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Ballistic magnetoresistance over 3000% in Ni nanocontacts at room temperature
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This paper reports ballistic magnetoresistance~BMR! measurements in Ni nanocontacts made by elec-
trodeposition. BMR in excess of 3000% is observed at room temperature and the observed large values of
BMR are obtained in switching fields of only a few hundred oersteds. The results are attributed to spin-
dependent electron transport across nanometer sharp domain walls within the nanocontacts.

DOI: 10.1103/PhysRevB.66.020403 PACS number~s!: 72.15.Gd, 75.70.2i
dd
o

de
e
a
n

ffe

s

ffe
u

ic

b
h
an
d
e

a
w

a
Th
.
ts

is

ffe
re

R
a
of
i

-
g
e
N
ac
le
tro

the
the
ag-
k-in
ct

.
as

for

a

olt-

h
tion
t

er
h
at

r

e,

ct
nd

the
The rapidly expanding field of magnetoelectronics is a
ing new facets of understanding to the known body
knowledge of physics of magnetism. Magnetoelectronic
vices, both existing and envisioned, rely on spin-depend
transport of electrons. For example, the current read he
for high-density data storage devices are based on ‘‘gia
magnetoresistance or GMR effect—a spin-dependent e
discovered just over a decade ago.1 Even higher sensitivity
read heads are being investigated for future ultrahigh den
storage systems~in terabits/in2 range! having size compa-
rable to the nanoscale bits. Ballistic magnetoresistance e
~BMR! in ferromagnetic nanocontacts is a promising aven
in this regard.2 The BMR effect arises from nonadiabat
spin scattering across very narrow~atomic scale! magnetic
domain walls trapped at nano-sized constrictions.3–5 In the
present study, we report the observation of a remarka
large room-temperature BMR effect in Ni nanocontacts. T
observed BMR values we report are in excess of 3000%
are achieved at low switching fields~less than a few hundre
oersteds!. The observation of such high BMR values rais
interesting fundamental questions regarding the nature
spin-dependent electron transport across narrow dom
walls in nanocontacts. At the same time, high BMR at lo
switching fields offers exciting technological possibilities.

In the present study, the BMR measurements were m
on Ni nanocontacts electrodeposited between Ni wires.
wires are arranged in aT configuration as shown in Fig. 1
The applied field during magnetoresistance measuremen
in the directions of the Ni wire labeled I in Fig. 1. Th
arrangement, originally conceived by Garciaet al.,6 is well
suited for magnetoresistance measurements owing to di
ent direction of shape-induced anisotropy in the two Ni wi
across the Ni nanocontact. This is also the configuration
which Garciaet al.6 had earlier reported a 400–700 % BM
effect at room temperature. The tip of the wire in Fig. 1 w
positioned to within a few microns to few tens of microns
the Ni wire labeled II. Prior to electrodeposition of the N
nanocontact, the Ni wires~except for the region in the im
mediate vicinity of the tip! were insulated by a fast curin
resin epoxy in order to limit the deposition in the gap b
tween the wires. The resin epoxy also firmly holds the
wires on the underlying glass substrate. The Ni nanocont
were electrochemically deposited at room temperature. E
trodeposition was performed from a nickel sulfamate elec
lyte (pH53.4). We used a cathode potential of21.1 V ver-
sus a saturated calomel electrode. Deposition times
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establish a Ni nanocontact were typically less than 1 min;
columnar nature of the electrodeposited Ni is shown in
scanning electron micrograph in the inset in Fig. 1. The m
netoresistance was measured using the standard loc
method at 200mA constant current through the nanoconta
and an applied field between62.5 kOe. We experimented
with different tip shapes for the Ni wire labeled I in Fig. 1
Tips were made by mechanically breaking the Ni wire
well as sharp tips~radius between 40 and 400 nm! using an
electrochemical etching technique that is commonly used
making scanning tunneling microscopy tips.7 The electro-
chemical technique to make the tips is shown in Figs. 2~a!
and 2~b!. Figure 2~a! shows a Pt cathode in the form of
ring, which holds a thin film of electrolyte~2.0 M KCl!
suspended by surface tension. In Fig. 2~a!, a vertical Ni wire
~anode! passes through the electrolyte. When a constant v
age is applied to this electrochemical cell~typically 2.0–2.1
V!, only a very narrow region of the Ni wire in contact wit
the electrolyte is etched according to the anodic reac
Ni(s)12Cl2→NiCl212e; the reaction occurring at the P
cathode is 2H2O12e→H2(g)12OH2. As shown in Fig.
2~b!, when the Ni wire was electrochemically cut, the low
portion of the Ni wire slid on the electrolyte film at whic
point the applied voltage was turned off. It was found th
the bottom halves of the Ni wire had a longer taper@Fig.
2~c!# and a sharper tip~'40 nm! in comparison to the uppe
halves ~'400 nm radius!, Fig. 2~d!. In addition, Fig. 2~e!
shows the tip profile of a mechanically broken Ni wir

FIG. 1. Scanning electron micrograph of the 125-mm-diameter
Ni wires in aT configuration. The electrodeposited Ni nanoconta
is deposited in the gap between the tip of the Ni wire labeled I a
the wire labeled II. The inset shows the columnar growth of
electrodeposited Ni.
©2002 The American Physical Society03-1
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which is considerably less well defined than the elect
chemically prepared tips. Nevertheless it consists of sev
sharp points across which a nanocontact can form du
electrodeposition.

Figure 3 shows consecutive magnetoresistance loops
sample whose initial zero-field contact resistance was 8V
after electrodeposition. This contact resistanceRc determines
the diameterd5A1000/Rc(V) ~in nm! of the nanocontact,6

being equal to 11 nm for this sample~assuming a quantum
resistance of 12.9 kV is associated with one single ato
occupying an area of 0.1 nm2!.6 As seen from Fig. 3, the
resistance increases rapidly with increasing field strength
saturation~in fields that are less than 500 Oe in Fig. 3!, the
resistance rises to'260V, after which it remains essentiall
unchanged with further increase in field strength. This rep
sents a remarkable 33-fold change in resistance, or'3150%
BMR at room temperature, in fields less than'500 Oe, with
the sample exhibiting a coercivity of'162 Oe. Also, in over

FIG. 2. Micrographs showing the electropolishing of the Ni w
to obtain sharp tips.~a! The anodic Ni wire shown passing throug
the cathode made of a Pt ring. The Pt ring holds the electrolyte
surface tension.~b! The lower Ni wire shown displaced slightl
from the upper portion of the Ni wire after the Ni wire is cu
electrolytically.~c!, ~d! Respective tip profiles of the bottom and to
portions of the Ni tips obtained after electropolishing.~c! Profile of
a mechanically broken Ni wire.
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100 samples that were made for the present study, it
found that for contact resistance less than 4V, the BMR
rarely exceeded 500%, and in only one case a BMR of 51
was obtained in a 4V contact resistance sample.

Figure 3 shows that during successive cycling of t
sample within the applied range of field excursion, althou
the low-field resistance increases somewhat, the high-fi
saturation resistance remains virtually unchanged. T
change in low-field resistance with each successive cy
was found to be very nearly reversible with time. For i
stance, the BMR loops measured within half an hour of
first measurement nearly recovered the initial contact re
tance ~to '10 V! and high BMR value approaching ove
2600%, while the high-field saturation resistance remain
essentially unchanged~270 V!. As in previously reported
studies,6,8,9 it is difficult to directly obtain a series of sample
that have exactly the same nanocontact geometry
domain-wall configuration within the confines of the nan
contact. This makes a meaningful relationship between c
tact resistance and BMR difficult. A large variation in BM
in different samples even with the same contact resistanc
due to the fact that the BMR is not a function of the nan
contact diameter alone. The form of the wall at the nanoc
tact, giving rise to spin scattering, also depends on the g
metrical form of the nanocontact.10 In this regard, the
constancy of the saturation resistance in Fig. 3 and over t
in subsequent measurements on thesamesample offers a
means of inferring the relationship between BMR vs cont
resistance of the nanocontact~which in the same sample i
likely to result from a similar contact geometry and differin
only in size!, as shown in Fig. 4. As seen from Fig. 4, th
BMR decreases with increase inRc , dropping from 3150%
for a contact resistance of 8V to '636% for contact resis-
tance of 36V.

Finally, the ballistic magnetoresistance is a result of
spin-dependent scattering of electrons across the nanoco
from a ferromagnetic aligned state~low resistance state! to
an antiferromagnetic aligned state~high resistance! in an ap-
plied field. One plausible domain configuration giving rise
a ferromagnetic aligned state at low applied fields and
antiferromagnetic aligned state at high fields in Ni samp
with T configuration is given by Garciaet al.11 In bulk fer-
romagnets, Cabrera and Falicov3 and later Tartara and

y

FIG. 3. Successive BMR loops from a Ni nanocontact show
3150% BMR.
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Fukuyama4 have shown that the spin-dependent scattering
domain walls is negligible, owing to the adiabatic nature
electron transport across a wall which is typically of the
der of several tens of nanometers wide. Unlike in bulk f
romagnets~or thin films! Bruno has recently shown tha
atomically sharp domain walls can form in point contacts10

giving rise to the nonadiabatic nature of spin scattering an
very large BMR at room temperature. Various energetic
possible, atomically sharp walls~Néel type, Bloch type, or
vortex walls! and mode fluctuations between them have
cently been discussed by Coey, Berger, and Labaye.12 Their
analysis also shows that mode fluctuations can give a va
tion in the magnitude of BMR. The form~s! and the width of
the domain wall at the nanocontact~and the dependence o
BMR on these factors! depend on the geometry of the nan
contact itself and remain to be investigated. The exis

FIG. 4. Variation in BMR as a function of contact radius,
inferred from change in low-field resistance over successive cy
in Fig. 3 and several other measurements taken from the s
sample.
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theory to predict the magnitude of BMR~Ref. 5! cannot
explain the very high BMR effect in this study as well as
observation of previously reported6 high values of up to
700%. While the spin-dependent scattering, nature of
mains walls, and geometry of nanocontact play a key rol
the observed high BMR effect, their exact role remains as
unexplored; an exact formulation of spin-dependent sca
ing on the above factors is not within the scope of the pre
paper. The present results are likely to raise interesting
damental questions. At the same time, the observatio
such a high magnetoresistance effect at low fields is exc
from the viewpoint of technological applications.

Note added in Proof.Spin splitting of quantized conduc
tion states offers a plausible mechanism for the obse
large BMR effect; see also recent theoretical article by T
rov et al.13 and Ref. 17 within it. If the quantized conductio
states are spin split, then only electrons of one spin ca
through the constriction in the ferromagnetically align
states, i.e., a finite resistance state. In the antiferromag
aligned state in the presence of a domain wall inside
nanocontact, the electron would be required to have one
at one end of the nanocontact and the other spin at the
end. The nanometer length scale of the nanocontact doe
give enough time for electrons to adjust to the rapidly cha
ing magnetization profile, and none can get through,
infinite resistance state.13,14 Spin flip and nonideal contac
would lead to a very large instead of finite resistance.
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9M. Muñoz, G. G. Qian, N. Karar, H. Cheng, I. G. Saveliev, N
Garcı́a, T. P. Moffat, P. J. Chen, C. L. Gan, and W. F. Egelho
Jr., Appl. Phys. Lett.79, 2946~2001!.

10P. Bruno, Phys. Rev. Lett.83, 2425~1999!.
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