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Spin-polarized electron tunneling through an aluminum particle in a noncollinear magnetic field
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We present measurements of spin-polarized electron tunneling through a nanometer-scale Al particle in
contact with two ferromagnets as a function of the direction of the applied magnetic field at 4.2 K. We find that
if the magnetizations of the ferromagnets are aligned parallel, the tunnel current has a weak dependence on
magnetic-field direction /;; = const, while if the magnetizations of the ferromagnets are aligned antiparallel, the
current has significant dependence on magnetic-field direction I; 1(0‘) ~I10 sinz(a)+IT 1.0 cos?(a), where a is
the angle between the magnetic field and the magnetizations. Those dependencies are in agreement with the
model of spin accumulation by incoherent electron transport via Zeeman-split energy levels of the particle.
They demonstrate that the electron spin in the particle at finite current accumulates along the direction of the
magnetic field rather than the magnetization direction. In zero magnetic field, the spin-accumulation direction
is set by the field of the environment making it possible to study inhomogeneous spin dephasing. A lower limit

of 8 ns is found for the inhomogeneous spin-dephasing time.
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I. INTRODUCTION

Studies of spin-polarized electron conduction in a noncol-
linear magnetic field are important for injection, detection,
and coherent manipulation of spins in electronic devices. In
normal metals, electron spins can be injected from external
ferromagnetic leads by tunneling. It has been demonstrated
that a magnetic field applied perpendicular to the magnetiza-
tion direction causes precession of the spin injected into the
normal metal.!? In that effect, the spin of an electron injected
from the ferromagnet exhibits precessional motion about the
magnetic field while the electron diffuses through the normal
metal.

In nanometer-scale metallic particles, spin-polarized elec-
tron transport is different from that in macroscopic
samples.>* One important difference is the effect of the spin-
orbit interaction.’ In macroscopic metallic samples, where
the electron-in-a-box level spacing ¢ is negligibly small, the
spin-orbit interaction causes the electron wave functions to
have an uncertain spin. As a result, an electron spin injected
into such a sample will exhibit decay with the characteristic
time equal to the spin-orbit scattering time 7go.

In Al particles with diameter smaller than about 10 nm,
the level spacing 6/% becomes larger than the spin-orbit scat-
tering rate 1/7go. In that case, the spin-orbit scattering is
quenched and the electron wave functions have certain
spin.®= Thus, the regime where 875o/%>1 is known as the
regime of weak spin-orbit scattering. The electron-spin direc-
tion in such a particle can decay only by some coupling to
the environment.>° Evidence of long spin-relaxation time in
metallic particles has been seen in spin-injection experiments
where a single or an array of particles is attached by tunnel
contacts to two ferromagnets.>!'%!!

The main question addressed in this paper is whether the
spin injected into the particle by tunneling from a ferromag-
net exhibits precessional motion about a perpendicular mag-
netic field. Just as the finite level spacing quenches spin-orbit
scattering, the spin precession may also be quenched. The
origin of that quenching will be examined in Sec. II.
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In this paper we study spin-polarized current through a
single aluminum particle as a function of the magnetic-field
direction. This study was motivated by the measurements of
the spin precession in large-scale metallic samples discussed
above'? and our initial goal was to observe similar spin pre-
cession in a metallic particle. As will be shown in this paper,
our data indicate that the spin precession is quenched. The
experimental signature of the spin precession would be equal
magnitudes of the dependencies of the current versus perpen-
dicular field in the parallel and the antiparallel magnetized
states of the leads. Instead, we observe significant field de-
pendence of the current through the particle in the antiparal-
lel magnetized state and only a weak dependence in the par-
allel magnetized state. These observations are explained by
the Zeeman splitting of energy levels, which causes the tun-
nel coupling between the levels and the ferromagnetic leads
to depend on the field direction.

In Sec. IT we discuss electron tunneling via the particle
states in a noncollinear magnetic field. In Sec. III we discuss
sample fabrication and characterization. In Sec. IV, we re-
visit the effect of the saturation of the spin-polarized current
through the particle published in our prior work. A reader
interested only in the effect of the noncollinear field should
skip to Sec. V. Finally, Sec. VI discusses spin dephasing.

II. QUENCHING OF ELECTRON SPIN PRECESSION IN A
METALLIC PARTICLE

In this section we discuss electron tunneling from a fer-
romagnet into a normal-metal particle in a noncollinear mag-
netic field. First we consider the case where the magnetic
field is perpendicular to the magnetization.

In order to understand the sample size effects on spin
precession, we will discuss in detail its microscopic mecha-
nisms in a macroscopic sample. Consider a ferromagnet in
tunnel contact with a normal metal. In the ferromagnet, the
electron-spin direction is set along the exchange field direc-
tion. Consider an electron at energy E and spin up incident
on the tunnel barrier from the ferromagnet. Because the en-
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FIG. 1. (a) Spin degeneracy of the energy spectrum of a mac-
roscopic metallic sample in a perpendicular field. (b) Absence of
spin degeneracy in the energy spectrum of a metallic particle in a
perpendicular field.

ergy spectrum in a large sample is continuous, the only re-
striction on E in the normal metal is imposed by the Fermi-
Dirac distribution. Figure 1(a) displays the single-electron
energy spectrum of a macroscopic normal-metal sample in a
perpendicular field.

As will be shown, for the spin-precession effect to take
place after an electron tunnels elastically into the normal
metal, it is necessary that the energy levels of the normal
metal be spin degenerate. In particular, for any state |[A) of
the sample with spin pointing in the direction of the perpen-
dicular field (say “spin up” or |1)’) there should be a state
|B) with opposite spin direction (“spin down” or ||)") and
the same energy. The orbital wave functions of states |A) and
|B) have slightly different wave vectors k so that the differ-
ence in their kinetic energy is equal to E,, the Zeeman split-
ting in the perpendicular field. Because of the continuity of
the spectrum, it will be possible to find such a pair of orbital
wave functions at any E, and E.

As a result, a spin-up electron can tunnel from the ferro-
magnet into the normal metal without changing its spin.
There will exist a receiving state in the normal metal with
spin up, which the electron can occupy after tunneling. In
that state, the degenerate states |A) and |B) in Fig. 1 are
coherently mixed to produce the spin-up state at the injection
point. If the Zeeman splittingis close to zero, the receiving
state would be (JA)+|B))/v2.!1? In that case, spin is con-
served in tunneling from the ferromagnet into the normal-
metal sample and at finite bias voltage, the spin in the normal
metal will accumulate along the magnetization direction con-
sistent with experiments.'-?

To understand spin precession in a normal metal, we fol-
low the trajectory of an electron after it is injected from the
ferromagnet. The electron will follow a diffusive path
through the metal with a diffusion constant D=vzl/3. The
correlated electron with opposite spin will follow a similar
diffusive path, however, since their wave vectors differ by
E,/h, a phase difference develops, and the two electrons will
only remain correlated over the correlation length L.
=\D7. where 7.=%/E,."3 On lengths less than this distance
the spins remain correlated, and on lengths longer than this
distance, the phase shift turns spin up into spin down result-
ing in spin precession. In this discussion we neglect spin-
orbit scattering in the correlation region.

Going to nanometer-scale particles, this picture changes.
If 6> E,, all energy levels are nondegenerate as illustrated in
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Fig. 1(b). Nondegeneracy prevents coherent mixing between
spin-up and spin-down states to produce a receiving state
with spin up leading to the quenching of spin precession.

In some cases electron spin precession can occur in the
particle. Recently, Braun et al'* calculated the current
through a normal-metal particle in contact with ferromag-
netic leads as a function of the magnetic field applied per-
pendicular to the magnetizations in the leads, which were
collinear. Their model allows for the spin-up and spin-down
states of the particle to mix coherently and considers the
interplay between the Bloch equations and spin accumulation
in the particle as a result of spin-dependent tunneling. The
model predicts spin precession of the accumulated spin in the
particle.

The condition of Braun’s model is that the Zeeman split-
ting in the particle be weak, E,/fi~1T, where I' is the
electron tunnel rate between the particle and the ferro-
magnetic leads. In that regime the Zeeman-split states are
broadened by the tunnel coupling. Additionally, the model is
valid only at zero bias voltage, where sequential electron
conduction can take place only if the background charge is
Qp=(n+1/2)e.

Our samples are usually measured at large bias voltage
compared to 6/e and E,/A>T", so in our samples the levels
are not only nondegenerate but also nonoverlapping so there
can be no coherent mixing between Zeeman-split levels. In
that case, the contribution to electron current from different
levels can be obtained using standard Coulomb blockade
(CB) theory by summing the individual contributions of the
levels incoherently, consistent with sequential electron
tunneling.'>16

From now on we will assume that the magnetic field B
can point in an arbitrary direction. We will consider a metal-
lic particle in contact with two ferromagnets with collinear
magnetizations. In the regime of well defined Zeeman levels
of the particle, the tunnel rate between a level and the leads
will depend on the direction of the magnetic field relative to
the magnetizations.

In the ferromagnets, electrons move in an exchange field
oriented along the z axis so the spinors in the ferromagnets
are |1) and || ). The tunnel density of states at the Fermi
level of the ferromagnet will be characterized by the spin
polarization P. In the particle, the Zeeman splitting in mag-
netic field B defines spinors |T)" and || )’ as shown in Fig.
2(a). The exchange field is negligible in the particle because
our tunnel barriers are thick.

It will be assumed that the spin is conserved in the tun-
neling process across any of the two junctions. In a noncol-
linear magnetic field, we use a spinor transformation |1)’
=cos(a/2)|1)+sin(a/2)||) in the particle. If we consider
the continuity of the wave function across the tunnel barrier,
it will follow that the injection probability from the spin-up
band into the state |T)’ is proportional to cos*(a/2). Thus,
the tunnel rate between level | )’ and the spin-up band in the
ferromagnet can be written as I'(1+P)cos?(a/2), where i
=L,R for the left or right lead, respectively. The factor (1
+P) takes into account the spin-dependent tunnel density of
states in the ferromagnetic leads. The injection from the
spin-up band into | 1)’ will be accompanied by a spin-down
reflection to satisfy spin conservation.
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FIG. 2. (a) An excited state of the particle generated at finite
bias voltage, fully relaxed with respect to spin-conserving transi-
tions. Filled circles indicate occupied electron-in-a-box states. The
spin expectation value is pointing along the magnetic field, which
makes angle « with respect to the magnetizations. (b) Schematic of
the sample.

In a noncollinear magnetic field, electron tunneling be-
tween the ferromagnetic leads and the particle will cause
spin torque, which can be accompanied by precession of the
spin accumulated in the particle.!” In the analysis above, the
reflection accompanied by spin reversal leads to that toque.
The torque is proportional to the tunnel coupling I between
the leads and the particle.!” Since the tunnel resistance is
large in our samples the tunnel coupling will be very weak
(C'/6~1072=107%), so the torque will be neglected in further
analysis.

We obtain in a similar way the tunnel rate between | 1)’
and the spin-down band I"/(1—P)sin’*(a/2). The total tunnel
rate between level |1)’ and lead i is obtained by summing
over the spin bands in the ferromagnet: F’T>,(a)=l"i(1
+P)cos?(a/2)+T(1-P)sin*(a/2)=T"[1+P coséa)]. Simi-
larly, the total tunnel rate between level ||)’ and lead i is

‘ll>,(a)=Fi[1—P cos(a)]. Thus, the overall effect of the
field direction is to change the spin polarization in the leads
from P to an effective polarization P cos().

At finite bias voltage, the spin-dependent tunnel rates lead
to spin accumulation in the antiparallel magnetized
configuration.!®2° In general, the spin accumulation arises
when one spin direction is preferentially injected into the
particle from the source while the other spin direction is
preferentially removed to the drain. Then, if the spin-
relaxation time is longer than the electron dwell time on the
particle, the excited particle states with one spin direction
have a higher occupation probability compared to the states
with opposite spin. As a result, the average spin polarization
of the particle will be nonzero. Figure 2(a) illustrates spin
accumulation.

Now we obtain the field-direction dependence of the cur-
rent through the particle. In the parallel magnetized configu-
ration, one spin direction is both preferentially injected and
removed, so the average spin polarization of the particle is
zero. In that case there will be no spin accumulation at any «
because the effective polarization P cos(a) is the same in
both leads. In particular, if the preference to inject spins with
one direction is reduced by cos(a), then the preference to
remove that spin will also be reduced by cos(«), so the spin
accumulation will remain zero and [}, versus « will be con-
stant, ITT=ITT,0

PHYSICAL REVIEW B 79, 245425 (2009)

In the antiparallel magnetic state, sequential electron tun-
neling through the particle will cause spin accumulation,
where the average number of occupied spin-up states is
larger than the average number of occupied spin-down states.
The average spin of the particle will point along the
magnetic-field direction. By exchanging P with P cos(«) and
using the spin-accumulation model appropriate for our
samples,’ we find

2 B:

4
Al= Al cos™ () AIOB2L +B§’ (1)
where Al=1,,~1;, is the difference in the current between
the parallel and the antiparallel magnetic configuration in
magnetic field B and Aly=1I119~11 ¢ is equal to the differ-
ence in the current between the parallel and the antiparallel
magnetic configuration in zero magnetic field. Alternatively,

[H :[TT,O Sil’l2 a+[w0 COS2 a.

So, in the antiparallel magnetized state we expect that the
current versus angle « will exhibit a minimum with a value
equal to I;) o at a=0 and a value I}; o at a=m/2. This de-
pendence reflects that the spin accumulation is reduced to
zero when « varies from 0 to /2. The current in Eq. (1)
depends only on the field direction and not on the field mag-
nitude.

This behavior should be contrasted with spin precession
in macroscopic samples where spin precession would cause
Iy versus perpendicular field to exhibit a maximum at a=0.
Additionally, in spin precession there would be a character-
istic field scale given by the field at which the precession
period is equal to the electron transit time. Experimentally,
absence of field dependence in /}; combined with the field
dependence in I, following Eq. (1) should be the signature
of the quenching of spin precession.

III. SAMPLE FABRICATION AND CHARACTERIZATION

Our sample fabrication process has been described previ-
ously in Ref. 5. The schematic of the sample is displayed in
Fig. 2(b). To summarize, we deposit two separate films elon-
gated along the z direction using the technique of shadow-
mask deposition and electron-beam lithography with lift-off.
The film on the left, F|, is a 10-nm-thick layer of permalloy
(NiggFeg,). The film on the right is a multilayer consisting of
four layers deposited in the following order from bottom to
top: (1) 1.5-nm-thick layer of Al,O3, (2) 0.5-nm-thick layer
of Al, (3) 1.5-nm-thick layer of Al,O3, and finally (4) 10-nm-
thick layer of permalloy. The Al layer is so thin that the Al
forms isolated particles.

The tunnel junction is located where the two films are
overlapping. Many devices are made simultaneously with
variable size of the overlap region, which varies from a large
value to no overlap. As a function of the overlap size, the
samples change from electrically conducting to insulating.
The resistance of the samples versus overlap size exhibits a
sharp conduction threshold. We then select the samples that
are both conducting and near the conduction threshold,
which virtually guarantees that the current between the leads
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FIG. 3. (a) I-V curve at zero applied magnetic field. (b) I versus
B. . with increasing bias voltage. (c) Al=I;;—1I;, versus V. [(d) and
(e)] I versus B, , at V=35 mV and V=40 mV, respectively. All
data taken at 7=4.2 K.

is flowing via a single particle.’> The CB and, sometimes,
spectroscopy of energy levels can be used to verify this tun-
neling condition. The arrangement of the leads is designed to
stabilize the antiparallel magnetization configuration.

Typical particle parameters are D=5 nm for the diameter
and 6~1 meV for the level spacing. The Al,O5 thickness
was chosen so that the tunnel resistance is high (R~ GQ). In
that case the tunnel rate is ~Ry/R -6/h~1 MHz, where
Ro=h/ e®. As discussed in previous papers,> the rate of the
particle internal-relaxation transitions with spin flip, involv-
ing an energy difference &, is comparable to megahertz. The
similarity between that spin-flip rate and the tunnel rate made
it possible to explore the energy dependence of the spin-flip
rate by transport measurements.>’

The spin-conserving energy relaxation rate in the particle
is much faster than the spin-relaxation rate. The spin-
conserving energy relaxation occurs primarily through pho-
non emission and it is mediated by the electron-phonon
interaction.”! Theoretical estimate in Ref. 21 leads to the
spin-conserving energy relaxation rate with energy differ-
ence 6 of ~GHz, in agreement with that observed
experimentally.?!?2

So in our regime, at a bias voltage above the CB-
threshold voltage, the particle is fully relaxed with respect to
spin-conserving transitions. The particle can still remain in
an excited state at time scales of 1/I" provided that the ex-
cited states relax only by a spin-flip transition. One such
excited state is displayed in Fig. 2(a). The spin-polarized
excited states such as the one in Fig. 2(a) are responsible for
spin accumulation and spin-polarized current.” Detailed dis-
cussion of the various internal transitions in the particle are
available in Ref. 9.

Figure 3(a) displays the I-V curve of one device at 4.2 K,
which exhibits CB. In addition to the conduction thresholds
indicated by the letters a and b, there are thresholds at higher
bias voltages where the slope of the I-V curve increases
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sharply, as indicated by the letter c at positive voltage. At the
threshold voltages, additional charged states of the particle
become energetically available for tunneling, consistent with
CB.1523

IV. BIAS VOLTAGE AND SATURATION OF THE SPIN-
POLARIZED CURRENT

In this section we discuss the spin-valve effect in sequen-
tial electron tunneling through the particle. We revisit the
saturation of the spin-polarized current with bias voltage dis-
cussed in our prior work>® and present additional data to
confirm our prior observation as well as our interpretation.
The discussion is placed within the context of the studies of
magnetoresistance oscillations (MRO) in the single-electron
charging regime,’*> emphasizing the difference between our
saturation effect and the MRO. A reader primarily interested
in the effect of noncollinear magnetic field should skip to
Sec. V.

Current versus parallel applied field B, , is displayed in
Fig. 3(b). There are eight dependencies shown, each obtained
at a different bias voltage. The bias voltage varies by 1.4 mV
between successive dependencies. At each bias voltage, the
field sweeps four times in the positive and negative field
directions.

The dependencies signal the spin-valve effect. There are
two pairs of magnetic transitions, one for each sweep direc-
tion. In a magnetic transition, the magnetic configuration
switches between parallel and antiparallel, resulting in the
current change A/=1,,~1I;. Evidently the magnetic transi-
tions are very reproducible at different bias voltages and with
repeating scans.

In Fig. 3(b), AI=0.17 pA is nearly independent of V in
the voltage interval between 17.5 and 27.3 mV. Al versus V
over a broader voltage range is shown explicitly in Fig. 3(c).
From V=0 to V=32 mV, Al displays saturation. We also
measure the spin-valve signals at negative bias voltage and
find the same behavior in Al versus V with the same magni-
tude of Al

By comparison, in ideal single magnetic tunnel junctions,
Al would be linear with bias voltage within the range shown
in Fig. 3(b). For that reason, single tunnel junctions are nor-
mally characterized by the tunnel magnetoresistance, TMR
=AI/1;;, which is independent of V in ideal junctions.?®

The saturation of Al versus V has been reported in our
previous work,>® where we show that the saturation occurs
within the first few discrete energy levels available for tun-
neling above the CB-threshold voltage. The saturation was
explained by a rapid decrease in spin-relaxation time 7' ver-
sus energy difference w in a spin-flip transition.

The rate of these transitions 1/T)(w) increases rapidly
with w. At low bias voltage measured from the CB-threshold
voltage, Fig. 2 shows that the range of excitation energies w
of the particle will be small because that range is propor-
tional to the voltage. In that case, 1/T(w)<I for any w, so
AT will be linear with 7;; and TMR will be constant. As the
voltage increases, the range of w also increases and Al satu-
rates when there is an w for which 1/T)(w)~T. Self-
consistent calculation of the saturation parameters can be
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done using a model in Ref. 9 leading to an estimate of
T1(5) =1 MS.

Al versus V in Fig. 3(c) exhibits another increase at V
~32 mV. The dependencies / versus B, at V>32 mV are
shown in Figs. 3(d) and 3(e). A in these figures is approxi-
mately two times larger than A7 in Fig. 3(b). The data in
Figs. 3(b)-3(e) are observations of a stepwise increase in the
spin-polarized current with bias voltage through a metallic
particle.

The increase in Al occurs at the conduction threshold
voltage ¢ in Fig. 3(a). At that voltage, an additional charged
state becomes energetically available for electron tunneling
and starts to contribute significantly to electron transport. So,
adding a new charged state also adds a new channel for
spin-polarized transport.

This second step observed in Al is explained as follows.
At the threshold where the additional charged state becomes
energetically available, there is insufficient energy to gener-
ate internally excited states in the particle, since the chemical
potential in the source is equal to the charging energy for this
additional charged state. Therefore, the particle in the addi-
tional charged state must be in the ground state. If the volt-
age is slightly larger than the threshold voltage, then the
internal excitation energy w will also be small for this new
available state and the condition 1/7T;(w)<I" will be satis-
fied again leading to spin accumulation.

One alternative explanation of the saturation effect in A/
would be that it is caused by the magnetocoulomb effect.>?’
In this effect, magnetization switching causes a shift in the
background charge AQ, of the particle. A Q, shift would
shift the I-V curve along the V direction, which would cause
AT versus V to exhibit saturation, in qualitative agreement
with our observations. But the magnetocoulomb effect has
been ruled out as an explanation in our prior work® by mea-
suring the spin-valve effect in the regime of resolved discrete
energy levels. In particular, spin-valve effect was measured
at voltages where the current was not sensitive to small Q,
shifts.

As an additional assurance, we estimate the magnetocou-
lomb Q) shift in our sample and show that it should be neg-
ligible. From Ref. 3, we estimate |AQ/e|~ PE,/Ec~ 107,
where E, is the Zeeman energy at the coercive field (
~10 mT) and E is the charging energy (~10 meV). This
Q, shift is very small because of the large charging energy. It
would cause a shift in the current of about 0.1 fA while the
measured value is A/=0.17 pA. So the contribution to Al
from the magnetocoulomb effect can be neglected.

Another explanation of the saturation and the stepwise
increase in Al versus bias voltage would be that it is caused
by the MRO in ferromagnetic single-electron transistors.>*2>
If both the particle and the leads are ferromagnetic, then
magnetoresistance oscillations arise from a combination of
two effects: nonlinearity of the /-V curve in the CB and the
spin-dependent tunnel resistance. The nonlinearity depends
on the tunnel resistances since they vary between the parallel
and antiparallel magnetization configurations. The magne-
toresistance will then exhibit oscillations with bias voltage in
the range where the /-V curve is nonlinear.

It has been predicted that MRO can also take place in a
normal-metal particle in tunnel contact with two ferromag-

PHYSICAL REVIEW B 79, 245425 (2009)

netic leads, under the condition that the spin accumulation in
the normal-metal particle is present.'®?-33 In MRO with
long spin-relaxation time, magnetoresistance remains within
the same order of magnitude over a range of voltages involv-
ing several steps of the Coulomb staircase.*® In our samples,
the saturation of the spin-polarized current occurs within the
first few discrete energy levels available for tunneling above
the CB-threshold voltage.’ At bias voltages above the satu-
ration voltage, the TMR decreases as 1/V. Moreover, TMR
in our samples becomes strongly suppressed within the first
step of the Coulomb staircase, in contrast to the MRO effect
with long spin-relaxation time where TMR remains within
the same order of magnitude. So, the saturation of the spin-
polarized current observed in our samples cannot be ex-
plained by the MRO effects without taking into account the
energy dependence of the spin-relaxation time.

Our samples have generally strong asymmetry of the tun-
nel junction resistance.>® In that case, for a typical sample
the I-V curve above the CB-threshold voltage is linear at one
sign of the bias voltage. We observe the saturation of Al with
V at voltages where the I-V curve is linear and where the
MRO effect should be weak.

If the bias voltage is reversed and the /I-V curve is non-
linear, the MRO effect could affect our spin-valve signal.
However, we find that even in the nonlinear regime, A/ satu-
rates rapidly with bias voltage. Since the MRO vary with the
energy scale set by the charging energy and our saturation
effect is characterized by the energy scale comparable to 8,
this is a further indication that the MRO cannot explain our
observations.

To conclude, the MRO may play a role in the spin-valve
effect in our samples depending on the sign of the bias volt-
age, but the rapid saturation of the spin-polarized current
with bias voltage cannot be explained by the MRO without
taking into account the energy dependence of the spin-
relaxation time, which has the strongest effect on the bias-
voltage dependence of the spin-valve signal.

We are aware of only one experimental group that has
studied the bias-voltage dependence of the spin-valve signal
in a single normal-metal particle.*'” They did not observe
any saturation of the spin-valve signal but they did observe
MRO. The difference between the two experiments can be
attributed to the differences in the tunnel rate compared to
the spin-relaxation rate. Our samples are 2 to 3 orders of
magnitude higher in resistance (R) than those in Refs. 3 and
10. In addition, our particle diameters are about twice as
large as those in Refs. 3 and 10, which means that the level
spacing is reduced by an order of magnitude in our particle.
Overall the tunnel rate I'~ /R in our samples is 3 to 4
orders of magnitude smaller than those in Refs. 3 and 10. As
explained in our prior work,’ the saturation voltage, mea-
sured from the CB-threshold voltage, is proportional to
~T'V4_ The difference of 4 orders in magnitude in I" would
lead to roughly an order of magnitude difference in the satu-
ration voltage, which can explain the difference in the bias-
voltage dependence of the spin-valve effect observed by the
two groups.

However, in Refs. 3 and 10, the particle is Au, which has
much stronger intrinsic spin-orbit scattering than Al. The dif-
ference in spin-orbit scattering would diminish the effect
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FIG. 4. [(a) and (b)] I}, versus B, ,, for increasing and decreas-
ing B,,, respectively, at B, ,=B_,=0. (c) I;; versus B,,, at B, ,
=B, ,=0. [(d)-(g)] Suppression of the spin-valve signal with per-
pendicular applied field. 7=4.2 K in all figures.

caused by the difference in I'. Thus, a more extensive study
of the bias-voltage dependence of the spin-valve signal as a
function of tunnel rate I" and material would be desirable.

V. EFFECTS OF A NONCOLLINEAR MAGNETIC
FIELD

In this section we investigate how a noncollinear mag-
netic field influences spin-polarized current through the par-
ticle. The magnetizations are set into the antiparallel configu-
ration using the spin-valve signal. Figures 4(a) and 4(b)
display current versus magnetic field applied along the x
axis, B, ,, with the field being swept back and forth. The x
axis is indicated in Fig. 2(b).

The curve I versus B, , exhibits a minimum in the anti-
parallel configuration and weak dependence in the parallel
configuration as can be seen in Figs. 4(a)-4(c). The mini-
mum center is offset and its amplitude =0.05 pA is smaller
than A7=0.17 pA measured in the spin-valve signal shown
in Fig. 3. Comparing Figs. 4(a) and 4(b) the minimum is
reversible with magnetic field, although there is a weak hys-
teresis of =0.2 mT.

The spin-valve signal is suppressed in the presence of B, ,
as shown in Figs. 4(d)—4(g). The strongest spin-valve signal
[Fig. 4(e)] is measured around the minimum field in Figs.
4(a) and 4(b). For strong fields, Figs. 4(d), 4(f), and 4(g)
show the magnetic transitions from parallel to the antiparal-
lel magnetic state getting significantly weakened; as B, , ap-
proaches the magnetic transition from antiparallel to the par-
allel state, there is now a gradual decrease in current. These
transitions remain resolved but they get weakened propor-
tionally to the magnitude of the perpendicular field indicat-
ing that the characteristic perpendicular field that weakens
the spin-valve signal is much larger than the width of the
minimum in Figs. 4(a) and 4(b).

At this point, we must rule out a possibility that the de-
pendencies in Fig. 4 have been caused by rotation of the
magnetizations in response to B, , as it could explain the data
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FIG. 5. [(a) and (b)] Spin-valve signals versus weak perpendicu-
lar field B, ,, for decreasing and increasing B, ,, respectively, at T
=4.2 K. (c¢) Calculated spin-valve signal corresponding to Fig.
5(b).

so far presented. Starting from the antiparallel configuration,
such a rotation would induce a flip into the parallel state
leading to a minimum in / versus B, ,. Now from the parallel
magnetic configuration, a rotation might not vary the angle
between the magnetizations resulting in no dependence with
perpendicular field.

Figure 5 displays a family of spin-valve signals measured
at different fixed values of B, , and taken within the field
range of the minimum in Figs. 4(a) and 4(b). These curves
are offset by 0.36 pA from each other for presentation pur-
pose. The spin-valve effect is weakly affected by B, ,, which
demonstrates that the parallel and antiparallel configurations
are stable in this field range.

We analyze the dependencies in Figs. 4 and 5 using Eq.
(1), where B=B,+B,. The fields B, and B, are the applied
and the local field, respectively. 1§1 arises from the demagne-
tizing field generated by the leads, from the earth’s magnetic
field, and from the stray fields in the laboratory. Initially, we
assume that the local field is static. In the section on electron
dephasing we will consider a case when the local field has a
time-dependent fluctuating component. Al, in Eq. (1) is ob-
tained as the maximum value of I;—I;; as a function of
parallel and perpendicular applied fields in Fig. 5.

The amplitude, the full-width at half minimum, and the
center of the curves in Figs. 4(a) and 4(b) should correspond

to Al 32 , Z\B2 Z+By ;» and =B, ;, respectively, from Eq. (1)

Wthh leads to B;=(-1.8 mT, +0.63 mT, =0.41 mT).

Next, using this local field, Eq. (1), and the value of Al
obtained as described above, we calculate the spin-valve sig-
nal using fixed coercive fields in the leads of 4 and 9 mT.
The results of the calculation are indicated by the solid lines
in Figs. 4(d)-4(g), showing good agreement with Eq. (1)
without any fitting parameters.

The reason that the spin-valve signal in Fig. 5 is weakly
affected by the perpendicular field, compared to Figs. 4(a)
and 4(b) (where B_,=0), is that in the spin-valve signal, B_,
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is large compared to B, , in the antiparallel magnetic con-
figuration. Figure 5(c) displays the spin-valve signal versus
increasing B, , calculated from Eq. (1) as explained above
showing that the perpendicular field in Fig. 5 is weak to
suppress the amplitude of the spin-valve signal. The calcula-
tion for decreasing B, , leads to the same conclusion.

Since the dominant component of él is along x, this sug-
gests that the local field is generated by a domain magnetized
along the x direction in the vicinity of the particle. Such a
domain would explain the hysteresis and asymmetry in Figs.
4(a) and 4(b) if the domain wall moved in response to chang-
ing B, ,. In that case the local field would not be completely
independent of the applied field. Hysteresis of the domain-
wall motion would lead to a hysteresis in B, ;. The asymme-
try of the minimum could also be attributed to the depen-
dence of B, ; on B, ,. But the hysteresis in B, ; is only 0.2 mT,
which is about 10%. So in the lowest order of approxima-
tion, it can be assumed that the local field is constant in our
applied field range.

To conclude, the spin-valve effect is affected by the per-
pendicular magnetic field in agreement with Eq. (1), which
arises from the decomposition of the spinor in the particle in
the basis of spinors in the ferromagnets. The current through
the particle is weakly affected by the perpendicular field if
the ferromagnets have parallel magnetization. In the antipar-
allel magnetization configuration, the perpendicular mag-
netic field increases the current through the particle from 77| o
to I} 0, as the magnetic-field vector is rotated from parallel
to perpendicular direction relative to the magnetization. The
absence of dependence in I} versus B | and the agreement in
I, versus B with Eq. (1) indicate that the spin precession in
the particle is quenched and that spins in the particle accu-
mulate along the direction of the magnetic field. This result
should not be surprising because spin accumulation in the
particle means that the average number of occupied “up”
spinors must be larger than the average number of occupied
“down” spinors in the particle, so the injected magnetization
must point along the magnetic field.

VI. EFFECT OF THE FLUCTUATING LOCAL MAGNETIC
FIELD

The analysis of the results so far has neglected inhomo-
geneous spin dephasing from the local field in the particle. In
a single metallic particle, temporal fluctuations of the local
magnetic field can randomize the spin angle with respect to
the z axis.

One common source of that inhomogeneous spin dephas-
ing in quantum dots is the hyperfine field of the nuclei.’* An
electron spin in an Al particle interacts with N nuclear spins,
where N is the number of Al atoms in the particle. Those
nuclear spins can be assumed random and uncorrelated in
which case the total hyperfine field summed over the nuclei
has a Gaussian distribution with standard deviation ~+N.
The sum has to be weighted by the magnitude square of the
electron wave function at the nuclei, which is ~1/V where V
is the particle volgme. So the hyperfine field scales propor-
tionally with 1/VN; the larger the particle, the weaker the
fluctuating hyperfine field.
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In this discussion we will assume that the fluctuating field
varies slowly compared to the tunneling rate and fast com-
pared to the time that the current is measured (~s). In that
case, the tunnel-in and tunnel-out rates between the particle
and the leads follow the direction of the fluctuating field
adiabatically. The measured current can be obtained by av-
eraging over the Gaussian distribution of the fluctuating field

N d’B' B'*\(B,+B.)’
AI(B :Alj—e (——)% 2
B)=8h] ™\ " 252 B+ B .

In this equation, o is the standard deviation of a component
of the fluctuating field assumed to be the same for x, y, and
z components. o is the measure of the fluctuating field. It sets
the characteristic field scale for the angular dependence of
the spin-polarized current.

We have calculated the integral in Eq. (2) numerically and
obtained the magnetic-field dependence. Figure 6(a) displays
Al/ Al versus perpendicular field B,/ o at different values of
parallel field, B,/ 0=0, 1, 2, 4, 6, and 12 and for By=0.

In zero parallel field (B,=0), the spin-valve signal is re-
duced by 1/3 compared to the spin-valve signal in absence of
the fluctuating field. Although the fluctuating field random-
izes the spin axis in the particle, the spin-valve effect is not
reduced to zero. The reason is that the spin-valve signal is
proportional to cos?(«), where « is defined by the direction
of the fluctuating field and the average of cos’(a) over the
space angle is 1/3. The half-width at half maximum
(HWHM) of the dependence at B.=0 is 2.040, the same as
that in the Gaussian distribution of the fluctuating field mag-
nitude \B,’+B,’+B.’[HWHM=06 In(2)].

A parallel magnetic field reduces the effect of the fluctu-
ating field on the spin-valve signal and Al/Al, approaches 1
when B.>¢. In a parallel field, the HWHM of Al/Al, ver-
sus B, is (2.040)>+B..

The dependencies of the spin-valve signal on B, can also
be changed by applying the field B, as shown in Fig. 6(b)
where By=30. As a function of increasing B, the magnitude
of AI/Al, is suppressed and the width of Al/Al, versus B, is
enhanced. Overall, HWHM:V"(2.040)2+B§+B§ for the de-
pendence of the current on B,.

With the data available thus far, there is insufficient infor-
mation to determine both o and the static local field. Never-
theless, we can obtain a lower bound on o from the width of
the dependence on perpendicular field, since HWHM
>2.040. Using the HWHM in Fig. 4 we obtain o
<0.37 mT, or alternatively the rms fluctuating field magni-
tude V30<0.64 mT. The inhomogeneous dephasing time is
then given by the spin-precession time in the field of V3.
Thus the inhomogeneous dephasing time is 75
>f/(gu0.64 mT)=8 ns, which is enhanced compared to
that in mesoscopic Al strips® and it is slightly larger than that
measured in GaAs quantum dots.?

VII. CONCLUSION

In conclusion, spin-polarized current through an alumi-
num particle is very sensitive to the direction of the applied
magnetic field when the magnetizations in the ferromagnetic
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FIG. 6. [(a) and (b)] Normalized spin-valve signal (/;;~1;) versus perpendicular field B,, for B,=0 and B, =30, respectively. Different
curves correspond to different magnetic fields parallel to the magnetization (B.).

leads are antiparallel. The current is weakly dependent on the
magnetic-field direction when the magnetizations in the leads
are parallel. The field dependence of the spin-valve effect is
in quantitative agreement with the model based on the de-
composition of the spinors in the particle in terms of the
spinor basis of the ferromagnetic leads. These observations
demonstrate that the perpendicular magnetic field does not
induce spin precession in the particle, or in other words, that
the precession is quenched. The quenching is explained by
the absence of spin degeneracy in the particle in a perpen-
dicular magnetic field. A lower bound for the inhomogeneous
spin-dephasing time of 8 ns is obtained from the character-

istic field for the dependence of the current on the field di-
rection when the magnetizations are antiparallel. Finally, a
side result is that as a function of bias voltage, a stepwise
increase in spin-polarized current is observed when an addi-
tional charged state of the nanoparticle becomes conductive,
confirming long spin-relaxation time of weakly excited states
of the nanoparticle.
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