↓

L while G↓
R.G↑

R

indicates that the magnetizations of the leads are antiparallel
to create a large spin accumulation. We take«F=77.75EC
and K=0.5EC, which result inN0=74 and M0=10 in the
equilibrium state. The boundary between the regions with
DE=0.3EC and 0.1EC in the up-spin state is taken just above
«F to model the electronic states of transition metals. A sche-
matic figure of the electronic states and the position of the
chemical potentials are shown in Fig. 2. We further assume
that the spin flip lifetime is longer than the typical tunnel
transport time, which is supported by a recent analysis on
MR oscillation in ferromagnetic quantum dots.5

Numerical results of I, dN=kNl−N0,kMl, and
dV=VskNl ,kMld−VsN0,M0d are shown in Figs. 3(a)–3(d),
respectively, as functions of the bias voltage. Results for an
initial equilibrium magnetizationM .0 andM ,0 as well as
for both current directions are presented in each figure. We
find in Figs. 3(a) and 3(b) that I and dN depend on both
magnetization and current directions. When the electrons
flow from L to R, the number of electrons decreases with
increasing bias voltage because the tunnel rates of the right
barrier,G↑

R andG↓
R are larger than those in the left barrier, and

the number of outgoing electrons through theR barrier is
larger than that of incoming electrons through theL barrier.
For the same reason, the number of electrons increases when
electrons flow fromR to L. The bias dependence ofM shown
in Fig. 3(c) is not symmetric with respect to the direction of
the equilibrium magnetizationM. When electrons flow from
L to R, the decrease of electrons is caused by the decrease in
the down spin electrons and thereforeM increases. The in-
crease inM for M ,0 is slightly more efficient than for
M .0. This is because, whenM ,0, dense energy levels
below «F help to decrease the down(majority) spin electron
and those above«F help to increase the up(minority) spin
electrons efficiently.(See Fig. 2.) Both the distribution of the
energy level spacing and the spin-dependent tunnel rates are
responsible for these results. When electrons flow fromR to
L, more down-spin electrons flow into the dot than the up-
spin electrons and thereforeM decreases with increasing bias
voltage. The decrease is more efficient forM .0 than for
M ,0. This is because the flow of down-spin electrons is
hindered strongly by the wide energy level spacing in the
down (majority) spin state whenM ,0.

The asymmetric feature of the calculated results with re-
spect to the current direction and magnetization direction is
due to the nonuniform energy level spacing. This interpreta-
tion is confirmed by performing similar calculations for
quantum dots with equal energy level spacing. Figure 3(e)
shows the numerical results ofI, udNu, anddV as functions
of bias voltage for equal energy level spacingDE=0.1E0. We
find that I, udNu, anddV are independent of the current di-
rection. The inset shows the spin accumulationkMl as func-
tions of the bias voltage. We find thatkMl is independent of
the direction ofM0. The results may be explained phenom-
enologically as follows.

Let us assume thatkVl<VskNl ,kMld for simplicity,
which is given as

V =
EC

2
kNl2 +

DE

2
SkNl +

kNl2 + kMl2

2
D − KkMl − N«F, s2d

in the absence of the energy level distribution, and is ex-
panded as

dV = SEC

2
+

DE

4
DdN2 +

DE

4
dM2 s3d

in terms ofdN and dM =kMl−M0. No linear term appears
due to the condition in the equilibrium state. Because the free
energy is bilinear with respect to bothdN anddM, dV in the
nonequilibrium state is symmetric aroundM0 irrespective of
the sign ofdM. In order to obtain a dependence ofdV on the
current direction or on the direction ofdM, one should take

FIG. 1. Computed energy level distributionDE (closed squares)
and a fitted curve(solid curve) with two Wigner distribution func-
tions. Inset shows DOS summed over 10 samples.

FIG. 2. Schematic figures of the density of states for up and
down spin states and the position of the chemical potentials(broken
and dotted lines for equilibrium and nonequilibrium states, respec-
tively) for M .0 andM ,0 with fixed current direction, fromL to
R.
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into account higher order terms ofM as in the Landau free
energy expansion,F=saM2/2d+sbM4/4d+¯. It is known
that a rapid change in the energy level spacings or the den-
sity of states near the Fermi level gives rise to higher order
terms in the free energy in real bulk ferromagnets such as Ni,
Co, and CoNi alloys.13 Therefore, the asymmetry of the re-
sults with respect to current direction and the sign ofM may
be naturally realized in real ferromagnetic quantum dots. The
asymmetric change indV with respect todM is crucial for
the current-induced magnetization reversal as discussed be-
low.

Because the spin accumulation depends on the directions
of the electron flow and the direction of the magnetization
M, dV also depends on the current and magnetization direc-
tions as shown in Fig. 3(d). In order to demonstrate our result
more clearly, we present in Fig. 4 the energy changedV of
the dot for a fixed bias voltage at 1.2 eV/EC as functions of
the direction ofM (magnetization axis) of the dot for both
current directions. Here, the magnetization axis is rotated by
an angleu with fixed magnetization directions ofL and R
leads. In this case, the tunnel rates of bothL andR barriers

induce spin mixing according to the spinor transformation.
When electrons flow fromR to L, dV decreases asu changes
from 0 to p. This means that the energy change due to the
spin accumulation is smaller forM ,0 than forM .0. On
the contrary, when the electron flow is reversed fromL to R,
dV increases asu changes from 0 top, which indicates the
energy change due to the spin accumulation is smaller for
M ,0 than forM .0. Therefore,M ,0sM .0d may be re-
alized for the current fromR to L (from L to R) to minimize
the free energy change.

In real systems, magnetic anisotropy exists and the aniso-
tropy energy should be added todV. The total sum deter-
mines to which angle the magnetization will rotate. If the
anisotropy energy is smaller thandV, magnetization switch-
ing may be induced, and the change in the direction of
M may be measured as a change in the current with fixed
bias voltage as shown in Fig. 3(a). We have shown that
dV,ECdM in our calculation, which impliesdV,KdM be-
cause we have chosenK,EC and the free energy change is
related to the magnetic energy. This indicates thatEa should
be comparable toK. While Ea increases with volume,K

FIG. 3. (Color) (a)–(d). Calcu-
lated results ofI, dN, kMl, anddV
as functions of applied voltage for
positive and negative magnetiza-
tion and for both current direc-
tions.(e). Calculated results in the
simplest model where equienergy
level spacing is assumed in the
dot. The inset is the magnetization
kMl with positive and negative
initial values, for currentsL to R
(thin curve) and R to L (thick
curve).
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remains an atomic value in the range 0.1–1 eV, depending
on the degree of screening. It has been reported thatEa
,0.2 eV for 4 nm FePt dots.14 The value of the charging
energy,Ec, is 10–20 meV in 4 nm dots. It therefore seems
realistic that spin accumulation driven magnetization switch-
ing will occur, e.g., for FePt dots that are smaller
than 4 nm where Coulomb blockade is important. In addi-
tion, the Fermi level should be close to the top of the major-
ity d spin states in order to get a sufficiently asymmetricI
-V relation at low bias voltage. The situation may be realized
by choosing suitable composition of ferromagnetic alloy for
dots.15 Higher voltage bias, however, is needed when«F is
located far from the top of the majorityd spin states. Hence,
choosing suitable particle size and materials, spin-
accumulation-induced magnetization reversal at low tem-
perature is feasible.

Let us finally discuss our assumptions of the level spac-
ingvs the Coulomb charging energy. Because the number of

atoms of nanoparticles with a diameter of,4 nm is of an
order 103, which gives dE,1 meV, the assumption that
dE=0.1EC is reasonable. Guéronet al.,16 however, observed
one order of smaller energy level spacing, for which they
argued this small energy level spacing might be due to spin-
wave excitations. This kind of inelastic scattering might be
assumed to exist to realize the magnetization switching in the
nonequilibrium state. The other assumption of a longer spin-
flip lifetime than transport time is supported by recent analy-
sis of the MR oscillation of magnetic dots.5 The existence of
MR oscillations itself supports this assumption.

In summary, we have shown that the free energy change
caused by the spin accumulation of ferromagnetic quantum
dots depends on both current and magnetization directions,
and can be comparable to the charging energy. Magnetization
reversal of the quantum dot occurs whendV is comparable
to or smaller than the anisotropic energy of the dot, which is
experimentally feasible. The characteristic features of the
electronic state of transition-metal dots qualitatively deter-
mines the asymmetric dependence ofdV on the current di-
rection, and ondM.
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