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Magnetoresistance through a single nickel atom
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The magnetoresistance~MR! of a nickel atomic contact has been measured using the break junction tech-
nique. When the contact is only between two atoms, the change of resistance with applied field reaches 40%.
It is composed of a continuous bell-shaped curve on which discrete jumps are superimposed. The MR changes
sign when the applied field is rotated, which we explain by a spin-orbit coupling change of orbital overlap
between the Ni atoms forming the junction. Reproducible jumps in the MR curve are attributed to a field
induced change of spin configuration within the few atoms composing the contact.
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The effect of an external field on the resistivity of pu
ferromagnetic metals~the magnetoresistance-MR! was the
subject of intense research work in the middle of the 2
century. In homogeneous 3d elements, the internal field ca
affect the motion of the charge carriers~via the Lorentz
force! as well as their scattering. In ferromagnets, part of
scattering is due to 3d localized atomic orbitals which ar
affected by a magnetic field through the spin-orbit mec
nism. The resulting resistive effect is called anisotropic m
netoresistance~AMR! because it depends on the angle b
tween the local moments and the electrical current lin
Charge carriers at the Fermi level are also composed
spin-up and spin-down electrons which provide two indep
dent conduction channels with different resistivities: this
the two current model.1 Any inhomogeneity in the local mag
netization can induce some spin mixing which increases
total resistance. In bulk 3d metals at low fields~say below 2
T! the MR is typically of a few percent.

In the past fifteen years there has been a renewed int
in MR with the discovery of giant effects in systems com
posed of mixtures of magnetic and nonmagnetic materi
The giant-MR~GMR! effect results from the spin-depende
scattering of conduction electrons experiencing abr
changes in the direction of the local magnetization vec
This is possible when nonmagnetic regions are smaller t
the spin diffusion length, i.e., typically a few tens of nano
eters. In unsaturated homogeneous 3d materials, the magne
tization changes direction within the domain walls~DW!
where the progressive canting of the local moments is
gradual for the conduction electrons to experience a rea
able potential of magnetic origin.2 Moreover, the transvers
component of the magnetization helps the electrons spin
track the local magnetization vector.3 In order for the
electron-spin mistracking to generate a reasonable MR
fect, the magnetization would have to rotate significantly
the scale of the Larmor precession of charge carriers, i.e
few nm.3 In the limit of an infinitely narrow DW one recov
ers the GMR effect.

When sample dimensions are reduced below the me
free-path, electronic transport can no longer be describe
Boltzman statistics and one enters into the ballistic regim
In constrictions of the scale of the Fermi wave vector, bou
ary conditions enforce that transverse modes are quan
which results in the discreteness of propagating elec
0163-1829/2002/66~22!/220401~4!/$20.00 66 2204
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modes. In the Landauer formalism, the conductance of a
soscopic contact is expressed as a function of the con
tance quantum in the following manner :

G5
e2

h S (
1

N↑
Ti↑1(

1

N↓
Ti↓D ~1!

with Ti↑ andTi↓ the transmission probabilities for each co
duction channel i with spin up or down ande2/h
51/(26 kV). The number of propagating modes depends
the constriction widthw and the Fermi energy of the releva
spin channelEF↑,↓ :

N↑,↓5
2w

h
A2mEF↑,↓ ~2!

Measurements in 2D electron gases~with Fermi wave-
length around 40 nm! show conductance quantization
units of 2e2/h because at zero field, the two spin species
degenerate and the Fermi surface is simple enough so
the transmission coefficients are close to unity. When
strong magnetic field is applied, spin degeneracy is remo
and quantization in steps ofe2/h is observed.4

In metals, because the Fermi wavelength is of the orde
2 Å, conductance quantization can only occur in wires
atomic size where conduction channels result from the ov
lap of the atomic orbitals. For a single atomic contact,
number of conduction channels cannot exceed the numbe
valence orbitals, but, as a rule of thumb, it is close to
number of valence electrons.5 In transition metals,s, p, andd
orbitals can potentially open 216110 channels. Ni is in the
4s2 3d8 configuration and so should have around 4 s
down and 6 spin up channels whose transmittivity depe
on the orbital in question as well as the distance between
two atoms, i.e., the local electronic structure. Tight-bindi
calculations with the use of Green functions give conduct
ties in good agreement with experiments.6,5Ab initio calcula-
tions are more powerful but difficult to carry out in that the
require huge calculation power which restricts them
simple geometries. Chains of single Ni atoms have b
investigated7 and although the problem is oversimplifie
~colinear magnetization! it gives interesting indications abou
possible large conductance variations between different m
netic states of the Ni wire.
©2002 The American Physical Society01-1
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In ferromagnetic materials, up- and down- spin electro
experience a different exchange energy which removes
spin degeneracy. Because their Fermi wavelength is dif
ent, the number of transmitted channels for a given cons
tion is spin dependent. Indeed, conductance quantizatio
Ni contacts can change with their magnetic state.8,9 Ono9

clearly measured steps ofe2/h in the ferromagnetic state o
Ni under an applied field which could be switched to 2e2/h
when both ends of the atomic contact were magnetized a
parallel. This observation is understood10 considering that
introduction of a domain wall in an atomic contact reintr
duces both spin species hence restoring spin degeneracy
also believed that in a narrow wire, the domain wall s
should scale with the wire width.11 The magnetization is then
expected to fully rotate on an atomic length scale, wh
results in a potential step of height given by the excha
splitting. Because transport is ballistic, the main resistive
fect comes from reflection on the wall induced potential s
which can close some of the transmission channels. For
tacts with a large number of opened channels, the indu
change of conductance should scale with the ratio of
exchange splitting to the Fermi energy,12 which is typically
around 10 percent. Interestingly, when the contact gets
rower, the longitudinal kinetic energy of conduction ele
trons is reduced and can become smaller than the exch
splitting. It is then predicted that near the first jump to co
tact, large MR effects could arise because a thin DW
close the first opened channel.13 However, for 3d elements it
is known that several conduction channels are opened, e
for a single atomic contact.5,6 One can then wonder whethe
this last prediction can actually be realized. Experimenta
several articles report on MR as a function of the magnitu
of the applied field. In nanowires around 10 nm in diame
R increases by less than one per cent in the presence
DW.15 However, when scaled by the expected wall width,
obtained MR within the wall reaches several 100%. In n
nometer sized constrictions on the other hand, the MR
found negative and small.16 Much larger effects were ob
tained in electrodeposited Ni nanocontacts where the re
tance could be changed with an applied field by seve
100%17 and more recently by over 3000%.18 However, the
amplitude and sign of the effect seem to be rather unpred
able.

Here we report on measurements of the magnetore
tance as a function of field through only a few Ni atoms. W
used the break junction technique19 where a 100 nm wide
1 mm long bridge is defined by electron beam lithograp
onto a polyimide layer. The polymer is further etched isot
pically by reactive ion etching which undercuts below the
structure~see Ref. 19 for more details!. The end result is a
suspended bridge attached to two electrodes of diffe
shape presenting two distinct coercive fields. One can t
bend the substrate with a micrometer screw fitted in a c
tinuous flow cryostat where a 2 T field can be applied. D
ing elongation or contraction of the bridge, the resistanc
continuously monitored in a constant voltage mode with
ac measurement technique. The setup is particularly st
since most of the structure is attached to the substrate
only the narrow bridge is suspended. It is possible to m
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chanically stabilize the contact with a precision estima
below the picometre. The experimental procedure is as
lows: the bridge is first cooled down to 17 K and then elo
gated until breaking. The two halves of the bridge are th
brought back together and the transport goes from tunne
to contact when the first atom bridges the two electrode6

When the contact is closed further, the conductance varie
a noncontinuous manner showing jumps as the atomic c
figuration of the contact changes. One can then go back
forth breaking and closing the contact while measuring
conductance. Not all the conductance plateaus can be
served each time and Fig. 1 shows the measurement with
largest number of steps~obtained while breaking under a 0.
T transverse field!. In particular, the lowest conductanc
level at 0.7e2/h appears only rarely.

The system can then be stabilized on these plateaus
the conductance is measured as a function of an applied m
netic field. The tunneling regime was first investigated wh
the two arms of the bridge were pulled apart and stabilize
a resistance of 350 kV. An external magnetic field is applie
perpendicular to the suspended bridge, and the resist
variation is recorded. Generally, the resistive signal is v
noisy at first but reaches a stable value as the contact slo
relaxes. Then, the MR becomes reproducible and symm
cal as shown in Fig. 2. We have also checked that the c
ductance varies quadratically with the voltage as shown
the inset. At large voltages, strong electric fields make
atoms in the contact move and generate giant random
graph noise.

This MR curve is surprising in two respects: the amp
tude of the effect is small~5%! and the resistance is no
lowest at saturation. This is in contrast to the effect obtain
in conventional Ni/Insulator/Ni tunnel junctions, where th
resistance depends on the spin polarization~P! of the elec-
trodes and the angleu between the electrodes’ magnetiz
tion: DR}(cosu21)P2/(12P2). However, qualitative~and
quantitative! differences can be expected because in br
junctions the tunneling is between two atomic tips and
vacuum. The current is transmitted through the evanes
electronic wave functions of the two atoms of the cont
whose local DOS could be very different from that of fl

FIG. 1. Conductance steps as a function of distance between
electrodes while breaking the bridge under an 0.3 T transverse fi
1-2
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surfaces. It is also known that the spatial extension od
orbitals is short, which makes them less involved in t
transport at large atomic distance.14 Hence, in conventiona
‘‘trilayer’’ experiments where the insulator is typically over
nm thick, s ~and p) electrons dominate and impose the
positive polarization. In our case, the tunneling distance is
the order of 3 Å, which makesd electrons more involved in
the process. Their negative polarization is then likely to co
pete with that of thes andp orbitals to lead a lower MR. In
any case, because the tunneling resistance varies expo
tially with the distance between electrodes, it is very sen
tive to any length change resulting, for example, from
field-induced strain in the suspended bridge. Ni has a ne
tive magnetostrictive coefficient related to the magnetizat
direction. Hence, saturating our sample in a direction tra
verse to the bridge should increase its length, i.e., reduce
gap through which tunneling occurs. It is likely that the me
sured MR is influenced by this effect, but because the re
tance varies only by less than 5%, we can estimate that
displacement of the apex atoms is below 3 pm.

The gap between the two Ni electrodes was then clo
under 0.3 T until the first jump to contact obtained at 1.3e2/h
and the system was stabilized on this conductance plat
There, the local atomic arrangement is likely to be one
two pyramids with overlap of the top Ni orbitals as calc
lated in Ref. 14 and shown in the inset of@Fig. 3~a!#. An
external field was then applied transverse to the bridge
the MR curve was recorded as a function of the field m
nitude~Fig. 3a!. The MR effect~around 40%! is much larger
than that in the tunneling regime and the resistance is low
at saturation. The curve can be viewed as a bell-shaped
on which discrete jumps are superimposed. In order to inv
tigate the influence of field direction, we have carried out
other set of experiments with the field applied along
bridge, i.e., along the current lines. Surprisingly, on all t
conductance levels studied, the resistance is maximum
saturation@see Fig. 3~b!#. The MR curve is also qualitatively
very different, which probably reflects a different magnetiz
tion reversal process.

In order to get a clearer picture for the origin of MR
our atomic contact, it is important to understand how m

FIG. 2. Resistance in the tunneling regime as a function of
applied transverse field. In inset: the variation of conductance w
applied voltage has theV2 component characteristic of tunnelin
effects.
22040
e

f

-

en-
i-
e
a-
n
s-
he
-
s-
he

d

u.
f

d
-

st
R

s-
n
e

at

-

-

netization reverses in the bridge. We carried out microm
netic calculations which show that in a narrow constricti
between two electrodes, the stable zero-field state for
magnetization is to generate two half (90°) walls on eith
side of the constriction. In our geometry of two 100 nm wi
tips touching in a nm size contact, the main component
magnetization lies roughly along the bridge with a regu
canting of spins because shape anisotropy in the bridg
affected by the crack. Under transverse applied fields,
vortices are formed at each side of the bridge and get pus
in by the field. Near the atomic contact, the spins align
higher field while no domain wall is left in the electrode
The saturation process at the junction level is then likely
consist of a gradual decanting of the local magnetization
any case, micromagnetic calculations do not lead to a c
figuration where a very thin domain wall is located at t
junction even when the electrodes are antiparallel. At
scale of the contact a full atomic calculation of stable s
configurations would be very useful. This can be doneab
initio for clusters composed of a few atoms but still rep
sents a difficult problem when one wants to consider nonc
linear arrangements.

In our MR curves, one can notice dips of a few perce
around 0.06 T in both tunneling and atomic contact M
when the field is applied transverse to the bridge. These
respond to reversal of our big electrodes, far from the ato
of the contact. Since the voltage drop is almost exclusiv
within the few atoms at the constriction, we conclude that
magnetic configuration at the contact is only slightly affect
~the amplitude of the effect is small and negative!. Most of
the resistance variation happens at higher field, where
magnetization in the contact gradually saturates. In magn
atoms, the spin direction and the orbitals are coupled thro
the spin-orbit interaction. When the atomic spins are forc
to rotate towards the direction of the external field, the r
evant orbitals are affected and the electron scatte

n
h

FIG. 3. Resistance as a function of applied field in the atom
contact regime. The field is applied transverse~a! and longitudinal
~b! to the bridge~i.e., the current!. The inset is the schematics of th
expected geometry of the atomic constriction.14
1-3
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changes. The resulting effect in electrical transport is
AMR which is rather small in bulk 3d metals, but could be
enhanced when dimensionality is reduced. The meas
MR change of sign in the longitudinal geometry provid
evidence that this effect is indeed important in atomic c
tacts where the orbital overlap plays a crucial role. In co
parison, effects of reflection of the electrons on the magn
potential seem to be weaker since the resistance at satur
can be larger or smaller than that at zero field depending
the field direction.

The results obtained in the whole range of conductan
including the first few plateaus consistently show a chang

FIG. 4. Summary of the magnetoresistance measured on
different conductance plateaus showing a systematic change of
between the field applied parallel and perpendicular to the brid
F.
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sign between the MR obtained with the field parallel a
perpendicular to the bridge as shown in Fig. 4.

When the contact is progressively stretched~without
reaching the tunneling regime!, R(H) curves change con
tinuously. The last resistance drop to saturation at high-fi
gets larger and dips appear at that field. It is then likely
correspond to a flip of the spin of the two apex atoms wh
are the most influenced by local anisotropy because of
reduced symmetry of their environment. All the large d
crete jumps are obtained at fixed~symetrically positive and
negative! values of the applied field. We propose that th
are due to field-induced spin rearrangements of the few
oms in the contact. Transmission of the conducting chann
changes abruptly because of the potential of magnetic or
determined by the atomic spin configuration. The compl
MR curve could then be rationalized in terms of the co
bined effect of spin-orbit coupling induced changes of orb
overlap and reflection at the potential defined by the lo
spin configuration. The break junction geometry proba
does not allow for the creation of an atomic size DW at t
contact during field sweeps. This is more likely to b
achieved when antiparallel electrodes are brought, from
distance, into contact. In that case, one could perhaps s
lize a metastable magnetic state where magnetization in
contact rotates at an atomic scale. Nevertheless, we be
our measurements underline the importance of spin-o
coupling in generating a large atomic AMR effect.
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