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Observation of a bias-dependent constrained magnetic wall in a Ni point contact
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Quantized electron transport in a Ni point contact exhibits nonlinear bias dependence without an external

magnetic-field application. The nonlinear features are categorized into two distinctive types dependent on the
shapes, which are confirmed based on our measurements on hundreds of break junctions. Such nonlinear
characteristics are unique to a magnetic point contact, showing the contribution of spin-dependent transport
within a microscopic magnetic structure. Ab initio calculations on atomic wire model demonstrate that the
magnetic point contact is comprised of an abrupt change in magnetic moments at the contact region, drastically

modifying only the flow of a spin-down current. The calculations reproduce the nonlinear features observed
experimentally. Our results therefore offer a method to analyze the spin transport in a magnetic point contact
without a magnetic-field application, which can minimize the ambiguity in the origin of ballistic magnetore-

sistance [Phys. Rev. Lett. 83, 2425 (1999)].
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Quantum effects at room temperature have been inten-
sively investigated in metallic nanostructures.! For instance,
the conductance quantization of integer multiples of 2¢%/h
(=G;) has been experimentally observed in nanoconstric-
tions, where a chain of atoms, called a point contact (PC), is
fabricated by pulling off both ends of two bulk electrodes
across the contact.>® When the PC is prepared with ferro-
magnetic metals, such as Fe, Ni and Co, electron spins give
rise to the peculiar quantization of integer multiples of
e?/h(=G,/2), where the factor of 2 corresponds to the spin
degeneracy and is spontaneously lifted in the
ferromagnets.*> In addition, when a magnetic structure of
such a magnetic point contact (MPC) is rearranged by the
application of an external magnetic field, the MPC offers
giant magnetoresistance (MR) [or ballistic magnetoresistance
(BMR)],® which is induced by the modulation of spin-
dependent quantum transport across the MPC.

To date, the intrinsic origin of such spin-dependent quan-
tum phenomena has been considered to be due to a magnetic
domain wall (DW) trapped in the MPC.” Prominent theoret-
ical studies have predicted that the DW width in the MPC is
constrained and, hence, holds an abrupt change in the mag-
netization direction.® The exchange coupling among the
magnetic moments in the constrained DW is, therefore, very
different from the well-known Néel and Bloch walls, in
which the magnetic moments gradually rotate their orienta-
tion in order to minimize the total energy.® Although several
experimental groups have attempted to explain their ob-
served BMR in the MPC by assuming the existence of such
a constrained DW, they have only qualitatively dealt with the
transport process in the quantum channel.®!° In addition, the
existence of BMR itself has been challenged since some ex-
perimental studies have revealed that a large resistance
change in the MPC may be induced by extrinsic effects, such
as the magnetostriction.!'~!> Even for a carefully designed
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system,10 these extrinsic effects cannot be excluded because
of the application of an external magnetic field. The experi-
mental proof of the constrained wall in the absence of an
external magnetic field is, therefore, essential to confirm the
appearance of BMR.

The purpose of this paper is to inquire the possibility of
the formation of a constrained DW within a MPC fabricated
by a break-junction method.*~%!3-15 Qur experimental results
of current-voltage (I-V) characteristics in the quantized states
clearly demonstrate that two distinct types of nonlinear trans-
port are induced in the MPC without an external magnetic-
field application. Ab initio calculations further reveal that the
nonlinear /-V characteristics dominantly originate from a
spin-down current in combination with the magnetization
configurations between the two electrodes.

A MPC was fabricated by the break-junction method with
using a Ni wire (0.1 mm in diameter) and a Ni thin film (150
nm in thickness).'>!* Both the wire and film electrodes were
mounted in a vacuum chamber to make the first contact at
4.2 K, which allowed us to sustain a MPC stably in the time
scale of a few seconds. Under a bias of 250 mV across the
electric circuit, the conductance quantization was first mea-
sured as shown in Fig. 1(a). Once a stable conductance pla-
teau was obtained, /-V measurement was carried out by ap-
plying a slowly changing bias voltage with a triangular wave
form, of which peak-to-peak amplitude was 500 mV. In our
experiment, the /-V curves were found to be reproducible
under the same MPC configurations. The electrodes were
finally separated after the /-V measurement was completed
and were contacted again to repeat the above measurement
steps.

Figures 1(b) and 1(c) represent the I-V characteristics ob-
served in the different MPC with the quantized conductance
G, showing two distinct types of nonlinearity. In the lower
bias region |V|<50 mV, both I-V curves presented follow
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FIG. 1. (Color online) (a) Conductance quantization for a ferro-
magnetic Ni point contact. Panels (b) and (c) represent two distinct
1-V curves, which deviate downward and upward from the zero-bias
G (dl/dV\y-y, broken lines), respectively. Each nonlinearity is char-
acterized by the differential conductance (dI/dV), revealing non-
equilibrium transport.

the corresponding zero-bias conductances (G) of 1.4G, and
0.6G,,. With increasing bias voltage, however, the I-V curves
deviate either [Fig. 1(b)] downward or [Fig. 1(c)] upward
from the zero-bias G. The ratios between downward and up-
ward [-V curves are experimentally found to be 20% and
70% of the total curves, respectively. The rest of 10% shows
linear characteristics. Each nonlinearity is clearly distin-
guished by calculating the differential conductance (dI/dV)
as shown in the inset of each panel. For the higher bias
|V|>200 mV, each differential conductance approaches G,
of which conductance plateau (nonequilibrium) is different
from those appeared in the vicinity of V=0 (equilibrium),
indicating the quantum-transport channel is modified by the
finite bias-voltage application. It should be noted that these
nonlinearities have experimentally vanished (i.e., linear)
when G > 14G,, clearly indicating that the presence of the
quantum channel is essential for the nonlinear transport. This
critical conductance value corresponds to the MPC cross-
sectional diameter of 1.1 nm estimated by using the Sharvin
formula.'6

In our experiments, a nonmagnetic PC does not exhibit
such nonlinearities under the identical experimental condi-
tion. The I-V characteristics for the nonmagnetic PC made of
Cu, Pb and Au always show linear dependence on the bias
voltage (Fig. 2), unambiguously proving that the observed
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FIG. 2. (Color online) Representative -V characteristics of non-
magnetic point contacts measured at the quantized plateaus at a
finite bias voltage.

nonlinearities in the Ni MPC are of magnetic origin, and are
different from the nonlinear I-V characteristics as previously
reported.’

Experimentally, the conductance difference
AG=|Gy_s00 mv—Gy—o| is not constant even when the MPC
possesses the same conductance, meaning that the quantum
electron transport within the MPC strongly depends on the
magnetic structures of the individual MPC. In order to un-
derstand the geometry dependence, the AG is collected from
all the measured /-V curves, whose dI/dVy._ are below 5G,
within which the area of the PC (0.67 nm in diameter) can be
treated as the quantum channel according to the Sharvin
formula.'® Figure 3 shows the distribution of AG for both the
Ni and Cu PC. The AG distribution for Ni is apparently
much broader ranging from 0.01G, to 0.5G, and is fitted
very well with the chi-square (x?) distribution with five de-
grees of freedom (n=>5), which means that five independent
variables contribute to the conductance difference: AG can
be expressed by the sum of squares as AG=g>> (1,)%, using
variables #; and an arbitrary constant g. This shows an anal-
ogy to the Landauer-Biittiker framework. This fit also sug-
gests that the conductance difference is provided by five in-
dependent transmission channels, corresponding to the
number of the spin-down channels consisting of five (3d)
orbitals. This indicates random interaction patterns, such as
complicated spin-dependent scattering and nonuniform spin-
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FIG. 3. (Color online) The slashed histogram represents the sta-
tistical distribution of AG for the ferromagnetic Ni PC, while the
shaded one denotes that for nonmagnetic Cu. The y*-distribution
function for Ni is given by P(AG)=a(bAG)*? exp(-bAG/2),
where a and b are fitting parameters (a=1786 and »b=18.87=0.7).
The Poisson distribution for Cu is given by P(AG)=a\"C exp
(=\)/(PAG)!, where \ is the average value of AG(=0.066) and a
and b are fitting parameters (¢=40 and b=4.34).

wave density within the MPC, resulting in the broader dis-
tribution of AG. Possible contribution from a d orbital has
also been suggested for the case of nonmagnetic Pt contact,!”
which may also be applicable to our cases.

On the other hand, the distribution for Cu is narrower and
centered at AG=0, which is well-fitted by the Poisson distri-
bution function, confirming the linear /-V curves measured.
The distinction in the distributions between the MPC and the
nonmagnetic PC strongly indicates the presence of spin-
polarized transport in association with the magnetic struc-
tures in the MPC.
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In order to further investigate the origin of the nonlinear
I-V behaviors, ab initio calculations are carried out on the
spin-dependent transport in the MPC by using ATOMISTIX
TOOLKIT 22.'"8 This program is based on the density-
functional theory and a nonequilibrium Green’s-function
method'® and takes spins of electron explicitly into account
in its self-consistent calculations of an electronic density of
states. A one-dimensional (monatomic) Ni wire is modeled
as a MPC,?° of which magnetic moments are allowed to
precess their directions and to change their magnitude to
minimize the total energy to represent a collinear MPC struc-
ture, while those of the left and right electrodes are fixed to
form either parallel or antiparallel configuration.

Figure 4 represents calculated /-V curves for the Ni MPC.
Schematic illustration in each panel represents atomic and
magnetic configuration. In Fig. 4(a), the magnetizations of
the electrodes (boxed atoms) are set to align in parallel. The
I-V curve exhibits downward convex from the zero-bias G
for V>0, quantitatively reproducing our experimental find-
ing displayed in Fig. 1(b) with the same threshold values for
both the bias voltage and the current. As shown in the inset,
the spin-resolved /-V curves demonstrate that a spin-up cur-
rent increases linearly with increasing bias voltage, while a
spin-down current shows a peak at V=1.0 V. Corresponding
transmission spectra of the spin-down electrons are exhibited
in the bottom panel of Fig. 4(a), showing that the transmis-
sion spectrum at the equilibrium (V=0) is comprised of six
transmission channels, i.e., one (4s) and five (3d) orbitals,
and is monotonically suppressed with increasing bias voltage
across the electrodes.?!

On the other hand, a calculated /-V curve for the antipar-

(b) anti-parallel

1 1

100
— {1 123
350-
- L C R
c 0 =
Gt) :180
>5-50 3
(@) §40
-100

‘%0 g,

I' . -
0.5 1.0 1.5

1.5 1.0 -0.5 0
Voltage (V)
c 4 T T T T T
o o2V ' _
» 3 _05v i spin-down .
w — 08V '
g 219V '
7)) — 14V :
c 1 .
5 ; f
l— O Il 1 1 1 1
3 2 -1 0 1 2 3

Energy (eV)

FIG. 4. (Color online) Ab initio calculations for a one-dimensional Ni MPC for the cases of both (a) parallel and (b) antiparallel
magnetization configurations. The schematic illustrations represent calculation models, which are divided into three regions: a left electrode
(L), a magnetic point contact (C), and a right electrode (R). Top panels show the calculated /-V characteristics and zero-bias conductance
dl/dVy._, (broken lines). Insets exhibit spin-resolved I-V characteristics, showing significant contributions of the spin-down electrons.
Bottom panels depict the evolution of the transmission spectrum for the spin-down channel. Here, the Fermi energy Er at the equilibrium is

set to be zero.
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FIG. 5. (Color online) Magnetic moments in the three Ni atoms
in the MPC for the cases of both (a) parallel and (b) antiparallel
magnetization configurations with respect to the bias voltage across
the electrodes. The magnetic moment of the ith Ni atom is defined
as M;=gq;;—q,, where g;; and g;| are spin-up and spin-down Mul-
liken populations of the ith Ni atom, respectively.

allel magnetization configuration deviates upward from the
zero-bias G again due to the spin-down current [see Fig.
4(b)], reproducing the experiment in Fig. 1(c). As shown in
the bottom figure of Fig. 4(b), the transmission of the spin-
down electrons consists of a single channel at the equilib-
rium and is gradually enhanced with increasing the magni-
tude of the bias voltage. Therefore, in both parallel and
antiparallel configurations, the spin-down currents are re-
vealed to play a critical role for the nonlinearity. In the anti-
parallel case, however, the threshold voltage, where the de-
viation starts, is calculated to be larger (800 mV) than the
experimental results (50 mV). This departure may be attrib-
uted to the fact that our calculation model is oversimplified
as discussed below.

The magnetic moments within the MPC (Ni atoms labeled
i=1, 2 and 3) are calculated as depicted in Fig. 5. Note that
the magnitude of the magnetic moment cannot be determined
a priori but is resolved as a result of a finite bias (nonequi-
librium transport) since the electron (spin) density is deter-
mined by the flow of electrons from the electrodes. For the
parallel configuration [Fig. 5(a)], all the magnetic moments
in the MPC are almost identical, showing gradual minor
variations with increasing bias voltage. The exchange inter-
action among the electron spins is considered to be the same
for the parallel configuration, and hence, the MPC does not
disturb both up and down spin flows. For the antiparallel
configuration [Fig. 5(b)], the magnetic moments of both Nil
and Ni3 are also calculated to be aligned along those of their
neighboring electrodes. The magnetic moments at the equi-
librium (V=0) are found to be 1.44uz and —1.43u, for Nil
and Ni3, respectively. Remarkably, the magnetic moment of
Ni2 is found to be 0.059up, meaning that our calculation
reproduces a softening of a magnetic moment as have simi-
larly reported in theoretical prominent works.?>?* The soft-
ening is a significant proof of the existence of a constrained
DW, and thus, the transition MPC region comprised of these
three Ni atoms represents a constrained DW very well. Our
calculations further demonstrate that the softening of the
magnetic moment is valid even for the nonequilibrium state.
Interestingly, such moment softening also vanishes at certain
nonequilibrium states, such as at V=0.4 V, where the mag-
netic moments are 1.46up, 1.46up and —1.3up for Nil, Ni2
and Ni3, respectively, but maintaining an abrupt change in
the moments, i.e., a constrained DW.
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The presence of such a constrained DW induces BMR in
combination with the bias voltage. A total current for the
antiparallel configuration can exceed that for the parallel
configuration when V>1.2 V, meaning that an inverse sign
of magnetoresistance can experimentally be observed. For
instance, the magnetoresistance (MR=Gp/Gp—1, where Gp
and G ,p are the conductances for the parallel and antiparallel
configurations, respectively) is approximately 140% when
V=200 mV, while MR is -25% when V=1.5 V, which
have been similarly measured by Garcia et al.>* Our ab initio
study clearly shows the bias dependence of the constrained
DW under the absence of a magnetic field, agreeing with
both positive and negative BMRs observed experimentally,
which provides further insight into the origin of the BMR.

The actual structure of the MPC is not ideal, implying that
the magnetic moments of the MPC do not perfectly follow
the parallel or antiparallel configurations of the electrodes.
Because of the three dimensionality of the electrodes, the
magnetic moments of the electrodes can possess a mutual
angle (noncollinear),>>?* which is stochastically induced by
the break-junction method and gradually reduces the ex-
change energy in a certain distance as occurs in the Bloch
and Néel walls in a larger scale.” The mutual angle is an
additional parameter which tunes the threshold bias, where
the deviation starts in the nonlinear /-V curves but does not
change the global features in the /-V characteristics. Besides,
we need to consider the possibility of an antiferromagnetic
coupling induced by Ni chain oxidation. The antiferromag-
netic coupling between the Ni chain and the electrodes intro-
duces spin-dependent channels in the MPC, which is differ-
ent from our calculation model and leads to change in the
threshold bias. Even so, it should be noted that our observed
nonlinearities do not follow the expected electron-transport
behaviors through a Ni-O tunnel barrier. The 20% of nonlin-
earities [Fig. 1(b)] are different from a typical tunneling I-V
curve and the 70% of nonlinearities [Fig. 1(c)] show linear
dependence in |V|<50 mV, suggesting that the dominant
transport mechanism is Ohmic through the Ni metallic chain.
Therefore, the nonlinearities should be attributed to the mag-
netic configuration (constrained DW) in the MPC.?°

In conclusion, I-V characteristics of a MPC are measured
without a magnetic-field application, revealing two distinct
types of nonlinearities, which reflect microscopic magnetic
configurations in the MPC. Ab initio calculations quantita-
tively support the experimental findings and further imply
that a spin-down current predominantly controls the nonlin-
earity with respect to both the magnetic configurations of the
bulk regions and the bias voltage. In addition, the detailed ab
initio simulations for the MPC demonstrate that a con-
strained domain wall can be formed in the MPC and signifi-
cantly disturbs the flow of a spin-down current at certain bias
voltages, providing both positive and negative BMR.

We acknowledge Atomistix A/S for supporting the calcu-
lation of our ab initio simulations. This work was partly
supported by Grants-in-Aid for Scientific Research on Prior-
ity Areas from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.
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