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Magnetoresistance of Half-Metallic Oxide Nanocontacts
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Magnetoresistive effects (R(0)-R(H))/R(H) exceeding 500% are found at room temperature in a field
of 7 mT in nanocontacts between Fe;O4 crystallites. The shape of the I(V) curve depends on field and
the magnitude of the magnetoresistance is correlated with the resistance, the largest effects occurring
when R > 100 k). The explanation proposed involves hopping transport of spin-polarized electrons
through a narrow domain wall pinned at the nanocontact; spin pressure on the domain wall pushes it out
into the electrode, leading to the nonlinearity of the I(V) characteristic. Application of current-induced
wall motion in a simple fast-switching magnetic memory element is proposed.
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Conventional electronics ignores the spin of the elec-
tron. If the budding science of spin electronics is to bear
fruit, devices have to be designed around effects which are
large at room temperature. Half-metallic oxides are po-
tential sources of fully spin-polarized electrons, and when
they are used to inject electrons across thin tunnel barri-
ers [1,2], grain boundaries [3], or interparticle contacts [4]
large magnetoresistance effects are observed, at liquid he-
lium temperatures. For reasons that remain uncertain, the
spin polarization falls rapidly with increasing temperature
and the magnetoresistance at room temperature in all-oxide
structures is usually no more than 1%. In this Letter, we
show that the conductivity of a nanocontact between two
crystallites of magnetite (Fe3;O4) can increase sixfold at
room temperature in an applied field of 7 mT (70 Oe).
This large low-field effect is attributed to spin-polarized
electrons hopping across a very narrow domain wall at the
contact. Spin pressure on the domain wall at the nanocon-
tact leads to nonlinearity of the /(V) characteristic, and the
possibility of fast switching in a bistable two- or three-
terminal device via current-induced wall motion.

Magnetite, the ferrimagnetic inverse spinel Fe;QOq, is
the half-metallic oxide with the highest known Curie tem-
perature (860 K). Carriers are small polarons in a minor-
ity spin 3dl(t2g) band [5] which hop among the B sites;
the majority spin band is full [6]. Tiny magnetite crystals
grown by chemical vapor transport are used for our experi-
ments [7]. Two of them are glued in a simple piezoelec-
tric device with vibration isolation that allows electrical
contact to be made or broken in a controlled manner [8],
following a method of Costa-Kridmer et al. [9]. All mea-
surements are carried out at room temperature (290 K) in
ambient air. A magnetic field of up to 14 mT (140 Oe)
can be applied in any direction in a plane by means of two
pairs of Helmbholtz coils.

When the contact is broken rapidly in a relay (=100 us),
the conductance falls in an irregular way. A histogram
based on 500 such breaks shows a single weak peak near
the quantum of conductance Gy = 2¢%/h = (12.9 kQ) !
There is much less structure than was found previously for
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contacts between crystallites of (Lag7Srp3)MnQO3 [10]. In
slowly broken contacts (=1 s), however, the conductance
decreases continuously to zero.

For the present experiments, we arrest the break at a
contact resistance of 10—500 k{2, and measure the current-
voltage curves I(V) and the magnetoresistance I(H). The
largest effects are measured in contacts where G < Gy.
The contacts are remarkably stable, persisting for a minute
or more. They can be reversibly cycled many times.
Hence, there is no evidence for a heating effect in the range
of current used. Several I(V') curves are shown in Fig. 1.
They are fitted as I = GV + c¢V3. The more conducting
the contact, the more Ohmic it appears. Examination of
30 contacts indicates that ¢ = G%3*%1 a weaker correla-
tion than was found in (Lag7Sro3)MnO;3 [11]. A few of
the 7(V) curves are significantly asymmetric for positive
and negative voltages.

The effect of applying a small magnetic field is always to
increase the conductance of the contact. One such data setis
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FIG. 1. I(V) characteristics for some typical nanocontacts
between two Fe;Oy4 crystals at 290 K.
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shown in Fig. 2(a). The 7 mT field in this case increases
G by a factor of 6.4, corresponding to a magnetoresistance
AR/R(H) = 540%, where AR = R(0) — R(H). The
conductance does not quite return to its initial value on
cycling the field back to zero. There is some magnetic
hysteresis, illustrated in Fig. 2(b). The magnetoresistance
effect is independent of whether the field is applied
parallel or perpendicular to the current direction. Further-
more, when a rotating field of frequency f = 110 Hz is
applied in the plane including the current direction, no
appreciable signal at 2f is detected. Figure 3 summa-
rizes the magnetoresistive effect expressed as AR/R(0)
for measurements on many Fe3;O4 contacts. Effects of
up to 16% have also been found for contacts between
(Lag7Srg3)MnOs3 crystals. Note that with this definition
of magnetoresistance, the effect cannot exceed 100%.

So what can be the explanation of the huge magnetore-
sistance in these contacts? It is many times larger than
has been found at room temperature in any other ferro-
magnetic oxide or metal tunnel junction structure [12,13],
and it is almost double that reported for ballistic nickel
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FIG. 2. Typical magnetic field effect on a nanocontact showing
(a) the I(V) curves with and without a field and (b) the magnetic
hysteresis.
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nanocontacts [14]. The hysteresis proves that the magne-
toresistance is related to the magnetization process of the
ferrimagnetic crystallites, which, in view of their size, are
certainly multidomain.

A first thought is that the effect might be due to mag-
netostriction. The linear magnetostriction constant Ag of
Fe;04 is 40 X 1076, The crystals used have dimensions
less than 0.1 mm, so the change of length on aligning the
magnetization is <4 nm. Such a change of length could
certainly influence the resistance of a nanocontact. Never-
theless, we discount magnetostriction as the main explana-
tion of our observations for the following reasons.

(1) The observed magnetoresistance is always negative,
regardless of the direction of the applied field. Magneto-
striction would be expected to produce both positive and
negative effects because the relative length change Al/l =
(1/2)As(3cos?6 — 1) can be of either sign depending on
the angle 6 between the magnetization and the measure-
ment direction.

(ii) No change of resistance is observed in the rotating
field. Specifically, the component at 2f is no more than
5% of the resistance change due to the static field.

(iii) In any case, there is no magnetorestrictive length
change between configurations where the moments are
aligned parallel and antiparallel.

In the demagnetized, multidomain state there is likely
to be a domain wall at the contact. The energy cost of
creating the wall is small because of the tiny contact area.
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FIG. 3. Magnetoresistance data on 30 nanocontacts, with G <

Gy plotted as a function of the conductance at zero bias. The
solid points refer to data at V = 0.3 V and the open points
at V = 0, taken from the same I(V) curve. The inset shows
the bias dependence of the magnetoresistance of a typical con-
tact. Note that the magnetoresistance here is defined as [R(0) —
R(H)]/R(0) and R = dV/dI.
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It is known from analytical calculations [15] and Monte
Carlo simulations [16] that the wall width is comparable
to the size of the constriction. Furthermore, the energy per
unit area of a geometrically constricted wall, of width &
much less than the natural wall width 8y = 24/A/K, is

yw =~ mA/S. (1)

Here A is the exchange stiffness (=107 Jm™!) and K is
the anisotropy constant. The wall width is approximately
S0 [15,16], where S is the cross section of the constric-
tion. Such a narrow Néel wall is illustrated in Fig. 4(a).
The conduction of the magnetite nanocontact will be by
hopping or by tunneling. It is not ballistic because G <
Gy, and there is little evidence for quantized conductance
in the break histogram. As the electrons hop through the
nanocontact, their spin is projected along the local mag-
netization direction of any B-site ions they visit along
the way. In the case of a 180° wall, when the hopping
distance A is comparable to &, a spin-polarized incident
electron will be projected with roughly equal probability
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FIG. 4. (a) Sketch of a narrow domain wall constricted in a
nanocontact. (b) Spin pressure pushes the domain wall into
the adjacent electrode. (c) Magnetic switch based on current-
induced toggling of a domain wall between two positions A and
B. Readout is obtained by sensing the resistance across C.
(d) Two-terminal magnetic switch (the peanut device). Resis-
tance between terminals A and B depends on the location of the
domain wall.

—
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into the T or | channels. The 1 electrons are transmitted,
while the | electrons are reflected. As the directions of
magnetization of the crystallites on either side of the con-
tact are aligned, the domain wall is eliminated and the
conductance increases markedly. If GTP(U and GIS}), are
the conductances of the contact in a parallel or antiparal-
lel configuration for T or | electrons, then the conductance
doubles in this case and the saturation magnetoresistance
AR/R(0) = (GL, — G\ ,)/GL = 50%,since G, , = G4,/2.
More generally, the transmission probability between sites
misaligned by an angle  varies as cos?6/2. When A < §,
the transmission 7" across the entire wall is given by

T = + {cos®(m/2v)}" ", )

where v = §/A. The magnetoresistance is (1 — T). The
data points in Fig. 3 are distributed between 10% and 90%.
Values smaller than 50% may be explained by domain
walls of less than 180° or A < &. Greater values occur
when A > 6.

The current density in the nanocontact reaches quite
high values. For example, a current of 10 @A in a contact
area of 1 (nm)? corresponds to j = 10'> Am~2, and an
electron drift velocity of 4600 ms~!. The rate of flow of
electrons through the contact is I /e, which for I = 10 uA
corresponds to 6 X 10'3 electrons/second. The associ-
ated angular momentum, I/i/2e, has to be reversed as the
electrons traverse the domain wall. The flow of momentum
and angular momentum into the wall associated with the
electron mass and spin results in an electron pressure Pe.
The threshold pressure needed to displace the wall from
the contact, resulting in the “magnetic balloon effect” il-
lustrated in Fig. 4(b), can be estimated from Eq. (1). It
is P, = 73Am/2S, where m is the tangent of the half
angle of the contact, modeled as a truncated cone. The
pressure due to electron momentum, assuming a reflec-
tion coefficient 8 (<1), is 28m, j>/ne?, where m, is the
electron mass and n = 1.35 X 10?® m™? is the conduction
electron density in magnetite. In the numerical example,
the pressure due to the electron momentum cannot exceed
10® Nm™2, whereas P, = 2 X 108 Nm 2.

The spin pressure is related to the exchange drag ef-
fect, discussed by Berger for Permalloy films [17]. Elec-
trons hopping onto a core spin in the wall aligned at i to
their quantization direction find their energy increased by
A(1 — cosy)/2, where A is the energy of the first avail-
able T state relative to the Fermi energy which is at the bot-
tom of the empty A-site e band. This leads to a pressure
of order P; = jry,A/e8, where 7 is the spin relaxation
time. Taking A = 0.5 eV [6] and 7, ~ 10712-10713 g,
corresponding to a typical spin wave frequency, leads to
Py ~2x10° Nm 2

‘We model the contact as two truncated cones, with mini-
mum radius yo. Equating SP,; to the force exerted by the
wall (dE,, /dx), where the wall area S = 7(yg + mx)?,
and E,, = Sy, gives an expression for the wall width
8 = 2I74A/m>Aem, and hence the displacement
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x = (ItgA/mAe) — Yo, 3)

assuming m = 1. Inserting typical numerical values with
I =10 pA gives x ~ 1-15 nm. Hence, the currents used
in the experiments are capable of moving the wall. Spin
accumulation is unlikely to play any role in a half metal,
because any local buildup of spin polarization must be
accompanied by a corresponding accumulation of charge.

Previous evidence for current-induced domain wall
movement has been reported in Permalloy thin films [18],
nickel nanowires [19,20], and cobalt nanowires [21].
Recent results show current-induced magnetic switching
in multilayers [22].

In our experiment we see evidence of electron pressure
on the domain wall in two ways. One is the nonlinearity
of the I(V) curves. As the wall is moved away from the
nanocontact it broadens and the magnetoresistance falls.
Furthermore, the nonlinearity is greatly reduced when the
domain wall is eliminated (Fig. 2). The second is the
observation of asymmetric /(V) curves in a number of
cases.

Tunneling can also be invoked to explain nonlinear /(V)
characteristics, and it is quite possible that the atomic states
of some monolayers at the surface in the nanocontact are
localized, forming a tunnel barrier. Fitting the I(V') char-
acteristics to the Simmons model [23] gives barrier heights
of about 0.1 V and widths of 1 nm for an area of 10 nm?.
However, tunneling does not explain why the shape of the
I(V) characteristics changes in the small applied field. The
tunnel barrier height and width should remain unchanged,
with only the tunnel probability being affected by relative
spin orientation across the contact.

Another source of nonlinearity arises when the carriers
are polarons, as they are in magnetite: the number of
phonons associated with the carriers decreases with in-
creasing voltage [24], but again no magnetic field effect
is expected. The nonlinearity generally found in metallic
nanocontacts [25] is not known to be field dependent.

The magnetic balloon effect in nanocontacts may be ex-
ploited in a current-activated magnetic switch. If the mag-
netic material has a suitable distribution of pinning sites or
if it is appropriately constricted, as suggested in Fig. 4(c)
or 4(d), a region of reversible magnetization may be stabi-
lized between the constrictions. Switching in the “peanut”
device can be very fast, as the wall moves only about
10 nm, at a velocity of order 100 ms~! [26]. In Fig. 4(c),
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a third conact is required for readout, but Fig. 4(d) is a
two-terminal device with high and low resistance states
for the T and | configurations of the central region. This
could be the basis of a new magnetic nanocontact memory
architecture with exceptionally efficient magnetoresistive
readout.
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