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Magnetoresistance in an aluminum nanoparticle with a single ferromagnetic contact
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It is found that the magnetoresistance of a nanometer-scale Al particle, attached between a ferromagnetic and
an Al lead, has strong asymmetry with respect to the bias voltage. The asymmetric magnetoresistance is
explained in terms of the injection of a spin-polarized current from the ferromagnetic lead and the spin
accumulation in the particle. The magnetic moment in the particle is parallel to the magnetic field, which is not
collinear with the magnetization of the ferromagnetic lead. The field direction changes either discontinuously
as the magnetization switches, or continuously as an external magnetic field is being varied, explaining the

magnetoresistance.
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Spintronics, where controlled manipulation of the spin de-
gree of freedom is pursued,'? offers a rich framework for
studying fundamental properties inherent to the physics of
nanoscale systems.>* Only a few successful accomplish-
ments on metallic particles coupled to ferromagnetic contacts
have been reported.” In this Rapid Communication we in-
vestigate electron transport through a normal-metal particle
connected by tunnel junctions to a ferromagnetic lead, F, and
to an Al lead. This ferromagnet-normal metal-normal metal
(FNN) system has been explored in the strong magnetic field
regime.’ In this work we explore magnetoresistance in the
regime of low magnetic fields and our main result is the
observation of the tunnel-magnetoresistance (TMR) effect.

It is well known that electron transport through a normal
metal between two ferromagnetic contacts can exhibit TMR
because of the spin accumulation in the normal metal.'” An
interesting point here is that although a single ferromagnetic
contact is coupled to the particle, the TMR is still explained
in terms of the spin-accumulation mechanism. In carbon
nanotubes with a single ferromagnetic contact, TMR has
been observed,'! but not explained. It is now recognized that
magneto-Coulomb effects, first studied by Ono et al.,'? can
cause magnetoresistance when only one ferromagnetic con-
tact is involved.>!3

As discussed later in the text, the TMR observed here, is
strongly asymmetric with respect to the bias voltage, which
rules out the explanation in terms of the magneto-Coulomb
effects. The origin of the TMR is attributed to the electronic
magnetic moments occupying the discrete energy levels of
the particle, being collinear with the magnetic field in the
particle. Therefore, the injection of a spin-polarized current
into the particle will result in the accumulation of magnetic
moments that are parallel to the magnetic field and not to the
magnetization of F. The magnetic field inside the particle
includes the fringe field generated by F, which changes dis-
continuously as F undergoes magnetic transitions. Conse-
quently, the direction of the accumulated magnetic moment
will change discontinuously at these transition points, lead-
ing to discrete transitions in the TMR. It will be shown later
that the direction of the field can be continuously varied by
applying a transverse magnetic field, leading to continuous
changes in the TMR.

Figure 1 displays a scanning electron microscope image
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PACS number(s): 73.21.La, 72.25.Hg, 72.25.Rb, 73.23.Hk

of a representative sample. Out of many tested samples, this
particular one has shown the best stability. A larger scale
structure is shown in Fig. 1(A), with two needlelike
1-pum-wide leads, overlapping each other near half of the
total length. Figure 1(B) shows a higher magnification image
of the overlap region, where the tunnel junctions and the
particle are confined between the permalloy (Py=Nij sFe,)
and the Al leads. The lower left inset shows the sketch of a
shadow mask made of a bilayer resist [methylmethacrylate/
polymethyl methacrylate (PMMA)], using electron-beam li-
thography. The narrowest part in the middle, is just wide
enough to be supported and forms a free standing PMMA
bridge. In the next step, 200 A of Py is deposited along
direction 1, followed by 15 A of Al,O5, 5 A of Al, 15 A of
AlLO5, and 200 A of Al, all of them deposited along direc-
tion 2. The angles defining directions 1 and 2 are chosen so
that the resulting wires barely overlap each other. The inset
on the right of Fig. 1(B) shows the cross section of the over-
lap region with the Al particles embedded in the Al,O5 insu-
lating matrix. We use Py as a ferromagnet because it has

FIG. 1. (A) Large scale SEM image of the device. The leads are
1-um wide. (B) Close-up image of the junction and magnetic field
directions. Lower left inset: sketch of the fabrication process.
Lower right inset: sketch of the overlap cross section.
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FIG. 2. (A) I-V curves in the absence of an applied magnetic
field. Inset Al: closeup of the I-V curve at T=40 mK near the
Coulomb-blockade voltage. Inset A2: behavior of the BCS gap for
different applied magnetic fields. (B) Conductance versus bias volt-
age. The energy levels are located at: V(a)=1.97 mV and
-2.02 mV, V(By)=-13.9 mV, and V(B;)=-16.5 mV. Insets Bl
and B2: illustration of electron tunneling at negative and positive
voltage on F, respectively.

shown a good resistance to oxidation. Imaging by scanning
electron microscope® determined that the average spacing be-
tween Al particles is ~10 nm while the particle diameters
range is 1-3 nm. The leads were designed with the goal of
reaching a single magnetic domain state.

The I-V curves at T=4.2 K and 7=40 mK, at zero ap-
plied magnetic field, are displayed in Fig. 2(A). Both the
Coulomb-blockade (CB) region and the discrete energy lev-
els are well resolved at 7=0.04 K. The plot of conductance
(dI/dV) versus bias voltage is shown in Fig. 2(B), for posi-
tive (full line) and negative sweep directions (dotted line).

The sign of the bias voltage is crucial to understand the
TMR properties in this report. In Fig. 2(B), the insets B1 and
B2 sketch sequential electron tunneling via a discrete energy
level of a particle at negative and positive signs of the bias
voltage applied on F, respectively. The number of electrons
on the particle is even in the CB regime and an electron
initially tunnels into the particle. At positive voltage, the first
tunneling step takes place when an electron tunnels from the
Al lead. In the second tunneling step, an electron is dis-
charged from the particle into F. At negative bias voltage, an
electron first tunnels in to the particle from F, followed by an
electron tunneling out of the particle into the Al lead. In this
discussion we neglected electron spin relaxation in the par-
ticle, since the spin-relaxation time, 7, is in the usec
range,>'* which is longer than the electron discharge time
into F, 1/T'p=15 nsec, as obtained below.

The conductance traces are consistently reproducible
along the voltage sweeps. It can clearly be seen that the
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spacings between discrete energy levels (indicated by con-
ductance peaks), are much larger than the CB-threshold volt-
age, which is = =2 mV for this sample, indicating that the
background charge, Q,, is close to (n+1/2)e, where n is an
integer. Under this condition, only one spin-degenerate level
of a single particle is involved in electron transport at low
bias voltage. Some of the energy levels display the BCS gap
in Al, which arises when the energy of a discrete level of the
particle is aligned with the Fermi level in AL'> In that case,
the level location in the superconducting state is larger than
that in the normal state (at B=0.1 T), by an amount (1
+C,/C,)A/le|. Here C, and C, are the capacitances between
the particle and the Py and between the particle and the Al
lead, respectively, and A is the BCS gap.

By comparing the locations of different levels at positive
and negative bias voltage, as well as their shifts when Al is
driven normal by the magnetic field, shown in inset A2 in
Fig. 2(A), we confirm that the levels @ and B have the same
capacitance ratio C;/C,=1.2, while the BCS gap is A
=0.157 meV. Additionally, we compare the locations of dif-
ferent levels before and after a small Q, shift, which con-
firms the values of C;/C, and A. Since the average spacing
between Al particles is ~10 nm, as discussed earlier, there is
more than one particle in the junction shown in Fig. 1. At
low voltages, only the particle with a Q, closest to (n
+1/2)e would conduct; the other particles would remain in
the CB regime. Therefore, it should not be surprising that the
levels at low bias voltage have equal C,/C, ratios.

In Fig. 2(B), note that at negative bias voltage, the level
a, which does not display the BCS gap, is followed by a pair
of levels B, which do display the BCS gap; the level a oc-
curs at a voltage where an electron tunnels from the Fermi
level of F into the lowest unoccupied level of the particle. It
is followed by a pair of levels B, which occur when the
closest doubly occupied level, below «, starts to discharge an
electron into the Al lead. The discharged electron can leave
the particle via distinct excited states. Electron-electron in-
teractions cause splitting of these states, and as a result, mul-
tiple conductance levels can be formed out of a single
level.'® The doubling of the second level S, is possible only
if the number of electrons on the particle in the CB regime is
even. In this case, the excited states generated by the electron
discharge process, include both a spin-singlet and a spin-
triplet states of the particle. These two states are exchange
split, causing the level 8 to duplicate. For the case of an odd
number of electrons in the CB regime, the excited states
generated by the electron-discharge process, as described
above, would include states from a spin doublet, and S
would be a single level.!”

A spin-up electron discharges at a higher rate because of
the larger density of spin-up states in F. As a result, the
probability of the spin-up state of the particle being filled is
smaller than that for the spin-down state, which is the basic
principle behind spin accumulation on the particle. Using
elementary techniques outlined in Ref. 18, we find that the
current through the particle can be expressed as

2L\ TR(1 - P?)

, 1
2L+ Tp(1 = P?) )

1=|e|

where I'; and I'y are the bare tunnel rates between a mem-
ber of the doublet and the respective leads.
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FIG. 3. (A-D) Current versus longitudinal
magnetic field at zero transverse magnetic field.

(E-H) Similar measurement in the presence of a
nonzero transverse magnetic field. Full (dotted)
lines correspond to field sweeps in the positive
(negative) direction.
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At negative voltage on F, inset B1 in Fig. 2, an electron
first tunnels into the particle from F. Before tunneling, the
particle is in an unpolarized singlet state and therefore, this
tunneling process does not depend on P. This time we obtain

2l F

I=- .
|e|rAl+2rF

(2)

The tunnel rates can be calculated using Egs. (1) and (2),
and from the current at positive and negative bias voltages in
Fig. 2(B). In first approximation, we can neglect the P? term
because the TMR is weak enough to do so. We find I'y
=6.6Xx 107 s7'and ['y=1.1X107 s,

Consider now the TMR measurements shown in Figs.
3(A)-3(D), where graphs of current versus applied longitu-
dinal magnetic field (B;), at zero applied transverse field
(By=0) are displayed. In order to compare the graphs in Fig.
3, all of the vertical axes were set to equal lengths. At posi-
tive bias voltage, Figs. 3(A) and 3(B) show discrete transi-
tions in magnetoresistance at B~-7.5 mT and B=~2 mT.
At these transitions, the current changes by =1.5%. At nega-
tive bias voltage, Figs. 3(C) and 3(D) indicate that the mag-
netoresistance is suppressed. Figures 3(E) and 3(F) show
graphs of current versus B; for B;=10 mT and By
=20 mT, where By is applied perpendicular to the easy axis
in the film plane. At negative bias voltage, the TMR remains
suppressed, as shown in Figs. 3(G) and 3(H). At positive bias
voltage, TMR remains significant with the width of the mag-
netoresistance signal getting enhanced proportionally to By.
The asymmetry in the P dependence of the currents given by
Egs. (1) and (2) could explain the asymmetry in the TMR
magnitude with bias voltage in Fig. 3. However, there is a
caveat. If the magnetic reversal in F is modeled in a standard
way, by changing from P to —P, the current in Eq. (1) would
not change. In order to obtain the TMR, the magnitude of P
in Eq. (1) needs to change with the magnetic reversal. As
discussed earlier, the electron magnetic moments in the par-
ticle are collinear with the magnetic field. The tunnel cou-
pling between the spinors in F, collinear with the magneti-

zation, and the spinors in N, collinear with the magnetic
field, depends on ¢, the angle between these two vectors.'”
The overall effect on the current is that the effective spin
polarization to be used in Eq. (1) should be P cos(¢) instead
of P

2 A1 - P’ 0052(¢)]
2FAI + Fp[l - P2 COSz(d))] '

I=lel 3)
If ¢ changes discontinuously at a magnetic transition, then
the current given by Eq. (3) will also exhibit a discontinuity,
consistent with the transitions in the TMR shown in Figs.
3(A) and 3(B). In addition, as ¢ varies continuously with By,
a continuous change in current should occur, again in con-
sistency with the TMR background. At negative bias voltage,
the current does not depend on P and TMR is thus sup-
pressed, in agreement with our measurements.

It is known that a magnetic transition in F can induce a
chemical potential shift in F from the magneto-Coulomb ef-
fect related to a magnetoresistance transition.!> A magneto-
Coulomb-based TMR would not exhibit significant asymme-
try with bias voltage in our sample. In addition, we have
measured TMR at voltages within plateaus of the /-V curves,
as in Ref. 8, where the current is nearly constant and a
chemical potential shift cannot change the current signifi-
cantly. Chemical potential shifts due to magneto-Coulomb
effect, can be enhanced in ferromagnetic contacts with strong
magnetocrystalline anisotropy,”?’ which is not the case for
Py.

For a finite By, the TMR remains suppressed at negative
bias voltage. A full analysis of the transverse field effect on
TMR at positive bias would require the untanglement be-
tween changes in the fringe field and changes in the applied
magnetic field, but in this case, this information is not avail-
able. However, if the applied magnetic field is much larger
than the fringe field, then the approximation cos’(¢)
~B?}/(B;+B?) is appropriate. In that case, Eq. (3) predicts
that the current through the particle has a maximum at By
=0, in agreement with Figs. 3(E) and 3(F). The presence of
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this maximum as well as the suppression of the magnetore-
sistance at negative bias voltage, indicate that spin accumu-
lation described here is the mechanism underlying the mag-
netoresistance effect. The width of the magnetoresistance,
2By, is also roughly in agreement with Fig. 3(F). The height
of the peak is approximately twice the size of the magnetic
transitions in Fig. 3(A). By comparing the peak in Figs. 3(E)
and 3(F) with the value predicted by Eq. (3), we can obtain
the spin polarization P of the tunnel density of states in Py.
Now we can make use of cos’(¢)~B;/(Bi+B7) at B,
>10 mT, to obtain P=0.26, which is consistent with the
previously measured value P~ 0.28 in tunnel junctions,! but
smaller than the P~0.37 measured in Py point contacts.??
In prior measurements of the FNN quantum-dot system,
where F=Co or Ni,’ the spin polarization was also sup-
pressed (0.08-0.12, in Co), but more so than reported here. It
was suggested that tunnel barrier imperfections were respon-
sible for the suppression.’ Our findings are consistent with
that picture. The tunnel barrier in our sample should be less
imperfect than that in Ref. 5, because Py is more resistant to
oxidation than Co or Ni. A similar suppression of P was
observed in ferromagnetic tunnel junctions based on pure Ni
leads, relative to P in ferromagnetic tunnel junctions based
on Ni-Fe alloys as leads.?! In that case, the reduction in P in
the Ni lead was attributed to the sensitivity of the Ni surface.
In order to obtain a better understanding about the fringe
field, we can study its pair-breaking effect on the BCS gap.
In Fig. 2(A), inset A2, we measure the BCS gap as a function
of the applied magnetic field B;. There was a small Q, shift
between Fig. 2, inset A2, and the rest of the figures, which
caused level « to shift from 1.97 to 3.89 mV. At the applied
fields of =5 mT and O T, I versus V is measured before the
magnetic transition at 2 mT, while at B;=5 mT, I versus V
is measured after the transition. The BCS gap has a clear
discontinuity at the transition, indicating a discontinuity in
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the fringe field. Analogous behavior was observed around the
magnetic transition in the reversed direction of the field
sweep.

The fringe field at B, =5 mT, is weak because the BCS
gap is relatively large. We fit the current versus voltage data
to the broadened BCS density of states: [

V-V,

=l Re o qamicrcre
at B;=5 mT, with a corresponding BCS gap A
=0.155*=0.007 meV and broadening y=21%0.7 ueV. We
fit the entire family of curves in Fig. 2(A), inset A2, well to
this formula, using the same parameters /, and V), the level
current and location, respectively, while A and vy are varied
with B;. For B;=5 mT, we find the BCS gap is reduced at
a rate dA/dB;=-2.29 meV/T. Our BCS gap is close to
Ap=0.172 meV, the BCS gap measured in Al particles with
all Al leads, in zero magnetic field.!> In our case, the mag-
netic field, at B,=5 mT, is estimated as (Ay—A)/|dA/dB]
=9 mT. So the fringe field is ~mT, justifying the approxi-
mation for cos?(¢).

In conclusion, we demonstrated a spin-accumulation
mechanism of magnetoresistance in a normal-metal particle
with a single ferromagnetic contact. If the magnetic field on
the particle is not parallel to the magnetization, the injection
of a spin-polarized current into the particle will result in the
accumulation of the magnetic moment not being parallel to
the magnetization of the ferromagnetic lead. The angle be-
tween the accumulated magnetic moment and the magneti-
zation changes with the applied magnetic field, causing mag-
netoresistance. This simple mechanism needs to be
considered when interpreting results in spintronics involving
discrete energy levels.

This research is supported by the DOE under Grant No.
DE-FG02-06ER46281.
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