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Large ballistic magnetoresistancesBMRd has been measured in Ni single-atom conductors electrodeposited
between microfabricated thin films. These measurements eliminate magnetostriction related artifacts. By mak-
ing measurements on single atom conductors, thebenchmarkfor the incontrovertible evidence against mag-
netostriction is set at the unyielding condition of the known quantum mechanical principles, namely, 1Go

=2e2/h=1/12 900V−1 sfor ferromagnetic contacts the unit of conductance being1
2Go=1/25 800V−1d is the

universal threshold ballistic conductance of anunbrokensingle atom contact below which even an angstrom
separation of the contact due to magnetostriction is immediately signaled by an abrupt and large increase in
tunneling resistance of several hundred thousand ohms across the gap. The present approach to electrodepos-
ited point contacts between microfabricated thin films also provides an independent confirmation of Garcia’s
original BMR experiments on atomic point contacts that were made by a mechanical methodfN. Garcia, M.
Muñoz, and Y.-W. Zhao, Phys. Rev. Lett.82, 2923 s1999dg. There are many intricacies and subtleties to be
resolved and understood in the highly interesting BMR phenomenon. Conclusive elimination of magnetostric-
tion related artifacts, which is most easily invoked as a primary alternative explanation to the electronic origin
of BMR, is one step towards a better understanding of these atomic scale entities. In addition, several expla-
nations of null effects in some of the reported literature are given.
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Spin dependent electron transport across a single atom
represents the ultimate miniaturization of spintronics de-
vices. Garcia, Muñoz, and Zhao1 reported several hundred
percent ballistic magnetoresistancesBMRd in atomic point
contacts of Ni made by a mechanical method, and subse-
quently observed 400–700 % BMR in electrodeposited Ni
nanocontacts made between bulk Ni lead wires.2,3 Large
magnetoresistance effect has also been reported in half-metal
magnetite sFe3O4d point contacts made by a mechanical
method.4,5 Using experiments similar to Garcia’s, we have
recently reported several thousand percent BMR effect in
electrodeposited Ni nanocontacts formed between bulk Ni
wires.6,7 Similar BMR values have since been reported.8

While much progress has been made in recent years towards
understanding the origin of the BMR effect, it is also accom-
panied by uncertainty and controversy that invariably fol-
lows the maturation of any new field or discovery. Various
possible interpretations and their validity under different cir-
cumstances are discussed in detail later in the paper; possible
reasons for null results in some of the reported articles are
also discussed.

For BMR, difficulty lies in separating the electronic origin
of the effect from signals that could possibly be attributed to
magnetostriction and other artifacts. In this regard, study of
nanocontacts deposited between substrate-constrained thin
films is an important first step in removing these uncertain-
ties because sample can be made reproducibly. However, it is
not sufficient in itself. Experiments must be designed in
which the contraction or elongation of the nanocontact due to
magnetostriction, and other artifacts would immediately and
unambiguously manifest itself.

Fortunately, for magnetostriction such an unambiguous
experiment can be designed by exploiting the quantized na-

ture of conductance in ballistic conductors made of a single
atom.9 In metals where the Fermi wavelength of the elec-
trons is typically of the order of 0.5 nm, the transverse con-
finement of the electron wave functions by the narrow con-
tact diameter quantizes the energy levelsschannelsd, with
each channel contributing to the total conductance in discrete
units of 2e2/hs;God; e is the charge of the electron andh is
the Planck’s constant.10–12 In the case of a ferromagnetic
contact, the spin degeneracy can be lifted, causing the step-
wise change in conductance to occur in units of1

2Go instead
of Go;

13,14 spin-splitting and magnetoconductance has even
been reported insoxidizedd Cu point contacts.15,16 The sepa-
ration between the channels increases with a decrease in the
contact diameter, causing an increasing number of channels
to rise above the Fermi level and become unavailable for
conductance. In the limit of a single atom contact, only a
single channel is left below the Fermi level, for a total con-
ductance of 1Gos=2e2/h=1/12 900V−1d—the resistance as-
sociated with a contact so narrow that there is only a single
stransversed mode of current transmission, see Refs. 17–19.
In other words, the conductance plateau of 1Go

=1/12 900V−1 sor 1
2Go=1/25 800V−1 in a spin-split ferro-

magnetic contactd is auniversalanddiscrete thresholdfor an
unbroken atomic point contact. As soon as the contact is
broken, the ballistic transport with its transversally quantized
wave functions is replaced by tunneling where the wave
functions are now longitudinally confined across the narrow
gap. This transition is signaled by an abrupt and large expo-
nential increase in resistance from the universal ballistic
threshold of 12 900V sor 25 800Vd to tunneling resistance of
several hundred thousand ohms.This is an unyielding condi-
tion of the known quantum mechanical principles, and it un-
ambiguously determines whether the atomic point contact is
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broken or intact. Nickel has negative magnetostriction and it
contracts in the direction of an applied magnetic field. There-
fore even an angstrom separation of the single atom Ni con-
tact from adjacent Ni leads due to magnetostriction will im-
mediately signal a broken contact. Hence
magnetoconductance measurements on single atom Ni con-
tacts offer an unambiguous experiment in ascertaining the
absence or presence of magnetostriction related artifacts in
BMR.

Single atom Ni contacts were electrodeposited between
microfabricated thin-film leads of Ni on silicon wafers. High
resistance,100. silicon wafers coated with an additional 1
µm thick silicon dioxide insulator layer were used to sup-
press any possible leakage currents through the substrate dur-
ing subsequent electrodeposition and testing. Special micro-
fabrication steps were taken to keep the starting gap between
the patterned thin film leads to be as small as possibles1 µmd
in order to ensure that the leads are maximally constrained
by the substrate. This was achieved by using photolithogra-
phy to first form 0.4–0.5µm deep channels on the silicon
wafer by reactive ion etching, as shown in the scanning elec-
tron microscopesSEMd image in Fig. 1sad. A Ta s3 nmd/Ni
s10 nmd seed layer was sputter deposited inside the channels
on which Ni was subsequently electrodeposited. The channel
was 50µm wide. The final thickness of electrodeposited Ni
was ,2 mm, and having approximately the same width as
the channel. Electrodeposition of Ni on the seed layer re-
duces the gap to,0.5 mm due to lateral growth of the elec-
trodes once the thickness exceeds the channel depth, Fig.
1sbd. Since the 0.4–0.5µm high channel walls initially re-
strict the lateral growth of the films, sufficiently thick Ni
films with low lead resistances3–5Vd could thus be elec-
trodeposited. This serves as the starting point for making the
nanocontacts between the two electrodes and contact forma-
tion across the submicron gap does not change these overall
electrode dimensions. The final contact is made by using the
lead with the microfabricated tip as cathode and the opposite
lead as anode. The patterned tip on the cathode facilitates the
formation of the atomic contacts across it. The micrograph in
Fig. 1sbd also highlights the preservation of the patterned tip
geometry during electrodeposition to thicken the seed layer.
In addition to the film being adherent to the substrate and by
the side walls of the channels, the films were further con-
strained on the top by epoxy. Epoxy served a twofold pur-
pose. First, the insulation serves to reduce leakage currents
during electrodepositionsin the pA range of lessd. Second,
epoxy additionally constrains the films even from the top.

Nickel was electrodeposited at room temperature using
nickel sulfamate solution f84 g/l Ni as metal in
NisSO3NH2d2.2H2O; 30 g/l boric acid, pH 3.3g at a deposi-
tion voltage between20.7 and21.0 V versus a saturated
calomel electrode. The single atom conductors were made
using the self-terminating method of Tao.20 In particular this
simple and elegant method allows electrodeposition of stable
nanocontacts to a size-resolution of a single atom. Following
the formation of the contact the electrical measurements
were made at a voltage ranging from 200 mV to 350 mV.
While the atomic sized samples are stable for over 1 minute,
they cannot withstand the oxidation in air for long periods of
time and mechanical shocks during the solution exchange

sand add uncertainty to the measurementsd. However this is
not a problem. It is well known that the theoretical potential
for electrodeposition of Ni is over 400 mV,21 and experimen-
tally one requires greater than 0.7–0.8 V for deposition due
to over-potential. Additionally we have experimentally con-
firmed absence of any change in contact sizesor chemistryd
by measuring theI /V curves for different sized atomic con-
tacts. TheI /V curves in Fig. 2 show linear behavior in the
measured voltage range showing no change in contact size
sor chemistryd. More recently we have also succeeded in
measuringI /V curves in deionized distilled watersto prevent
air oxidationd and found them to be identical to those mea-
sured in the solution.

Figure 3sad shows an example of a stable single atom Ni
conductor at a conductance plateau of 1Go made by the self-
terminating method. Figure 3sbd shows another example of a
stable single atom Ni conductor that was grown to the tar-
geted conductance plateau of 1Go. In Fig. 3sbd the conduc-

FIG. 1. sad SEM micrograph showing 0.4–0.5µm deep micro-
fabricated channels on oxidized silicon wafer in which Ni thin film
leads were subsequently electrodeposited. Note the 1µm initial gap
between the channels.sbd SEM micrograph showing thin film leads
made by electrodeposition of Ni on a previously sputter deposited
Ta/Ni seed layer inside the channels. The final contact between thin
film leads is made by electrodeposition of Ni until the lead with the
tip joins the opposite lead.
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tance curve during the growth of the contact rises to the
stable 1Go plateau in a stepwise fashion with the brief ap-
pearance of the12Go plateau even though no magnetic field
was present during the electrodeposition. Previously, half-
integral multiples ofGo have been observed in Ni nanocon-
tacts formedsby mechanical methodsd in the presence of an
applied magnetic field, and attributed to a field-induced

single domain state in the Ni wires adjacent to the
contact.13,14 In our study it was found that even in the ab-
sence of an applied magnetic field the conductance often
stabilized spontaneously at half-integral multiples ofGo.

22

Therefore the spontaneous appearance of such spin-split
states in contacts made in zero field is indicative of a single
domain state in the vicinity of the contact, and is not entirely
unexpected given the overall small dimensions of the contact
and the thin film leads in the vicinity of the contactshowever
there are micromagnetic subtleties that arise once the con-
tacts are swept in the field, as later described in the discus-
sion of the micromagnetic structured. Figure 3scd shows a
conductance plot for a single atom contact that has sponta-
neously stabilized in a spin-split state of1

2Go. As shown in
Fig. 3scd, initially when a gap is present between the leads,
the resistance is very highs0.5–1.0 MVd. As soon as the
contact is formed, the conductance makes an abrupt jump
and spontaneously stabilizes at the1

2Go conductance plateau.
Figure 3sdd shows another example of a single atom contact
that has stabilized in its12Go spin-split state.

Figures 4sad and 4sbd show, respectively, the magnetocon-
ductance of single atom Ni conductors stabilized at1

2Go and
1Go conductance plateaus. In addition, Figs. 4scd and 4sdd
show the magnetoconductance of samples that were stabi-
lized at 3

2Go, and 2Go plateaus, respectively. The correspond-
ing curves for resistance versus field are also shown in Figs.
4sad–4sdd. Each sample in Fig. 4 was stabilized at its respec-
tive conductance plateau for a sufficiently long period of
time prior to applying the magnetic field. The direction of the
continuous applied field is along the axis of the contact join-
ing the thin film leads, as shown in Fig. 1sbd; the magnetic
field was manually swept and the shown dependence ofR
versusH while approximate does not alter the nature of the
results. As shown in Fig. 4sad, the conductance of the
single atom conductor changes from a stable value of
1
2Gos,25.8 kVd in zero field to 5Gos,2.6 kVd at 500 Oe.

FIG. 2. sColord I-V curves of
Ni contacts at different conduc-
tance plateaus. The dotted line is a
linear fit of the data. Similar
curves are obtained when mea-
sured in contacts immersed in
deionized, ultrafiltered water.

FIG. 3. sColord Conductance plots for four different single atom
conductors stabilized atsad and sbd 1Go, andscd and sdd 1

2Go con-
ductance plateaus.
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Once the field is removed the conductance drops back to its
zero-field plateau. Since the sample has low conductancesor
high resistanced at zero field and a high conductanceslower
resistanced at high field, this represents a negative BMR ef-
fect of ,900%. The inset in Fig. 4sad is discussed later.
Figure 4sbd shows another single atom conductor that was
stabilized at 1Go prior to applying the magnetic field. As in
Fig. 4sad the sample in Fig. 4sbd also shows an increase
in conductance with increasing field, rising from

1Gos,13 kVd at zero field to 3Gos4.3 kVd at 500 Oe, and
dropping back reversibly to 1Go once the field is turned off,
giving a 200% BMR effect. The samples stabilized at3

2Go,
and 2Go plateaus in Figs. 4scd and 4sdd, respectively, simi-
larly show a negative BMR effect of 200% and 2000%, re-
spectively. Note that the conductance plateaus of3

2Go, and
2Go also likely represent the magnetoconductance behavior
of single Ni atom conductors albeit in different electronic
channels, see Refs. 17–19, since the opend shell of Ni is

FIG. 4. sColord Magnetoconductance and magnetoresistance of single atom Ni conductors stabilized atsad 1
2Go, sbd 1Go, scd 3

2Go, andsdd
2Go. The inset insad shows the nonquantized but discrete jumps as the sample is being cycled in applied field. The magnetic field was
manually swept and the shown dependence ofR versusH while approximate does not alter the nature of the results. The MR curves are for
one quadrant of applied field only. Conversion from conductance to resistance values amplifies datasincluding noised by a factor of,13 000,
and the resistance data is averaged over adjacent point to avoid this.
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capable of carrying multiple channels/atomseven without
considering the effect ofs and p orbitals, which can poten-
tially lead to an even greater number of channels per Ni
atomd. Also, Fig. 4scd is shown deliberately to underscore the
value of making magnetoconductance measurements at1

2Go
and 1Go as in Figs. 4sad and 4sbd, since the dip in conduc-
tance in Fig. 4scd preceding the eventual increase in conduc-
tance would otherwise be harder to interpret due to magne-
tostriction related artifacts. A closer examination of these
MR curves show that the conductance does not change con-
tinuously as a function of applied magnetic field, but it does
not necessarily take only quantized valuessin units of 1Go or
1
2God. This is highlighted in the inset of Fig. 4sad, which is
taken from the circled portion of the conductance trace in
Fig. 4sad. While it is well known from extensive past litera-
ture and the present study that the growth of contacts occurs
by the system taking only quantized values, manifestation of
a fine structure points to something far more intricate as to
how the energy landscape is being altered during the appli-
cation of magnetic field. We do not yet have extensive sys-
tematic data, and studies to this effect are currently underway
to further explore this very interesting behavior.

Nickel has negative magnetostrictionssaturation magne-
tostriction strainls=−34310−6 d.23,24 Therefore a first step
in minimizing the role of magnetostriction is to prevent the
sample from freely changing its physical dimensions. In the
present study, the microfabricated thin film leads are con-
strained by the substrate and by the microfabricated channels
in which the leads are partially embedded. This constraint is
further maximized by minimizing the starting gap between
the leads, which is 1µm as shown in Fig. 1sad. Only in this
short segment the leads have no seed layer underneath. The
maximum contraction strain for everyµm of free lengthl is
given byDl =lsl, giving a maximum possible elongation of
20.034 nm, or,−0.3 Å, which is only a fraction of the
atomic diameter of Ni.24 Even the presence of this minuscule
elongation cannot be ruled outa priori, and hence the neces-
sity of using single atom conductors in making an unambigu-
ous interpretation. Any residual magnetostriction contraction
in the leads due to this micron long segment would tend to
break the contact and lower the conductance. Since the mea-
surements were made on single atom conductors, this would
be signaled by a large and instantaneous drop in conductance
of the order of several hundred thousand ohms even for an
angstrom separation.Contrary to this, the magnetoconduc-
tance of single atom conductors in Figs. 4increasesrather
than decreases in response to an applied magnetic field, con-
clusively ruling out the role of magnetostriction in these
measurements. The results also show an impressive mechani-
cal robustness of these seemingly fragile entities. Consider-
ing that in terms of size these single atom Ni conductors are
most delicate compared to their larger counterparts, they also
represent the litmus test for the susceptibility of larger con-
tacts to break apart due to magnetostriction. It is also impor-
tant to note that the first reported BMR measurements by
Garcia were done on atomic point contacts of Ni between
bulk Ni wires using a mechanical method.1 The present study
uses an entirely different experimental technique to repro-
duce Garcia’s results, an important yardstick to resolve any
scientific controversy.

In recent years extensive work has been done in building
a theoretical framework for explaining the origin of the BMR
effect.25–31Within a contact, the presence of a magnetic dead
layer enhancing spin polarization and producing large BMR
values has been proposed.25 Other models invoke the exis-
tence of atomically sharp constrained domain walls as being
responsible for enhanced spin scattering. The concept of me-
chanically constrained domain walls residing inside a nano-
contact itself was first put forward by Bruno.32 Such con-
strained domain walls can be atomically sharpscompared to
hundreds of nanometers wide conventional domain wallsd,
and their behavior has been simulated and theoretically stud-
ied by several groups in recent years, e.g., Savchenkoet
al.,33 Molyneux et al.,34 Coeyet al.35 Imammura and Koba-
yashi have shown that large magnetoresistance effect can
occur in the presence of such atomically sharp domain walls
and magnetoresistance oscillates with the width of the
contact.26 The oscillatory behavior remains to be character-
ized with progress in making stable point contacts. Tagirov
and co-workers have done extensive and in-depth theoretical
work on the BMR effect and found that the MR is a multi-
valued function of the quantized conductance.27–30Their ob-
servations help explain the fluctuations in the observed mag-
nitude of the BMR effect and shows an enormous
enhancement in MR at a few open channels and provides a
quantum mechanical framework for the realization of a quan-
tum spin valve. Another important contribution to the theo-
retical understanding of the BMR effect is due to the recent
work by Velev and Butler.31 Their work specifically deals
with magnetoresistance enhancements for certain contact ge-
ometries having narrow necks and aspect ratios, such as the
ones in the present study. These studies provide an accumu-
lating theoretical framework for understanding the contacts
in the present study.

Next consider the micromagnetic structure and various
subtleties that invariably are entailed and remain to be re-
solved in the investigation of these atomic scale entities.
While the constrained domain walls have yet to be imaged
due to resolution limitations of instrumentation and short life
spans of the contacts, we have investigated the micromag-
netic structure as a function of electrode geometry, film com-
position, and film thickness to understand how an antiparallel
aligned state may best be realized across the leads in zero
field. Our results to date show a single domain Ni state
across the electrodes in zero fieldprovidedthe electrodes are
thin s10-20 nmd. In such cases we find no BMR effect and
also because the contacts are difficult to form. In contrast, we
find clear evidence of a multidomain structure across the
electrodes in sufficiently thick Ni electrodes, as in the
present study; even thicker films with larger gain size would
be preferred but involves greater fabrication challenges. As a
reference point for this discussion, Figs. 5sad–5sdd show sev-
eral zero-field micromagnetic micrographs in electrodes
made of 50 nm thick permalloy filmsprior to forming a
contactd. These micrographs clearly show antiparallel mag-
netic domains in the opposite electrodes in zero field. These
images were taken by using the interference contrast colloid
or ICC method, which is discussed in detail elsewhere.36 The
direction of magnetization in these micrographs was deter-
mined by applying a small magnetic field, which helps reveal
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sthrough the motion of the wallsd domains that are favorably
and unfavorably oriented with respect to applied field direc-
tion sand additionally by analyzing a weak optical contrast
between adjacent domains since ICC is done using polarized
lightd. The schematic in Fig. 5sed shows that if such leads are
joined together by a nanocontact, one would expect the mag-
netization to rotate along the nanocontact. The second sche-
matic in Fig. 5sfd shows that even in cases where the oppo-
site electrodes may be accidentally oriented in the same
direction, a pseudo-90° domain wall may still form to adjust
to the narrow, transverse boundary conditions in the nano-
contact.

In case of thick Ni electrodes used in the present study
sand also Cod, we do not find the same well-defined domain
structure as in Figs 5sad–5sdd. Instead, magnetization reversal
occurs by the formation of hundreds of micron sized do-
mains and these small domains appear to provide a high
probability of an antiparallel aligned state across the nano-
contact, collapsing into a parallel aligned state at high fields.
As a visual aid, a movie showing evolution of domain struc-

ture in the electrodes as a function of applied field in Ni
electrodes has been included as a supplementary material
along with this paper, see Ref. 37 to access this movie from
AIP’s Electronic Physics Auxiliary Publication Service
sEPAPSd.

It is also interesting to note that conductance change can
be observed in Figs. 4sad and 4scd, where the initial conduc-
tance is 1

2Go and 3
2Go, which would ordinarily refer to a

parallel alignment of moments across the contact, as de-
scribed by Imamuraet al.26 However the subtleties of the
above described micromagnetic structure rapidly alter these
states during the process of magnetization occurring at the
electrodes and in the vicinity of the contact, and remains to
be further explored. For example, a domain wall from the
adjacent electrode may be swept towards the nanocontact
during the process of magnetization. There also seems to be
another micromagnetic structure that is possible in these con-
tacts. Since the size is of atomic dimensions and the neck
joining it to the adjacent electrodes has a very small volume,
such a small volume of material would ordinarily be super-
paramagneticif it was isolated. However, in case of a nano-
contact, this small volume is joined together by bulk mag-
netic electrodes. The effective magnetic state at the
constriction could still show superparamagnetic behavior al-
beit inside a reduced volume due to coupling with the bulk
electrodes. Low temperature studies can be used to test this
hypothesis in the future.

Garcia and Coey have performed experiments onsimilar
sizedatomic contacts as in this study.1,4,5 They effectively
show that for constrained and/or small electrodes of small
size, magnetostatic distortions are negligiblesof the order of
0.001 nmd and can be ruled out. In addition, our own direct
experiments on the constrained geometry of small electrodes
indicate the absence of magnetostatic distortions. We stopped
the growth just prior to the formation of an atomic contact
sor after an atomic contact breaksd. When a magnetic field
was applied across such an atomic scale gap between the
electrodes, magnetostatic distortions, if present, would cause
the formation of a contact and its breakup after the field is
removed, and is not observed.

Another possibility is the field induced change in conduc-
tance by bringing new levels close to the Fermi level. Ordi-
narily the shift in energy levels due to applied magnetic field
is miniscule. However, in these atomic contacts the quantum
mechanical effects may well dominate to change the energy
levels in an applied field. The observation of the above de-
scribed fine structure in the inset of Fig. 4sad is indicative
and interesting in this regard. If realized, this would be an
alternativeelectronicmechanism to MR requiring no domain
walls.

Another possibility may be the physical breakup of an
atomic contact and simultaneous formation of another atomic
contact. Such an event would have to be highly synchronized
and extremely rare in time, otherwise it would be immedi-
ately detected by a rapid drop in conductance below the
threshold conductance of a single atom contactswe have
used 10 000 scans/s to record the datad. Hence this is an
unlikely situation given also the fact that conductance coin-
cides with applied field stimuli, the sample returns back to its
initial conductance after the field is removed, and from
sample to sample.

FIG. 5. sColord sad–sdd Micromagnetic structures in electrodes
made of 50 nm permalloy thin film at zero field, prior to making the
contact. In this particular template there is,3 mm gap across the
electrodes and the electrodes are 25µm wide.scd andsdd Schematic
of moments going into the nanocontactscd for electrodes with an-
tiparallel aligned statesdd for electrodes with parallel aligned state.
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We note that the study of these atomic scale entities in-
volves many subtleties to manifest the quantum expression
of their behavior. Uncontrolled experiments can easily intro-
duce artifacts, hiding the BMR effect. The present data is on
quantum point contacts made of single atoms with conduc-
tance less than or equal to 2Go, and such contacts are un-
doubtedly ballistic and as we show the contacts never break,
even when the contacts are tested at the threshold of quan-
tized conductance. Conclusive elimination of magnetostric-
tion related artifacts, which has been the most easily invoked
primary alternative explanation to the electronic origin of
BMR, is one step towards a better understanding of the BMR
effect.

In the interest of scientific progress on BMR effect, it is
also necessary to understand the origins of controversy sur-
rounding the BMR effect. Recent work by Egelhoffet al.38

has attributed BMR to magnetostriction and magnetostatic
induced artifacts. The contacts in Ref. 38 are made between
two bulk Ni wires, which are kept free and unconstrained to
the substrate except for two points far from the actual con-
tact. Thispromotesrather than hinders wire motion, thereby
maximizing artifacts. For example, referring to Fig. 3 of Ref.
38, one finds that resistance changes from 1V or less to
infinity. It is clear that the contact has broken in their mea-
surements once the resistance value exceeds,13 000V,
whereas all previous results in BMR in the literature in favor
of the effect never exceed this critical threshold. Looking at
Fig. 7 of Ref. 38, there appears to be no correlation between
the underlying domain structure and the magnetization pro-
cessstwo peaks each at positive and negative fieldsd, which
is again contrary to successful BMR experiments in the past
by others.

Finally, there have also been reports of null effect in thin
film samples, see for example, Refs. 39 and 40. From the
above discussion on micromagnetic, note that absence of a
multidomain structure in thin Ni films provides at least one
plausible reason that could explain some of these null results,
while at the same time explaining the recent observation of a
large BMR effect across permalloy thin films.8 Also, we have

found the use of highly insulating substrate to be very im-
portant otherwise electrodeposition currents and leakage
through the wafers occurs, and possibly destroying the BMR
effect; we find no specific statement to this effect in reports
of null results.

In conclusion, the present study on single atom Ni con-
ductors irrefutably rules out any magnetostriction related ar-
tifacts in the measured BMR effect. Small distinctions in
experiments may mean the difference between observing the
BMR effect and disguising it with artifacts, thereby fueling
the controversy. In addition, several explanations of null ef-
fects are reported in the literature.

Note added in proof. Observation of the BMR effect re-
quires ballistic conductance whereas absence of BMR, at the
minimum, requires proof of ballistic quantum behavior. De-
velopment of an appropriate micromagnetic structure is also
indispensable. In Ref. 7 a multiplicity of parallel ballistic
contacts was noted whose quantum nature was left to be
determined. In this study, large BMR effect in artifact-free
samples is from contacts that are unambiguously quantized
and ballistic. It is important to note that aninfinite number of
nonballistic resistors may exhibit the same resistance as a
quantum ballistic conductor. This is a simple, yet common
mistake that must be avoided. We cite the recently failed
observation of BMR by Mallettet al.41 and Monteroet al.42

as examples of this misconception. Finally, in our recent ex-
periments using the Co system, we have systematically mea-
sured large BMR effect and complete hysteresis loops, and
these results will be reported shortly.43 Our results show that
for Co, the BMR decays very fast with contact size of quan-
tum nature, and the effect becomes negligible for contacts
larger than a few atoms.
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